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Self Assembly - Key to 
‘Bottom-up’ Fabrication

• The process by which discrete components align 
themselves under thermodynamic rules to form structures 
with predictable patterns (seen in atoms, molecules, galaxies 
etc)

• Probably the most important fabrication “technique” in 
(biological) nanotechnology



Surface Additive Processes

• Physical / chemical vapor depositions

• Colloidal phase depositions

• Surface assembled monolayers (SAMs)



Biological Self Assembly

• Hydrophobic-hydrophilic interactions

• DNA base complementarity

• Antigen-antibody complementarity

• Protein-small molecule interactions



Physical / Chemical 
depositions

• E-beam deposition 

• Sputtering

• PE / LP CVD

• Oxide growth etc.
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Fig. 5.54 Colloidal particle self-assembly onto solid sub-
strates upon drying in vertical position

evaporation of the solvent, the spheres aggregate into
a hexagonal close packed (HCP) structure. The intersti-
tial pore size and density are determined by the polymer
sphere size. The polymer spheres can be etched into
smaller sizes after forming the HCP arrays, thereby
altering the template pore separations [5.91]. This tech-
nique can fabricate large patterned areas in a quick,
simple, and cost-effective way. A classic example is the
natural assembly of on-chip silicon photonic bandgap
crystals [5.89], which are capable of reflecting the light
arriving from any direction in a certain wavelength
range [5.92]. In this method, a thin layer of silica col-
loidal spheres is assembled on a silicon substrate. This
is achieved by placing a silicon wafer vertically in a vial
containing an ethanolic suspension of silica spheres.
A temperature gradient across the vial aids the flow
of silica spheres. Figure 5.55 shows the cross-sectional
SEM image of a thin planar opal template assembled
directly on a Si wafer from 855 nm spheres. Once such
a template is prepared, LPCVD can be used to fill the in-
terstitial spaces with Si, so that the high refractive index
of silicon provides the necessary bandgap.

One can also deposit colloidal particles into
a patterned substrate (template-assisted self-assembly,
TASA) [5.93, 94]. This method is based on the princi-
ple that when aqueous dispersion of colloidal particles
is allowed to dewet from a solid surface that is already
patterned, the colloidal particles are trapped by the re-
cessed regions and assembled into aggregates of shapes
and sizes determined by the geometric confinement pro-
vided by the template. The patterned arrays of templates
can be fabricated using conventional contact-mode pho-
tolithography, which gives control over the shape and

5µm

Fig. 5.55 Cross-sectional SEM image of a thin planar opal
silica template (spheres 855 nm in diameter) assembled
directly on a Si wafer [5.89]

dimensions of the templates, thereby allowing the as-
sembly of complex structures from colloidal particles.
The cross-sectional view of a fluidic cell used in TASA
is shown in Fig. 5.56. The fluidic cell has two parallel
glass substrates to confine the aqueous dispersion of the
colloidal particles. The surface of the bottom substrate is
patterned with a 2-D array of templates. When the aque-
ous dispersion is allowed to slowly dewet across the cell,
the capillary force exerted on the liquid pushes the col-
loidal spheres across the surface of the bottom substrate
until they are physically trapped by the templates. If the
concentration of the colloidal dispersion is high enough,
the template will be filled by the maximum number of
colloidal particles determined by the geometrical con-
finement. This method can be used to fabricate a variety
of polygonal and polyhedral aggregates that are difficult
to generate [5.95].

Colloidal particles
Flow

Template Substrate

Fig. 5.56 A cross-sectional view of the fluidic cell used for
template-assisted self-assembly
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Colloidal particle self 
assembly

• A colloidal sol assembles 
as the solvent evaporates 
due to non covalent 
interactions

• May be template assisted
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Surface Assembled 
Monolayers (SAMs)

• Deposition of a layer of (relatively) small molecules on a flat 
substrate to produce a contiguous layer or film that is one 
molecule thick

• Substrate may be metal, glass, silicon, polymer, quartz or 
anything you can think of that provides a surface 

• Interaction may be physical adsorption or covalent binding



Thiol SAMs

• High affinity of sulfur 
towards gold (44 kcal / 
mol)

• Forms Au-S-R bond 

• Useful for attaching 
organic groups to gold 
substrates or 
nanoparticles
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trons from the [Ru(NH3)6]2+ to the electrode. Thus
the electroactive multilayer allows the flow of elec-
trons in one direction only in analogy to conventional
diodes.

The current/voltage behavior of individual nanopar-
ticles in Fig. 2.16b can be probed by scanning tunneling
spectroscopy in an aqueous electrolyte under an inert
atmosphere [2.52]. The platinum-iridium tip of a scan-
ning tunneling microscope is positioned above one of the
gold particles. The voltage of the gold substrate relative
to the tip is maintained at !0.2 V while that relative to
a reference electrode immersed in the same electrolyte is
varied to control the redox state of the electroactive units.
Indeed, the bipyridinium dications in the molecular layer
can be reduced reversibly to a monocationic state. The
resulting monocations can be reduced further and, once
again, reversibly to a neutral form. Finally, the current
flowing from the gold support to the tip of the scanning
tunneling microscope is monitored as the tip–particle
distance increases. From the distance dependence of the
current, inverse length decays of ca. 16 and 7 nm!1 for
the dicationic and monocationic states, respectively, of
the molecular spacer can be determined. The dramatic
decrease indicates that the reduction of the electroactive
unit facilitates the tunneling of electrons through the
gold/molecule/nanoparticle/tip junction. In summary,
a change in the redox state of the bipyridinium com-
ponents can be exploited to gate reversibly the current
flowing through this nanoscaled device.

Similar nanostructured materials, combining mo-
lecular and nanoparticles layers, can be prepared on
layers on indium-tin oxide electrodes following mul-
tistep procedures [2.53]. The hydroxylated surfaces
of indium-tin oxide supports can be functionalized
with 3-ammoniumpropylysilyl groups and then ex-
posed to gold nanoparticles having a diameter of ca.
13 nm [2.54, 55]. Electrostatic interactions promote the
adsorption of the nanoparticles on the organic layer
(Fig. 2.17a). The treatment of the composite film with
the bipyridinium cyclophane 18 produces an organic
layer on the gold nanoparticles (Fig. 2.18b). Following
this approach, alternating layers of inorganic nanopar-
ticles and organic building blocks can be assembled on
the indium-tin oxide support. Cyclic voltammograms
of the resulting materials show the oxidation of the
gold nanoparticles and the reduction of the bipyridinium
units. The peak current for both processes increases with
the number of alternating layers. Comparison of these
values indicates that the ratio between the number of
tetracationic cyclophanes and that of the nanoparticles
is ca. 100 : 1.
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Fig. 2.16 (a) The bisthiol 18 self-assembles on gold electrodes as
a result of thiolate–gold bond formation. (b) Gold nanoparticles
adsorb spontaneously on the molecular layer. (c) Exposure of the
composite assembly to a solution of 18 results in the formation of an
additional molecular layer on the surface of the gold nanoparticles

The tetracationic cyclophane 18 binds dioxyarenes
in solution [2.56, 57]. Attractive supramolecular forces
between the electron deficient bipyridinium units and
the electron rich guests are responsible for complexa-
tion. This recognition motif can be exploited to probe
the ability of the composite films in Fig. 2.17b,c to sense
electron rich analytes. In particular, hydroquinone is
expected to enter the electron deficient cavities of the
surface-confined cyclophanes. Cyclic voltammograms
consistently reveal the redox waves associated with the
reversible oxidation of hydroquinone even when very
small amounts of the guest (ca. 1 ! 105 M) are added to
the electrolyte solution [2.54, 55]. No redox response
can be detected with a bare indium–tin oxide electrode
under otherwise identical conditions. The supramolecu-
lar association of the guest and the surface confined
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• Silane chemistry is extensively                                                 
used in the preparation of glass                                          
microscope slides

• Silanes react with surface                                                      
oxide layers

• Substrate could be glass, silicon or titanium

• Procedure simply involves incubating substrate with silane 
solution for a few hours

• Potential problem involving hydrolysis or polymerization to 
produce siloxane
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Chemical Self-Assembly. Organic and supramolecular
SAMs play a critical role in colloidal particle self-
assembly. SAMs are robust organic molecules that are
chemically adsorbed onto solid substrates [5.96]. Most
often, they have a hydrophilic (polar) head that can be
bonded to various solid surfaces and a long, hydrophobic
(nonpolar) tail that extends outward. SAMs are formed
by the immersion of a substrate in a dilute solution of
the molecule in an organic solvent. The resulting film
is a dense organization of molecules arranged to ex-
pose the end group. The durability of a SAM is highly
dependent on the effectiveness of the anchoring to the
surface of the substrate. SAMs have been widely studied,
because the end group can be functionalized to form pre-
cisely arranged molecular arrays for various applications
ranging from simple, ultrathin insulators and lubricants
to complex biological sensors. Chemical self-assembly
uses organic or supramolecular SAMs as the binding and
recognition sites for fabricating complex 3-D structures
from colloidal nano-particles. Most commonly used or-
ganic monolayers include: 1) organosilicon compounds
on glass and native surface oxide layer of silicon, 2) alka-
nethiols, dialkyl disulfides, and dialkyl sulfides on gold,
3) fatty acids on alumina and other metal oxides, and
4) DNA.

Octadecyltrichlorosilane (OTS) is the most com-
mon organosilane used in the formation of SAMs,
mainly because of the fact that it is simple, read-
ily available, and forms good, dense layers [5.97, 98].
Alkyltrichlorosilane monolayers can be prepared on
clean silicon wafers whose surface is SiO2 (with al-
most 5 ! 1014 SiOHgroups/cm2). Figure 5.57 shows the
schematic representation of the formation of alkylsilox-
ane monolayers by adsorption of alkyltrichlorosilanes

a)

b)

Si

SiO2

Si

SiO2

(CH2)n

R

SiO3

Fig. 5.57 (a) Alkylsiloxane formed from the adsorption of
alkyltrichlorosilane on Si/SiO2 substrates. (b) Schematic
representation of the process

from solution onto Si/SiO2 substrates. Since the silicon-
chloride bond is susceptible to hydrolysis, a limited
amount of water has to be present in the system in order
to obtain good quality monolayers. Monolayers made
of methyl- and vinyl-terminated alkylsilanes are auto-
phobic to the hydrocarbon solution and hence emerge
uniformly dry from the solution, whereas monolayers
made of ester-terminated alkylsilanes emerge wet from
the solution used in their formation. The disadvantage
of this method is that if the alkyltrichlorosilane in the
solvent adhering to the substrate is exposed to water,
a cloudy film is deposited on the surface due to formation
of a gel of polymeric siloxane.

Another important organic SAM system is the alka-
nethiols (X(CH2)nSH, where X is the endgroup) on
gold [5.96, 99–101]. A major advantage of using gold
as the substrate material is that it does not have a stable
oxide, and thus it can be handled in ambient condi-
tions. When a fresh, clean, hydrophilic gold substrate is
immersed (several minutes to several hours) into a di-
lute solution (10!3 M) of the organic sulfur compound
(alkanethiols) in an inorganic solvent, a close-packed,
oriented monolayer can be obtained. Sulfur is used as
the head group, because of its strong interaction with
gold substrate (44 kcal/mol), resulting in the formation
of a close-packed, ordered monolayer. The end group
of alkanethiol can be modified to render hydropho-
bic or hydrophilic properties to the adsorbed layer.
Another method for depositing alkanethiol SAM is soft-
lithography. This technique is based on inking a PDMS
stamp with alkanethiol and its subsequent transfer to
planar and nonplanar substrates. Alkanethiol function-
alized surfaces (planar, nonplanar, spherical) can also
be used to self-assemble a variety of intricate 3-D struc-
tures [5.102].

Carboxylic acid derivatives self-assemble on sur-
faces (e.g., glass, Al2O3, and Ag2O) through an
acid-base reaction, giving rise to monolayers of fatty
acids [5.103]. The time required for the formation of
a complete monolayer increases with decreased con-
centration. A higher concentration of carboxylic acid
is required to form a monolayer on gold compared to
Al2O3. This is due to differences in the affinity of the
COOH groups (more affinity to Al2O3 and glass than
gold) and also the surface concentration of the salt-
forming oxides in the two substrates. In the case of
amorphous metal oxide surfaces, the chemisorption of
alkanoic acids is not unique. For example, on Ag2O the
carboxylate two oxygen atoms bind to the substrate in
a nearly symmetrical manner, resulting in ordered mono-
layers with a chain tilt angle from the surface normally
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Silane bonds



Phosphonic acid linkage

• Very stable

• Reacts with surface oxide 
layer

• Requires vacuum phase 
deposition
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Fig. 2.17 (a) Gold nanoparticles
assemble spontaneously on pre-
functionalized indium-tin oxide
electrodes. (b) Electrostatic inter-
actions encourage the adsorption of
the tetracationic cyclophane 18 on
the surface-confined nanoparticles.
(c) An additional layer of nano-
particles assembles on the cationic
organic coating. Similar composite
films can be prepared using the tetra-
cationic [2]catenane 19 instead of
the cyclophane 18. (d) Phosphonate
groups can be used to anchor molecu-
lar building blocks to titanium dioxide
nanoparticles

cyclophanes increases the local concentration of hydro-
quinone at the electrode/solution interface enabling its
electrochemical detection.

Following a related strategy, the [2]catenane 19
(Fig. 2.17) can be incorporated into similar composite
arrays [2.58,59]. This interlocked molecule incorporates
a Ru(II)/trisbipyridine sensitizer and two bipyridinium
acceptors. Upon irradiation of the composite mater-
ial at 440 nm, photoinduced electron transfer from the

sensitizer to the appended acceptors occurs. The photo-
generated hole in the sensitizer is filled after the transfer
of an electron from a sacrificial electron donor present
in the electrolyte solution. Under a positive voltage bias
applied to the supporting electrode, an electron flow
from the bipyridinium acceptors to the indium-tin oxide
support is established. The resulting current switches be-
tween high and low values as the light source is turned
on and off.
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Langmuir Blodgett Films

• Technique involves 
mechanical compression 
leading to uniform 
coverage

• Layers of varying 
thickness can be 
deposited using multiple 
immersions
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lar switch can respond to only one of the two chemical
inputs. It is a collection of numerous molecular switches
dissolved in an organic solvent that responds to both
inputs enabling an OR operation.

The development of miniaturized molecule-based
devices requires the identification of methods to trans-
fer the switching mechanisms developed in solution to
the solid state [2.29]. Borrowing designs and fabrication
strategies from conventional electronics, researchers are
starting to explore the integration of molecular com-
ponents into functional circuits and devices [2.30–33].
Generally, these strategies combine lithography and sur-
face chemistry to assemble nanometer-thick organic
films on the surfaces of microscaled or nanoscaled
electrodes. Two main approaches for the deposition
of organized molecular arrays on inorganic supports
have emerged so far. In one instance, amphiphilic
molecular building blocks are compressed into orga-
nized monolayers at air/water interfaces. The resulting

Moving
barrier

Air

Moving
barrier

Air

Moving
barrier

Air

Water

Water

Water

N+

+N
Me

Me

CLO4
–

10

Electrode

Electrode

Electrode
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Transfer

Fig. 2.12 The compression of the am-
phiphilic dication 10 with a moving
barrier results in the formation of
a packed monolayer at the air/water
interface. The lifting of an electrode
pre-immersed in the aqueous sub-
phase encourages the transfer of part
of the monolayer on the solid support

films can be transferred on supporting solids employing
the Langmuir–Blodgett technique [2.34]. Alternatively,
certain molecules can be designed to adsorb sponta-
neously on the surfaces of compatible solids from liquid
or vapor phases. The result is the self-assembly of
organic layers on inorganic supports [2.35].

2.3.2 Langmuir–Blodgett Films

Films of amphiphilic molecules can be deposited on
a variety of solid supports employing the Langmuir–
Blodgett technique [2.34]. This method can be extended
to electroactive compounds incorporating hydrophilic
and hydrophobic groups. For example, the am-
phiphile 10 (Fig. 2.12) has a hydrophobic hexadecyl tail
attached to a hydrophilic bipyridinium dication [2.36,
37]. This compound dissolves in mixtures of chloro-
form and methanol, but it is not soluble in moderately
concentrated aqueous solutions of sodium perchlorate.
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Questions on physical / 
chemical self assembly?



Biological self assembly

• Covalent bonds (DNA, protein structures)

• Ionic interactions 

• Hydrogen bonds lead to DNA base complementarity, 
hydrophobicity (lipophilicity), hydrophilicity etc. 



DNA structures

• Highly specific base-pair 
complementarity due to 
hydrogen bonds

• Complementarity can be 
exploited to produce 
novel structures including 
new genes and other 
structures

• “Sticky-ends” synthesis

5' 3'

3'

DNA Double Strand

5' 3'

5'3'

5'3'

3'
Sticky ends



DNA is never found 
branched naturally...

• ....Except briefly when reproducing (Holliday Junctions)

• Using the right sticky ends we can create structures that 
don’t exist in nature!



More complex DNA 
structures

http://seemanlab4.chem.nyu.edu/



DNA Robot movie

http://www.sciencentral.com/articles/view.php3?
type=article&article_id=218392303



Protein interactions

• “A large number of weak interactions”

• Large number of hydrogen bonds between residues on 
proteins are responsible for specific interactions

• Proteins bind to form multimers or larger complexes with 
multiple functions

• Responsible for many life functions



Bovine ATP synthase 

• Uses a hydrogen ion 
gradient to produce 
motion that is in turn 
used in producing ATP

• Consists of 3 nos. of two 
kinds of subunits

• Source: Pubmed



Antigen recognition

• Anti-HIV1 Antibody 
complexed with a peptide 
mimotope



Corn Storage Protein: Zein
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Lipid Structures - bilayer 
membrane



Lipid Structures - bilayer 
membrane

Image source:
http://www.bioteach.ubc.ca/Bio-industry/Inex/



Macromolecule - small 
molecule interactions

• Vitamin binding proteins

• Folylpolyglutamate 
synthase (FPGS) bound 
with folate



Avidin Biotin systems

• Biotin (Vitamin H) 
trapped in avidin 

• Very strong binding (Kd = 
10e-15 M)

• Biotinylation is a 
common conjugation 
technique 



Protein-lipid complexes

• Source: www.nanodiscinc.com



Questions and feedback?


