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This paper gives an overview of the most commonly used techniques for nanostructuring and

nanochannel fabrication employed in nanofluidics. They are divided into two large categories:

top-down and bottom-up methods. Top-down methods are based on patterning on large scale while

reducing the lateral dimensions to the nanoscale. Bottom-up methods arrange atoms and

molecules in nanostructures. Here, we review the advantages and disadvantages of those methods

and give some future perspectives. It is concluded that technology in the region of 1–10 nm is

lacking and potentially can be covered by using the pulsed-laser deposition method as a controlled

way for thin film deposition (thickness of a few nanometers) and further structuring by the

top-down method.

Introduction

In the last decade, micromachining technologies have been

used to advance the area of microfluidic systems. On the one

hand, integrating microchannels with sensors, actuators or

other electronics1–3 gives new functionalities, but probably

even more important is that smart geometries4,5 and new fluid

manipulation principles6–12 have enabled manipulation and

detection of nanoliter fluid samples. The behavior of fluidics in

such systems has been extensively investigated and exploited

in so-called lab-on-a-chip (LOC) systems.13,14 Processes such

as rapid and well-controlled mixing,4,5,15,16 heat transport17

and manipulation of (sub)nanoliter samples have become state

of the art. Recently, expanding interest in scaling down to

nanometer dimensions of the channels for fluid transport

opened a new window for fundamental and applied studies of

nanofluidics. Moreover, in comparison with well-established

techniques used in colloid science and membrane fabrication,

that only allow the random arrangement of nanopores,

nanostructuring enables the formation and control of indivi-

dual nanostructures and nanochannels of controllable dimen-

sions, geometry and interconnections.

Nanochannels can be defined as channels with at least one

cross section dimension in the nanometer range (1D and 2D

nanochannels). The nanometer scale of the channels allows the

discovery of a new range of phenomena, because the channel

depth or diameter is of the order of the size of the atoms or

molecules comprising the fluid or dissolved or dispersed in

the fluid. Therefore, fundamental phenomena such as fluid

transport and molecular behavior at extremely small dimen-

sions18,19 are attractive for investigation.

From the application point of view, evidently nanochannels

could represent an important step in developing the lab-on-a-

chip (LOC) concept, which is suited to small-scale analyses

with high throughput. To make this happen, nanochannel

fabrication techniques should be cost-effective and one should

be able to precisely control channel dimensions preferably

made on large scale wafers.20 The small dimensions of the LOC

reduce processing times and the amount of reagents necessary

for assay, substantially reducing costs. Additionally, it can be

fabricated with many channels, allowing for massively parallel

chemical analyses and more sensitive detection.21 Sample

volumes for a single experiment can be in the nano- to picoliter

range enabling the analysis of components from single cells

and single molecules. It has been shown that nanofabrication

can have advantages in biological sciences, biophysical

sciences (e.g. DNA analysis) and chemistry.22,23 Moreover,

there is an interest in developing the nanostructures employed

in electronic components that can be integrated in nanofluidic

systems. Furthermore, the nanoelectromechanical systems

(NEMS) can be sometimes parts of nanofluidic devices and

development of the new class of NEMS can result in advances

in sensors, medical diagnostics, displays and data storage.24

NEMS is characterized by small dimensions of the devices in

the order of a few hundreds of nanometers down to a few nano-

meters. Many of the microelectromechanical systems (MEMS),

which are in practical use, are made in well-developed silicon-

based fabrication technology.24 The fabrication of NEMS

devices is, therefore, often done in the same technology.
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However, new physical properties, resulting from the small

dimensions, may dominate the device operation as well as the

operation of the nanofluidic devices and may require new

fabrication approaches.

In this paper, we present an overview of the currently

developed techniques for nanofabrication that can be employed

in nanochannel production and their future perspectives. We

also review some other techniques for nanostructuring that are

not used for nanochannel fabrication, but they can be utilized

in nanofluidic devices and some of them possibly even later

integrated in nanochannel fabrication.

Nanofabrication methods

Nanofabrication methods can be divided roughly into two

groups: top-down and bottom-up methods.25 Top-down methods

start with patterns made on a large scale and reduce its lateral

dimensions before forming nanostructures. On the other hand,

bottom-up methods begin with atoms or molecules to build

up nanostructures, in some cases through smart use of self-

organization. At the end of the paper the major properties of

the methods will be summarized in Table 1.

Top-down methods

In analogy with micromachining,26 top-down methods for

nanomachining can be subdivided into 3 categories: (a) bulk-/

film-machining; (b) surface-machining; (c) mold-machining.

(a) Bulk-/film-machining

In bulk-/film-machining the channel is created by etching

trenches in the substrate wafer or, alternatively, in the film

deposited on the substrate. This is done typically by standard

photolithography followed by wet or dry etching of the

substrate in the case of substrate (bulk) etching and usually

chemical etching of the film in the alternative approach, i.e.,

film etching.26,27 The formed structure is closed by bonding

another wafer on top of the structured substrate or film

(Fig. 1a).

An example of a simplified nanofabrication method used to

construct 1D nanochannels for nanofluidics is presented in

ref. 28. The processes are significantly simplified by using

native oxide as the main mask material and a simple process

for wet anisotropic channel etching with a controlled depth up

to 500 nm, an accuracy of a few percent and etch roughness

less than 0.5 nm.

Later in this paper we will present the standard methods

used for patterning, etching and bonding/sealing.

Patterning. Lithographical techniques. Standard lithography,

using a mask, is often used for patterning. A beam of light

(typically ultraviolet light) passes through the mask and a lens,

which focuses an image on photoresist (photosensitive coating

of organic polymer) placed on a surface of a silicon wafer or a

film (see Fig. 1a). The parts that are exposed to the photoresist

can be removed leaving the desired pattern on the silicon wafer

or film. The resolution of the photolithographic process

determines the width of the channels. In photolithography

ultraviolet light is used (typically 250 nm wavelength). The T
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fabrication of spacings smaller than half this length causes

blurred features, which can melt together. Various technical

improvements managed to reach structural resolutions in the

order of 70 nm in experimental setups and about 100 nm in

mass production.25,29 The technical difficulties to make such

small structures using light, make this technique rather

expensive. Modification of this technique by using X-rays or

extreme ultraviolet light30,31 reduces the blurring and allows

for smaller structures. However, the conventional lenses are

not transparent to extreme ultraviolet light, they do not focus

X-rays and the energy of these radiations easily damages most

of the materials used in masks and lenses.

Therefore, instead of masks, lithography technologies based

on focused beams are used as an alternative, such as electron-

beam lithography (EBL) and focused-ion beam (FIB) litho-

graphy (typically using Ga ions) to create nanochannels, e.g.,

for DNA separation.32 Features of 10 nm in scale can be

achieved by both methods. In the case of EBL, the pattern is

written in the photoresist with a beam of electrons,25 whereas

FIB directly machines the material, i.e., the film or substrate.

However, the use of electron beams is costly and slow and

therefore impractical for large-scale manufacturing. Another

drawback of EBL is the proximity effect caused by the

scattering of the electrons in the resist. This limits the resolu-

tion and contrast due to backscattering.33,34 The advantage of

using FIB patterning is the possibility of using well-known

methods for producing high-quality thin films (including

epitaxial films), such as pulsed-laser deposition (PLD), metal

organic chemical-vapor deposition, sputter deposition etc. A

disadvantage of FIB is the appearance of damage that occurs

during milling and imaging and especially Ga ion doping of

the films.29 Especially promising is the newly developed PLD

technique using interval deposition (a certain amount of the

material is deposited, which is followed by an interval without

deposition that allows the deposited material to rearrange),

which allows layer-by-layer film growth on a unit cell scale

(unit cell of a crystal structure).35,36 This method could

possibly be used in the fabrication of the nanochannels with

height in a unit cell-range.

Interferometric lithography (IL) can be used for patterning

as well. It is based on the interference of two and more

coherent beams.37 Its advantage is that it is a maskless,

inexpensive and quick technique, which allows patterning of

nanoscopic features into silicon over large areas with easily

varied features dimensions (e.g., pitch size and channel width).

A variety of wafer-bonding techniques (mentioned below)

allow the sealing of the trenches made with these techniques

and in this way nanochannels are formed.

Furthermore, in ref. 38 laser patterning of nanotrenches in

Si has been reported as another maskless approach with a

Fig. 1 (a) Bulk-/film-machining;26 (b) hybrid-method for patterning.46
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better resolution as compared to the writing in photoresist

(feature sizes of , 40 nm for laser-etched Si structures and

line widths of , 200 nm). Laser machining (especially use

of pulsed lasers) enables precise fabrication of sub-micron

features in materials that are hard to machine, such as

ceramics and semiconductors.39 However, from the techno-

logical point of view the disadvantage of this method is that it

is not a batch process.

For ultimate resolution, scanning probe techniques are

employed, such as atomic force microscopy (AFM)40 and

scanning tunneling microscopy (STM)41 by moving individual

nanoparticles or even atoms or molecules and arranging them

in patterns. The rings and wires built in this way can be of one

atom width. However, these methods are too slow for mass

production.25 The latter two methods (laser machining and

scanning probe techniques) have not yet been used for

nanochannel fabrication and they are listed here as a way of

nanostructuring with an interest in use in nanofluidics.

Self-assembly lithography. Self-assembly lithography is an

approach that provides a low-cost and efficient way for

creating nanostructures with critical dimensions below photo-

lithographic resolution limits (which are in the order of

100 nm)42,43 (for a review see ref. 44). The formation of self-

assembled structures can be considered as a bottom-up

approach towards formation of nanostructures and it will be

mentioned in that classification as well. Here, we would like to

stress its use in the patterning process in bulk-/film-machining.

An example of self-assembly lithography is the formation of

a mask by self-assembly.43 A diblock copolymer (macro-

molecules composed of two covalently bonded immiscible

polymer blocks A and B; in this example it consists of

polystyrene, PS, and poly(methylmethacrylate), PMMA) is

placed on top of the silicon wafer that should be structured

instead of photoresist. The chemical link between the two

blocks prevents phase separation on the macroscopic length

scale, but allows microphase separation of the two blocks

leading to self-assembled morphologies of the minority

polymer block. Such self-assembly patterning occurs when

the diblock copolymer is heated above the glass transition

temperature of the two polymer blocks, by separation of the

two polymers. In the case of PS and PMMA spontaneously

microphase separation occurs into a hexagonal lattice of

PMMA cylinders in a matrix of PS. The PMMA is then

etched away by exposure to ultraviolet light and a develop-

ment process. This approach allows tailoring in the range of

hundreds of nanometers to below 10 nm. The polymer

(PS) template pattern can be faithfully transferred into both

silicon wafers and oxide films by reactive-ion etching (RIE).

This opens opportunities to integrate diblock copolymer

films in semiconductor processing, since this method enables

patterning of ordered domains with dimensions below photo-

lithographic resolution limits over wafer areas. To form

nanochannels, this method needs to be adapted (possibly by

a hybrid-method discussed below) for formation of nano-

trenches, which also need to be further sealed.

In ref. 45 the authors used self-assembly diblock copolymer

thin films as sacrificial layers for transfer of dense nanoscale

patterns into more robust material. This was further used as a

hard mask to achieve uniform nanoporous dielectric films,

high-aspect-ratio nanotextured silicon, silicon nitride dot

arrays, silicon pillar arrays, and silicon tip arrays. In the case

of high-aspect-ratio silicon pore formation, the final step

was atomic layer deposition of a TaN coating that oxidizes

the trench sidewalls. The other structures were not, however,

coated which in the case of nanochannel formation will be

needed.

Hybrid-method. In this method46 nanopatterns are formed

by merging the principles of two methods—lithography and

self-assembly (Fig. 1b). In this way the costs are lowered and

the control of producing materials at the molecular level is

increased. A substrate was covered by a self-assembly

monolayer (SAM), on top of which photoresist was spin-

coated and patterned by lithography (extreme ultraviolet

interferometric lithography (EUV-IL)). The pattern was

converted to a chemical pattern of the SAM by irradiating

the sample with soft X-rays. Then, a film of block copolymers

was deposited on the surface and the molecules arranged

themselves into the underlying pattern without imperfections.

Thin films of diblock-copolymers can self-assemble into

ordered periodic structures (y5 to 50 nm). This inexpensive

method has the disadvantage that can result in defects.

Therefore, the thin films of block copolymers were integrated

with lithography to induce epitaxial self-assembly of domains.

The final patterns are free of defects, oriented and can be

created over arbitrarily large areas. Additionally, this method

will need appropriate sealing to create nanochannels.

Etching. During etching moderate and accurate etch rates

are needed to ensure a precise etch depth and a smooth

surface finish26 important for further bonding. Wet etching

is orientation dependent and is, for example, done with

alkaline solution in the case of silicon etching. It can be

isotropic and anisotropic. The techniques used for dry

etching are ion-beam etching, focused-ion beam etching

(FIB), reactive ion etching (RIE) and deep reactive ion etching

(DRIE).47

Bonding/sealing. The bonding/sealing methods depend very

much on the bulk material used and they are anodic, fusion,

polymer, direct and eutectic bonding.27 Polymer bonding

(using, for instance, polydimethylsiloxane, PDMS) is employed

in rapid prototyping and used for plastic substrates.27 PDMS

is spun onto a cover slip (in the thickness of several

micrometers) and cured. The cover slip with PDMS is then

brought in contact with the chip, that contains trenches.21 The

advantage of this sealing is that the channels can be easily

opened and cleaned. The disadvantage is that the seal can sag

into the channels, since it is made of a soft material. In anodic

bonding large electric fields are applied to assist bonding and it

is used usually for glass and silicon, whereas in fusion bonding

high temperatures are used and it is employed in glass

bonding. Eutectic bonding is mainly used for metallic alloys27

or often for Au and Si by heating two materials in a joint such

that they diffuse together to form an alloy composition, whose

melting point is lower than that of the base materials. Direct

bonding can be used for highly polished substrates, such as

This journal is � The Royal Society of Chemistry 2005 Lab Chip, 2005, 5, 492–500 | 495



silicon27 and it relies on the tendency for two smooth and flat

surfaces to adhere together.26

Direct sealing to create nanochannels is based on non-

uniform deposition of the sealing material during sputter

deposition21,48 or e-beam evaporation.48 These processes result

in narrowing and sealing the trenches.

(b) Surface-machining

In surface-machining,49,27 first a bottom layer is deposited on

the wafer followed by the deposition of the sacrificial layer and

its patterning (Fig. 2). Then, the top layer is deposited on top

of the sacrificial layer and patterned (often with irrigation

holes, which provide the access to the sacrificial layer). The

nanochannel is finally formed by removing, i.e., etching the

sacrificial layer leaving the bottom and the top layer to form

the walls of the nanochannel. The bottom layer is not always

required. It is mainly introduced to form the channel of one

material (the same material as the top layer).

Sacrificial material is usually polysilicon,50 but can also be

thermal-degradable materials.22,51 The sacrificial layer is

removed by wet etching or thermal degradation. However,

these techniques are not suitable for fabricating long-scale

nanofluidic channels due to the very long time needed for the

etching of the sacrificial layer23 and in the case of wet etching

special irrigation holes are often necessary to dissolve the

sacrificial layer in a reasonable time span. Tapering of the

channels can appear by wet etching due to the limited

specificity of the etchant for the sacrificial material over the

wall material. Isotropic sacrificial etching is very important in

nanotechnology due to the very sensitive nature of the

nanostructures. Dry etching is favored since the nanostruc-

tures can be damaged during wet etching by the drag forces

during wafer handling and the possibility of sticking of

nanostructures during drying.26 In addition, the uniformity

of the channel height and insensitivity to particles, which

would disrupt bonding, present advantages of this method.

Recently two methods were developed for nanochannel

fabrication52 based on conventional lithography, thin film

deposition and sacrificial layer etching. This combination

made possible the realization of very long 2D nanochannels (in

the order of millimeters). The width of the nanochannels is

usually determined by the photolithographic process used (a

resolution of typically 1 mm). However, these new methods

enable the realization of sub-micrometer channel widths using

standard photolithography. The first method is based on the

sacrificial etching of a nanowire, deposited on a side wall of a

step. In the second method the sacrificial strip, that separates

the substrate and the capping layer, is etched and the nano-

channel is formed by the adhesion of the capping layer to the

substrate.

A simple method recently presented allows the fabrication

of 1D nanochannels in polyimide by sacrificial etching of an

aluminum layer.53 The very high etch specificity between

polyimide and aluminum leads to a virtual absence of channel

tapering, which is sometimes observed in surface-machining.

Polyimide is a promising material due to its favorable electrical

and mechanical properties and its biocompatibility. However,

its autofluorescence54 limits the use of fluorescence detection

due to the high background signal.

(c) Mold-machining

In principle, in mold-machining first the mold in the inverse

shape of the desired structure is formed. This is filled with a

structural material and then the mold can be etched or

removed leaving the desired structure behind.

The mold machining is mainly performed by soft litho-

graphy. In soft lithography (Fig. 3a) the mold is usually made

by producing a pattern (master) in a layer of photoresist on the

surface of the silicon wafer by photolithography or electron-

beam lithography (EBL).25 Then a liquid precursor to poly-

dimethylsiloxane (PDMS) is poured over it and cured into the

rubbery solid. The PDMS stamp is then peeled off the master.

The fabrication of the master is rather expensive due to use of

the electron-beam lithography or other advanced techniques.

Copying the pattern on the PDMS stamp as well as the use of

the stamp is, however, cheap and easy.

The PDMS stamp is then further used in different ways to

make nanostructures: by microcontact printing55 (Fig. 3b) or

micromolding in capillaries56 (Fig. 3c).25 In microcontact

printing the stamp is inked in a solution of organic molecules

and pressed against a thin golden film on a silicon plate. The

organic molecules form a self-assembled monolayer (SAM) on

the gold reproducing the stamp’s pattern. In the micromolding

in capillaries method the PDMS stamp is placed on a hard

surface and a liquid polymer, flown into the recesses between

the surface and the stamp by capillary forces, solidifies into the

given pattern.

The advantage of the soft lithography is that it does not

need to be carried out in the clean room (apart from the master

fabrication by photolithography). If some dust particles are

trapped between the stamp and the surface, the elasticity of the

PDMS stamp allows the reproduction of the correct pattern

except in the contaminated area.25 The nanostructures made

by this method can be produced in a wide range of materials

and the patterns can be formed on curved and planar surfaces.

However, this technique is not suitable for complex nano-

electronic devices, i.e., for making multilayered structures due

to the deformations and distortions of the soft PDMS stamp

that can cause small errors in the replicated pattern and/or the

misalignment of the pattern with the underlying one.

The latter limitation can be overcome by employing a rigid

stamp in step-and-flash imprint lithography57,58 and nano-

imprint lithography (NIL).59,60 In step-and-flash imprint litho-

graphy a master is made in a quartz plate by photolithography

Fig. 2 Surface-machining.27
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and directly pressed against a thin film of liquid polymer,

which fills the master’s recesses. Ultraviolet light, to which the

master is exposed, solidifies the polymer creating the desired

replica. In NIL,59,60 a rigid master (mold) is pressed into a thin

resist heated above its glass transition temperature. After the

resist is cooled below its glass transition temperature, the mold

is removed and an anisotropic etching process, such as RIE, is

employed to remove the residual resist in the compressed area

(Fig. 3d). NIL is fast and well suited for large-scale fabrication.

Standard NIL allows the formation of nanostructures down to

20 nm.29 However, a new mold needs to be created whenever

some changes in a feature characteristic are required (e.g.,

channel size etc.). NIL has also certain limitations in replicat-

ing large-scale (in micrometers range or larger) and nanoscale

patterns simultaneously.

In ref. 61 a novel lithographic technique that integrates

photolithography into the NIL patterning process is reported,

successfully overcoming the NIL limitations. This technique

employs a hybrid mask-mold that has large metal pads

embedded in a transparent NIL mold. This hybrid mold

allows the patterning of large-scale and sub-micron feature

size structures in one step. Therefore this technique has a

future in fabrication of a wide range of nanoscale electronics,

photonics and biological devices where patterns of various

sizes are needed.

Another type of mold-machining for fabricating nano-

channels was reported in ref. 62. The authors used channels

etched in a silicon wafer as a mold in which Parylene was

deposited to form tubes (Fig. 4). The Parylene polymer is

chemically inert and biocompatible. The tubes are self-sealed

with submicrometer lateral dimensions. When the tubes are

formed, access holes for fluidic interconnects are created by

standard lithography and the resulting tube can be removed

from the mold or left integrated with the already existing

device. With this approach multilevel three-dimensional

interconnected fluidic networks can be produced that can be

employed in complex microfluidic systems and maybe in the

future in nanofluidic networks. Parylene tubes could be

promising as artificial blood vessel and implantable fluidic

networks due to the biocompatibility of this polymer.

Bottom-up methods

For the completeness of this paper, we briefly summarize here

the bottom-up methods for nanostructuring. In such methods,

the atoms and molecules are assembled into the smallest nano-

structures (dimensions of typically 2 to 10 nm) by carefully

controlled chemical reactions, which make this technique

cheaper as compared to the lithographical methods.

Fig. 4 Fabrication of flexible polymer tubes by mold-machining.62

Fig. 3 Mold-machining: (a)–(c) Soft lithography;25 (a) formation of an elastic stamp, (b) microcontact printing, (c) micromolding in capillaries;

(d) nanoimprint lithography (NIL).60
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Self-assembly of atoms and molecules into nanostructures

can be classified as a bottom-up method. In nature self-

assembly is often used to make complex structures. At

present, the mastery of self-assembly is limited to relatively

simple systems. To achieve complex systems hierarchical self-

assembly can assist, where the products of one self-assembly

step is a base for the next one. The formation of self-assembled

monolayers (SAMs), that are produced when a substance

spontaneously forms a molecular monolayer on a surface,

could be successfully combined with standard lithographical

methods (as described earlier) to achieve large-scale and better

controlled structures.

Biologically inspired self-assembly holds great promise in

nanostructuring. For instance, it can be used in the formation

of peptide nanotubes by self-assembly of cylindrical octapep-

tides, tubes that function as ion channels (Fig. 5a).63 The

structures were shown to have bactericidal properties by

making the bacterial cell wall permeable to ions. In ref. 64 the

unique stability and self-assembling properties of porin MspA

(a channel protein isolated from Mycrobacterium smegmatis)

was used to form nanopores (nanochannels) due to the ability

of the porin to reconstitute within strongly hydrophobic layers

on highly ordered pyrolytic graphite. The diameter of the

MspA nanopores of about 3.1 nm was confirmed.

There are other nanostructures formed in nature that can

be employed in nanofabrication. For instance, regularly and

naturally formed nanochannels of zeolites (aluminosilicates)

can be used to study dynamical behavior of water adsorbed

in bikitaite (a rare lithium containing zeolite)65 or for the

synthesis of novel materials, such as porous carbon, using well

ordered zeolite channels as a template66 that can be later

removed leaving the porous carbon structure behind.

In ref. 67–69 techniques are presented for creating complex

two- and three-dimensional networks of nanotubes and micro-

meter sized containers from liquid crystalline lipid bilayer

materials (Fig. 5b). Three-dimensional compact liposome

networks are important for increasing the information density

and processing capability of such networks in applications

such as nanofluidics and computational devices as well as for

nanoscale templating.69

Bottom-up methods are also used, for instance, for the

fabrication of carbon nanotubes (CNT) and quantum dots.

CNT are graphene cylindrical tubes of a few nanometers to

some hundred nanometers in diameter. They can be produced

by evaporation of solid carbon in an arc discharge, laser

ablation, catalytic decomposition of fullerenes etc.70 They can

serve for studying the physics in one-dimensional solids as well

as being used in various nanoscale devices70 and can be self-

assembled into hierarchical structures with controlled nano-

tube orientation (e.g. ref. 71).

Quantum dots are crystals which contain only a few

hundred atoms and on exitation emit different wavelengths

of light, depending on their size.25 Therefore, they can be

used to tag proteins and nucleic acids and when the sample is

illuminated with ultraviolet light, the crystals will fluoresce

and the location of the attached protein can be seen. There are

several routes developed to synthesize nanoscale materials of

numerous simple systems, such as semiconductors (Si, CdS,

InAs/GaAs) and metals.29 Up to now, they have been classified

in two categories:29 self-patterning via physical routes and

self-patterning via chemical routes. The first one employs

well-known physical growth concepts, such as island growth. It

is based on the phenomenon that the initial growth of an

epitaxial film deposited on the single-crystal substrate with

high lattice mismatch, would result in the island (Volmer–

Weber) or layer-then-island (Stranski–Krastanov) growth

modes. Those two growth modes are suitable to grow

crystalline nano-size (quantum) dots. The latter method

uses simple chemical routes (for instance, the microemulsion

concept) to fabricate nanosize crystals or nanoparticles in

colloidal suspensions, which can be later spread onto the

substrate. After solvent evaporation, the nanoparticles can

be crystallized in two- or even three-dimensional arrays.

Quantum dots may find application in devices such as

lasers,72 quantum computing73 and thermoelectric power

generation.74 They could also be applied in nanofluidic

systems. One idea could be to use quantum dots regularly

positioned along a nanofluidic channel to create an array of

fluorescing dots, e.g., to determine the position of a passing

single cell.

In another approach75,76 ion-channel nanopores with an

inner diameter of 1.4 to 4.6 nm were created by self-assembly

of seven a-hemolysin monomers in a lipid bilayer. These

structures are of optimal size for detecting the passage of

small molecules (such as DNA and RNA) by changes in the

electrical properties of the channel recognition element.

The bottom-up approaches mainly use naturally formed and

rather well-defined structures. However, in general they are

not suitable for the formation of nanofluidic devices at this

stage of development, because they can not produce designed,

interconnected patterns due to the random positioning of

the obtained nanostructures.25,29 Therefore, longer, better

controlled and interconnected structures are required that

could be achieved combining the bottom-up with the top-down

approach.

Conclusions and outlook

In this paper we summarized the most commonly used methods

in nanofabrication categorized as top-down and bottom-up

methods, and their the most common features are overviewed

in Table 1. Within these groups there are several approaches

utilized to achieve nanostructures and nanochannels. Methods

Fig. 5 (a) Simplified schematics of the self-assembly peptide nano-

tubes (cylinder) in the membrane.63 (b) Schematic representation of

nanotube–vesicle networks.68 The radius of the nanotubes are between

100 and 200 nm and the diameters of the containers are 4 to 10 mm.

The left image shows a five container network consisting of four

daughter vesicles, which was formed from the central vesicle. The right

image displays a three-way nanotube junction.
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are constantly developed further to satisfy the conditions

required for nanochannels used in LOC, NEMS etc.

There are a number of concepts that might in the future

improve the quality of the nanochannels. A promising

approach is combining top-down and bottom-up methods,

where the smallest nanostructures achieved by bottom-up

methods can be controlled and interconnected by previously

employed lithographical methods. In ref. 79 and 80 experi-

ments describe CNTs grown by the CVD technique within

anodic aluminum oxide nanopore arrays (AAO). In this way

excellent uniformity in the size and disposition of nanotubes

was achieved as well as naturally perpendicular growth to the

rigid substrate without a need for an extra processing step. The

CNT arrays show promising properties for several applica-

tions, such as nanoelectronics. Additionally, one could think

of using CNT as a sacrificial layer in surface-machining.

Also very promising is a variety of self-assembled block

copolymers that can serve as a tool for nanomaterial fabrica-

tion. This fabrication can be categorized as a bottom-up method

and has been reviewed in ref. 44. They can be used to construct

nanopores, nanotubes, as templates for the synthesis of metallic

or semiconducting nanomaterials etc. Some of them can be

also combined with standard lithographical methods and used

in a top-down approach as mentioned above.

From the above we can conclude there is still a gap in the

range of nanochannel fabrication from 1 to 10 nm. A potential

technology covering this gap is the pulsed-laser deposition

(PLD) technique combined with reflection high energy

electron diffraction (RHEED) that allows the formation of a

thin film with very well-controlled thickness (in the order of a

(few) unit-cell sizes).35,36 This method is based on a periodic

sequence (Fig. 6): fast deposition of the amount of material

needed to complete one monolayer followed by an interval

in which no deposition takes place and the film can reorganize.

In this way, the film is grown in a layer-by-layer fashion

instead of island growth that would dominate otherwise. This

rearranging of the deposited atoms can be considered as their

self-assembly arrangement. These films could be further

structured by film-machining or used as sacrificial layers in

surface-machining (combining in this way again the top-down

and bottom-up approach) making possible the formation of

very thin nanochannels.

Finally, it is expected that the importance of availability

of well-defined nanochannels for fundamental and applied

research will strongly encourage the further development and

optimization of the techniques for nanochannel fabrication.
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