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ABSTRACT:  Nanomanufacturing, the commercially-scalable and economically-sustainable mass 

production of nanoscale materials and devices, represents the tangible outcome of the 

nanotechnology revolution.  In contrast to those used in nanofabrication for research purposes, 

nanomanufacturing processes must satisfy the additional constraints of cost, throughput, and time 

to market.  Taking silicon integrated circuit manufacturing as a baseline, we consider the factors 

involved in matching processes with products, examining the characteristics and potential of top-

down and bottom-up processes, and their combination.  We also discuss how a careful assessment 

of the way in which function can be made to follow form can enable high-volume manufacturing 

of nanoscale structures with the desired useful, and exciting, properties.  
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VOCABULARY:  nanofabrication – any and all techniques for creating nanoscale structures; 

nanomanufacturing - the scaled-up, reliable, and commercially-viable production of nanoscale 

materials, structures, devices, and systems; top-down – far-from-equilibrium processes in which 

structure is created deterministically by the introduction of information and the imposition of 

external forces, fields, or other actions; bottom-up – processes in which structure is determined 

predominantly by information intrinsic to the system itself, such as the specific sequence of 

chemical bonds or amino acids, such processes are inherently statistical or stochastic in nature 

and result in thermodynamically-stable structures and devices; self-assembly – the  observed 

behavior of a system for which an ordered state is thermodynamically favorable and kinetically 

accessible; damped-driven – systems, processes or structures that require some type of input, 

such as energy, to form and maintain their structure (the driven part), and which produce heat or 

entropy as part of their existence (the damped part), the prime example being living organisms. 

Nanotechnology has the potential to make a significant impact in a multitude of diverse areas.1  

It offers precise control over composition and nanostructure of materials enabling the production 

of multifunctional devices with unique properties, ranging from multiferroics to nanocomposites.  

For example, coatings containing nanoparticles can act as thermal barriers2 and flame retardants,3 

confer resistance to ultraviolet light-induced degradation,4 be self-cleaning,5,6 anti-bacterial,7,8 

scratch-resistant,9,10 improve the look of your skin,11,12 keep food fresh,13 and, by combining 

superhydrophobic and superoleophobic properties,14,15 keep the screen of your smartphone 

clean.16,17 Nanostructured materials can resolve the mismatch between the generally large 

absorption length of light in organic photovoltaic materials and the generally small charge-carrier 

diffusion distance18 to enable more efficient energy generation.19,20  Similarly, the high surface-to-

volume ratios of nanostructured materials can enable rapid charge/discharge cycles in batteries and 
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prevent strain-induced electrode degradation.21,22  Quantum confinement effects permit the light 

emission characteristics of nanoparticles made of a single material to be tuned across a wide range 

of wavelengths23 for applications in lighting and displays.24,25,26  However, to realize the potential 

benefits of all of these diverse applications we must develop efficient, cost-effective and robust 

nanomanufacturing methods.27 

Nanomanufacturing is a term whose usage varies with the approach, and rationale for the choice 

of approach, for fabricating 1, 2 or 3-dimensional nanostructures.  It can mean making small 

features on larger objects, (e.g. integrated circuit [IC] fabrication),28 making nanoscale objects with 

special properties (e.g. quantum dot synthesis),29 assembling nanoscale objects into more complex 

structures (e.g. DNA origami-directed assembly), 30 incorporating nanoscale objects into larger 

objects to enable special functionality (e.g. graphene into electronic devices or into liquor 

distillation apparatuses),31,32 and using nanotechnology to manufacture nanoscale structures (e.g. 

dip-pen nanolithography).33,34 Given these varied interpretations, we must define our use of the 

terms “nanomanufacturing” and “nanofabrication” before proceeding further.  They are often used 

interchangeably, but, in the interest of adding a level of precision to the conversation, we will draw 

a distinction between them.  First, we note that here we employ a broad definition of 

nanofabrication that includes both conventional, top-down methods, such as those used in the 

production of semiconductors, as well as bottom-up methods such as chemical synthesis and self-

assembly.  For the purposes of this discussion, we distinguish between nanofabrication and 

nanomanufacturing using the criterion of economic viability, suggested by the connotations of 

industrial scale and profitability associated with the word “manufacturing”.  Nanomanufacturing, 

as we define it here, therefore has the salient characteristic of being a source of money, while 

nanofabrication35,36 is often a sink. In all cases, for a process or technology to be considered 
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manufacturable, the cost of manufacturing and the volumes that can be produced must be 

consistent with the selling price and total addressable sales market.37  In other words, if it is 

possible only to produce something in small volumes and at high cost, then it must command a 

high price; conversely, if the product fetches a low price, then not only must the cost of production 

be correspondingly low, but the volumes required by the market must be large enough in order to 

make the enterprise economically self-sustaining.38,39   

Mathematically this relationship follows from the fact that the yearly revenue generated by a 

given tool or process is the selling price of the product (vertical axis in Fig. 1) multiplied by the 

amount of product generated per year. The rate of product generation is most conveniently 

represented in terms of the throughput (horizontal axis in Fig. 1).  A majority of the products 

generated by or processes used in nanomanufacturing concern what are essentially thin-film or 

quasi two-dimensional structures.  We therefore choose to represent the amount of product 

generated in units of area, specifically meters squared.  For example, the thickness of integrated 

circuits, hard drives, photovoltaics, sensors, and coatings is extremely small compared to their area 

and so the amount of area correlates directly to the amount of product.  While this is not always 

the case, such as for catalysts, nanoparticles and nanotubes, which can be made volumetrically, 

these are often used to cover or coat a given area and so the area metric for production capacity in 

this case can be taken to refer to the “as used” or “as applied” area.  It is clear from Fig. 1 that 

either a high throughput or a high selling price is required to achieve a given yearly revenue. For 

example, a yearly revenue of $1 million can be obtained with a throughput of 10-12 m2·s-1 only if 

the selling price is on the order of $10 billion per meter squared but the same revenue follows from 

a few cents per meter squared if the throughput is on the order of 1 m2·s-1.   Of course multiple 
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tools and/or processes can be used to increase revenue but this is economically viable only if 

money can be made on each tool or process individually. 

 

Figure 1.  Log-log plot of the product selling price ($·m-2) versus single tool throughput (m2·s-1) 

with contours showing the relationship between throughput and selling price for different yearly 

revenue levels.  Optical lithography as used for integrated circuit manufacturing is an example of  

a low-throughput process used to make a very high value product, leading to large revenues.  

Flexography, used for newsprint production, is a very high throughput process manufacturing a 

low value product, leading to more modest per-tool revenues. 

To supply some background and indicate the scale of the nanomanufacturing challenge, Figure 2 

shows the selling price ($·m-2) versus the annual production (m2) for a variety of nano-enabled or 

potentially nano-enabled products.  The overall global market sizes are also indicated.  It is 
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interesting to note that the selling price spans five orders of magnitude, the production six, and the 

market size three.  Although there is no strong correlation between the variables, it interesting to 

note that there is an overall trend, with smaller-volume products commanding a relatively high 

price, as would be expected from the simple model shown in Figure 1.  The diversity of market 

size, product volume, and price reinforces the idea that it is essential to carefully consider how to 

optimize the match between process and product. 

 

Figure 2.  Log-log plot of the approximate product selling price ($·m-2) versus global annual 

production (m2) for a variety of nano-enabled, or potentially nano-enabled products.  Approximate 

market sizes (2014) are show next to each point (The SI contains the information we used to 

estimate each data point). 
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In the context of the preceding discussion, the intent of this article is to provide an overview of 

the current state of and future prospects for nanomanufacturing.  Some of the many nanofabrication 

techniques under development40,41,42,43,44 may one day be used in nanomanufacturing, but, in order 

to understand which ones are likely to make the transition to being a revenue source and not a sink, 

it is necessary to identify how the physical aspects of any given technique affect its ability to 

generate products that meet the desired functional requirements in a cost-effective manner. 

Every product in the market place has a set of “functional requirements”, i.e., things it must do 

to be useful to the consumer. The sophistication of these functional requirements drives the product 

specifications in terms of structural complexity, dimensional and compositional accuracy and 

precision, tolerable defect levels and the degree to which the product can be classified as being 

active as opposed to passive.  These product specifications can be used to determine which 

fabrication approaches potentially have the necessary capabilities.  The final choice of 

nanomanufacturing technology must be driven by the cost of ownership, which depends critically 

on the characteristics of the manufacturing process, including yield and throughput. 

Here we focus on nanomanufacturing primarily as it pertains to the creation of structures with a 

relatively high degree of functionality and structural complexity and hierarchy.  We do not address 

the production of nanomaterials, nor the challenges associated with introducing them into the 

marketplace.  The majority of those challenges, apart from those connected with metrology,45,46 

are common to materials in general.47  The rest of this article is organized as follows:  first we 

examine the two broad classes of nanofabrication processes: top-down, i.e., deterministic 

processes, and bottom-up, i.e., stochastic processes; then we consider the combination of top-down 

with bottom-up; next we explore what might be possible by adding driven dissipative processes; 
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and finally we discuss the importance of design for nanomanufacturing.  At each step we illustrate 

the areas of applicability of the various approaches through examples. 

Top-Down versus Bottom-Up Processes 

Before we begin our discussion of these two approaches, we must clarify our use of the words 

“deterministic” and “stochastic”.  Deterministic manufacturing processes are designed to produce 

outcomes that exhibit very narrow distributions of the product performance mean and variation.  

However, this does not mean that there cannot be significant randomness at the atomic or 

nanometer scale.  Stochastic processes, while statistical in nature, can, when averaged over the 

large numbers of nanostructures typically involved, also exhibit narrow distributions of the product 

performance mean and variation.  Another way of looking at this (Figure 3) is to consider the 

length scales over which variations occur.  Short-range precision and accuracy may be excellent 

for some stochastic processes, such as protein synthesis and folding, but tend to degrade rapidly at 

length scales larger than an individual unit.  In contrast, deterministic methods may be disordered 

at the atomic or nanometer scale, but can have exceptional long-range accuracy and precision.  As 

noted above, the product’s functional requirements are used to determine if a given approach might 

be suitable. 
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Figure 3.  Illustration of the role of stochastic processes in controlling structural precision in top-

down, bottom-up and damped-driven assembly. Placement of individual atoms, such as dopants, 

within semiconductor devices is effectively only as good as the device dimension, with current 

manufacturing methods.  I.e., an atom is only constrained to lie somewhere within the “box” 

created.  Placement of edges is typically a fraction of feature size, and is uniform within the length 

scale of a circuit.  Systems, such as diblock copolymers, which self-assemble with no guiding 

pattern, show excellent short-range order that decays exponentially with distance.  The placement 

of individual molecules within a domain is again controlled by the size of the box. i.e., the domain.  

Control over individual atom placement is greatest in biomolecules, where it is specified by atomic 

relationships in, for example, amino acids, and then by the hierarchy of secondary and tertiary 

structure.  Placement precision between biomolecules not bound together decays rapidly as a 

function of separation. 

Top-Down Fabrication 

Top-down processes are fundamentally deterministic, in that order is imposed on the system by 

the action of external forces.  As Gordon Moore observed in his seminal 1965 paper,48 this means 

that yield is not dictated by equilibrium thermodynamic considerations – in contrast to, for 

example, chemical reactions. Yield in top-down processes can therefore can be engineered 

essentially to any desired degree consistent with physical laws:  current IC manufacturing 

processes produce functioning devices with error rates below roughly 1 in 1012 and have generally 

far fewer than 0.1 defects per centimeter squared.  It follows that, as long as there is no fundamental 

physical limit and the relevant economic drivers apply, the capabilities of top-down fabrication 

processes will tend to evolve according to typical learning curves.49,50,51 
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Photolithography 

Integrated circuit manufacturing represents the apogee of top-down control over matter, yielding 

devices with unprecedented and ever-increasing levels of functionality in ever smaller spaces.  The 

six decades following the invention of the IC have seen the evolution of photolithography to the 

point where a modern photolithography tool, operating with an immersion lens at a wavelength of 

193 nm, is capable of printing, at a resolution of 38 nm, 1012 features per second.  It does this while 

maintaining control over the feature size to within 10 %, and the ability to overlay thirty or more 

layers with respect to one another to within an uncertainty of less than 5.5 nm.52,53,54  This degree 

of control has of course also been enabled by concomitant progress in etch and deposition 

technologies and photoresist chemistry.55,56  The ability to print features which are so much smaller 

than the wavelength of the exposing radiation requires careful engineering of the mask pattern 

which in the end has no simple relationship to the features being printed on the wafer.57,58  This 

type of mask engineering must be combined with simultaneous optimization and precise control 

of the illumination incident on the mask to create the required intensity distribution at the 

wafer.59,60  In fact, the complexity of the coupled illumination-mask diffraction problem is so great 

that each future generation of chips relies on the computing power made available by the current 

generation of devices to solve it and, for all but the highest-volume devices, the mask cost is the 

dominant factor in the cost of ownership.61,62  In addition, multiple masks may be required to print 

the features for a single level when double- or multiple-patterning approaches are used to achieve 

the desired feature density.63,64,65,66,67  As noted above,48 it is the economic advantage gained by 

increasing integration that drives the technological progress in IC production, and it is this 

economic advantage that will determine whether or not the current incarnation of photolithography 

gives way to extreme ultraviolet lithography (EUV), which operates at a wavelength of 13.5 nm.  
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The use of this much shorter wavelength brings many additional complexities, and therefore higher 

costs, as far as the lithography tool is concerned, but can, in principle, reduce the mask complexity 

thereby reducing the overall cost of ownership.61,62   The final result will depend on whether a 

suitable combination of resist sensitivity and illumination power can be reached to deliver 

economically viable throughputs.68   Alternatively, the drive for greater circuit densities and 

functionalities may be satisfied by the use of 3D approaches.69,70,71,72,73,74 

As impressive as the current state of the art is, it is important to point out that photolithography 

is only as good as it needs to be.  In particular, for integrated circuits to function, it is only the 

relative placement of individual circuit levels across the chip that must be controlled.  Variations 

in the overall size and shape of the chip up to a few percent are acceptable as long as the level-to-

level overlay is maintained.  Thus, for ICs, absolute accuracy is not critical.  On the other hand, 

with the increasing emphasis on combining nanophotonic and nanomechanical devices with 

conventional ICs, absolute accuracy will be extremely important since both nanophotonic and 

nanomechanical devices typically are required to operate at a fixed external wavelength or 

frequency.  For example, an on-chip nanophotonic device structure such as an add-drop filter 

comprising ring resonators, waveguides and/or gratings operating in the 1550 nm 

telecommunications band with a 30 GHz channel separation ( 0.3 nm wavelength difference) 

nominally requires dimensions and/or periodicities accurate to within a fraction of the wavelength 

difference,75 i.e. a few picometers.  These requirements are beyond the current capabilities of 

photolithography and necessitate an increase in the overall device complexity to include systems 

which can tune them to match a given external wavelength or frequency.76  Even a perfectly 

fabricated device will require tuning to compensate for thermal effects which shift the operating 

wavelength.  
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Nanoimprint Lithography 

Embossing processes77 have been extended to the nanoscale, opening up a range of new 

applications.  Nanoimprint lithography78,79,80,81,82 can, in principle, not only produce features at the 

size needed in integrated circuit production, but, because the imprint template is replicated 

precisely, can do so without those complexities inherent in sub-wavelength optical lithography 

mentioned above:  the features on the template look exactly like the features on the substrate.  

However, this means that the patterned area on the imprint mask is the same size as the patterned 

area on the wafer (it is therefore described as a 1 mask) and fabricating a 1 mask to the required 

degree of precision is not trivial.  Pattern placement capabilities close to those of photolithography 

tools have been achieved by introducing schemes that use controlled deformation of the imprint 

template.83,84,85,86 Such schemes, coupled with improvements in template fabrication processes, are 

currently suitable for IC manufacturing at feature sizes of  20 nm (i.e. the 2x nm nodes).87,88,89,90  

Another potential benefit comes from the ability of nanoimprint to print multiple pattern levels 

simultaneously, which can result in a significant reduction in the number of process steps needed 

to complete a device.91,92,93,94,95  Aside from meeting overlay requirements, the principal obstacle 

facing the technology is for it to achieve the same throughput and low level of defects96 as 

photolithography.   

Nanoimprint’s ability to fabricate almost arbitrarily small features precisely and accurately97 

means that it is almost uniquely suited to the production of bit-patterned magnetic storage 

media,98,99,100,101 which have tolerances on feature size and size variation102 that are significantly 

more stringent than those for ICs.103  Interestingly, although the local pattern placement 

specification for bit-patterned media (BPM) must be better than 1.25 nm104 because the flying read 
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head cannot track glitches in position, the long-range pattern placement requirement is only 10 µm 

or approximately 0.3 %, because the head can track long-range, slowly-varying placement 

errors.105,106  

For nanoimprint to be an appropriate choice of manufacturing technology for bit-patterned 

media, it is not enough that it can produce small features competitively with photolithography 

because the price per unit area must be two orders of magnitude lower.  Part of the necessary 

fabrication cost reduction may be achieved because only a single level needs to be patterned, which 

reduces the tool complexity and cost as well as the number of fabrication steps, and part by 

dramatically lowering the amortized mask costs, by using a single master to generate up to 10 000 

copies, which can then each generate 10 000 disk-drive platters.107  Additional cost reductions 

come from the much higher defect density108 that can be tolerated for BPM as opposed to ICs (1 

in 104 versus 1 in 1012) because of the availability of read-channel error correction schemes.109,110  

A less demanding specification for defect density translates into a reduced need for costly defect 

inspection during manufacturing.  As the technology evolves and defect levels decrease, it is even 

being considered for the production of flash memory, which has relatively relaxed overlay 

requirements,89,111 though defect levels will need to be reduced to ~ 0.1 cm-2.112  

An attractive feature of imprint or embossing processes in general is that they can be adapted 

for use in continuous, roll-to-roll (R2R) manufacturing,113,114,115,116,117,118 which reduces the cost 

of fabrication and increases the throughput.    The cost per meter squared may range between 

0.1 $·m-2 and 10 $·m-2, depending on whether direct embossing or a thin-film ultraviolet light 

curing process is used.  It is difficult to achieve precise overlay and long-range placement accuracy 

in R2R because of the tendency of the flexible substrate (called the “web”) to deform during 

processing.  Single-level structures, used in applications such as large-area reflective 
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coatings,119,120,121 and holographic wrapping paper,122 do not suffer from these problems.  

Extending single-level R2R technology to the nanoscale would enable applications such as organic 

photovoltaics,123,124 light-management films125 and wire-grid polarizers for high-contrast 

displays126,127,128 anti-reflective coatings, super-hydrophobic (philic) surfaces, as well as those 

requiring plasmonic activity.129,130,131  Self-aligned imprint lithography uses a multilevel template 

that produces pre-aligned structures, avoiding level-to-level alignment problems.  It can be used 

to generate large-area, low-cost electronics such as display backplanes with minimum feature sizes 

of 1 m at web speeds of up to 5 m/min.132  We also note that, while stitching defects are important 

in displays, other forms of defects are much less significant.  Nanostructured surfaces produced by 

R2R imprint may also be useful for energy generation and storage if high aspect ratio features can 

be generated.  

Nanoimprint is already used to produce nanoparticles for diagnostic and therapeutic 

applications.133,134,135,136  At first sight, it might appear that high-volume particle-production 

techniques such as milling137,138 would be by far more economical.  However, medical and 

biological applications generally require very precise control over particle size and shape, and the 

small amount of product needed to achieve the desired effect [e.g. drug delivery, imaging 

contrast],139,140,141 and the high value associated with medical treatments make this an 

economically viable approach.  In addition, nanoimprint can be a relatively gentle process, creating 

patterns without the need for high temperatures or aggressive chemicals, and thus allowing the 

safe handling of fragile biomolecules.141 

Perhaps the most exciting aspect of nanoimprint is that it is heir to all the numerous macroscale 

embodiments of the printing process.  At the most fundamental level, these all transfer material 

from a patterned surface to a substrate.  Functional inks are already enabling a revolution in printed 
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electronics142 for flexible displays,143 wearable electronics and the “Internet of Things”, and there 

is every reason to suppose that one as profound will occur as inks are developed for nanoscale 

applications.144   As an example, microcontact printing,145,146 the small-scale analog of 

flexographic printing, has recently been demonstrated at the nanoscale.147  Similarly, nanotransfer 

printing, analogous to transfer printing on ceramics,148 enables the fabrication and heterogeneous 

integration of complex nanostructures made from a wide variety of materials. 149,150,151,152,153,154,155 

This gives the family of nanoimprint methods the potential to be a true nanomanufacturing 

platform technology, limited only by the availability of suitable templates, inks, and surface energy 

control.156 

Other Top-Down Techniques 

Optical lithography and nanoimprint are the dominant top-down nanomanufacturing methods, 

despite there being a large number of other nanofabrication approaches available.  At this point, it 

is worth asking why these other techniques have not made the transition into nanomanufacturing.  

One of the principle obstacles that must be overcome is reaching an economically viable 

throughput.  Electron-beam lithography, for example, can generate sub-10 nm features,157,158,159 

over large areas, with good placement and overlay but, because of its relatively low throughput, it 

is limited commercially to the production of masks for use in photo-160 and nanoimprint 

lithography and device development,161,162 and non-commercially to the production of 

nanostructures for research and defense purposes.  The prospects for increasing the throughput of 

electron-beam systems are severely limited because of the fundamental physics of space-charge 

effects – the repulsion between neighboring electrons in a single electron column leads to a loss of 

resolution or blurring of the beam as the beam current increases.163,164,165 This limits the maximum 

beam current, and hence the throughput, that can be attained at a given resolution.  This inability 
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to scale led to the demise of early programs focused on creating electron-beam systems for IC 

production.166,167   However, the economic pressures associated with leading-edge optical 

lithography still makes this an active area of research, with newer efforts relying on groups of 

columns, or targeted towards low-volume applications,168 under development.169,170,171 

A common response to this type of scaling problem is to propose the use of massively parallel 

arrays of columns172  or tips173,174,175 to boost the throughput.  Achieving the required feature size 

control means that the beam size and dose delivered must be well calibrated or dynamically 

controlled across the array.  However, the electron source for each column is typically a field 

emitter for which the beam current is exponentially dependent on the emission area and 

geometry.176  Even if each emitter can be made identical, as soon as they are put into operation the 

evolution of the nanoscale emission area resulting from phenomena such as surface diffusion, ion 

bombardment, absorption of contaminants, etc. will cause the emission characteristics for the 

individual tips to diverge from one another.  Feedback control to remedy this problem is possible 

in principle,177,178 but has so far proven to be extremely difficult to implement in practice.  Similar 

considerations apply to many forms of scanning probe lithography,179 where attempts at 

parallelization are frustrated by, for example, tip wear.180,181  A notable exception to this is dip-

pen nanolithography33,182 and its variants,183,184 which, through its ability to directly pattern 

different types of chemistries, including biological ones,185,186 targets and satisfies a set of 

constraints different from those relevant to IC device fabrication.   This characteristic qualifies it 

as a disruptive technology,187,188 and the same may be true of other fabrication processes that also 

offer benefits orthogonal to those provided by IC fabrication methods.189 

Before we leave the discussion of top-down fabrication methods, it is worth considering in which 

circumstances a particular nanofabrication process might reasonably be associated with 
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nanomanufacturing.  Figure 4 shows the throughput versus cost for patterning methods used in IC 

manufacturing.  As we have described above, optical lithography meets the cost and throughput 

targets needed for integrated circuit manufacturing, while electron-beam lithography does not.  

However, the masks used in photolithography, and indeed the master templates for all manner of 

print-based nanomanufacturing, are made using electron-beam lithography.  Similarly, focused ion 

beam patterning is, by absolute standards, very slow and extraordinarily costly, and would 

normally be considered only as a nanofabrication approach suitable for research.  But, when used 

for high-value operations such as circuit edit and mask repair it is an economically viable part of 

the IC manufacturing process flow.  These examples serve to further reinforce the need for a 

careful analysis to match fabrication techniques with products. 

 

Figure 4.  Throughput (m2·s-1) versus cost ($·m-2) for top-down patterning techniques used in 

integrated circuit manufacturing.  Despite nine orders of magnitude variation in cost and 

throughput, each technique falls into the nanomanufacturing, rather than nanofabrication, category 

in this context. While not capable of the same performance in terms of placement accuracy, roll-
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to-roll nanoimprint lithography is included as a point of comparison with another high-throughput 

nanoscale patterning technique.  Note the strong negative correlation between throughput and cost. 

 

Bottom-Up Fabrication 

In contrast to the deterministic nature of top-down processes, bottom-up processes are driven by 

a combination of thermodynamics and kinetics which then determines the yield of the desired 

structure.  The most attractive features of bottom-up nanomanufacturing processes are that there 

is typically no need for expensive tooling to create nanoscale structures, and scaling to large 

volumes is potentially straightforward.  By applying the tools of chemical synthesis, quantum 

dots,190,191 plasmonically-active particles,192,193,194 carbon nanotubes, metallic nanowires and 

multifunctional particles for medical applications195,196,197,198,199 have been successfully produced 

in manufacturing quantities. Efforts to develop purely bottom-up self-assembly methods to create 

more complex devices 200,201,202,203 typically rely on engineering the interactions between the 

various components, placing them in a simple environment and then letting the system evolve to 

a final state. 

For example, consider the case where there is one relative arrangement of the elemental units 

that meets the product’s functional requirements.  If the energy of this particular arrangement is E 

and, out of all the possible arrangements, there are N other arrangements all with energy EN close 

to E which are not the desired structure, and all other arrangements have much higher energy, then 

the odds of getting the desired structure, assuming the system is in thermal equilibrium, are on the 

order of204  
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where kBT is the thermal energy at the end of the production cycle. In general, as the number of 

units needed to build the target structure increases there are likely to be more arrangements that 

have energy close to E i.e., N increases and so the odds of the getting the “right” result decrease. 

Hence, unlike top-down manufacturing, the product yield is statistically determined.  This means 

that, when high yields (i.e. high purity) are needed, costly separation and purification steps are 

required. 

The expression above represents the best case for a single-step or one-pot process, and is based 

on the assumption that thermodynamic equilibrium can be reached within a relevant timescale.  

However, as systems become more complex, the phenomenon of kinetic trapping205,206 can prevent 

them from reaching the desired equilibrium state.  This effect is most easily understood in terms 

of the potential energy landscape of the elemental units.204,207  If the element-to-element potential 

energy depends on the relative position and orientation of each unit with respect to each other and 

there are n elemental units then, up to an overall rotation and translation, the potential energy 

landscape is a function of all the 3n + 3n = 6n position and rotation coordinates of each elemental 

unit. In general, the 6n dimensional potential energy landscape will have numerous metastable 

local minima, and only one global minimum which defines the desired assembled structure.  The 

challenge in the bottom-up assembly of complex structures is then to engineer the element-to-

element interactions, formation of intermediate structures, and process conditions (e.g. annealing 

schedule) so that there is a clear path for the components to follow through the potential energy 
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landscape to the global minimum.208,209   Alternatively, applications must be targeted that require, 

for example, only short-range order and/or allow for a high defect level.  

Colloidal Self-Assembly 

Colloidal self-assembly has been investigated intensively for many years210,211,212,213,214,215 

because of the potential for colloidal structures to produce photonic bandgap materials216,217 and 

high-density magnetic recording media.218  Early work219,220,221 was directed towards trying to use 

photonic bandgap materials generated in this way for nanophotonic applications.  However, the 

difficulty of avoiding kinetic trapping222,223 to achieve the requisite structural perfection, 

engineering in features such as waveguides, 224 and programmed point defects,225 and finding cost-

effective ways to integrate the structures produced with other photonic devices proved too great to 

overcome.226 Nanophotonic structures are now typically fabricated using top-down 

methods.227,228,229  The same is true of BPM.  In contrast, self-assembled colloidal structures are 

ideal candidates for the generation of large-area, low-cost, structural-color materials230,231,232,233 

because the degree of perfection required to meet the functional specification is so much less and 

the ability to scale production to large areas through roll-to-roll processing is so much greater.   

Colloidal self-assembly specifically at the nanoscale has exciting possibilities in terms of 

generating novel materials by combining nanoparticles with different properties into well-defined 

crystalline structures.234,235  Here again, it is important to identify applications for which such 

materials can be integrated into a manufacturing process flow.  

DNA-Based Self-Assembly 



 21 

DNA is the archetypal self-assembling system,236 with tremendous flexibility in the types of 

structures that can be produced, based on single-stranded (ssDNA), double-stranded or duplex 

(dsDNA), and more complex supra-molecular assemblies.237,238  One- ,239 two-240 and three-

dimensional241 structures can be made, and the ability of other nanoscale objects to be 

functionalized with DNA, combined with the specificity conferred by complementary sequence 

recognition242,243 means that DNA can connect and organize disparate nanostructures to make 

relatively complex constructs,244,245, 246,247,248,249,250,251,252 including well-controlled nanoparticle 

crystal lattices,253,254255,256,257,258 and even active systems.259,260,261,262,263  DNA origami264 is a prime 

example of the power of DNA to control the arrangement of nanoscale objects, providing a 

molecularly precise “breadboard” to which nanostructures can be attached.265, 266,267,268,269,270,271  In 

addition, DNA structures can be responsive to variations in temperature, ionic 

species/concentration and pH.272,273,274  It is also possible to vary the number and strength of DNA-

mediated interactions between nanoparticles275,276 which can lead to interesting stimulus-

dependent responses,277 allowing the creation of new, environmentally-responsive 

nanostructures.278,279,280,281,282 

The development of DNA-based self-assembly is still at a relatively early stage, though 

progressing rapidly,283,284 and there are few studies on the yield,285 speed and ultimate levels of 

complexity that can be achieved in single units and assemblages on substrates.286,287    In addition, 

although the underlying arrangement of DNA may be precise,288 the presence of linker molecules 

that must be used between the nanostructure and the DNA and the fact that DNA structures are not 

perfectly rigid,289,290,291,292 inevitably lead to a reduction in placement precision.293   The diffusional 

nature of the assembly process and the typical rate constants for the reactions involved mean that 

it takes a long time to create complex structures and that the yields for those structures are going 
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to be consistent with chemical synthesis, not top-down fabrication, even though substantial 

progress is being made in developing optimized annealing schedules and buffer compositions.294 

Additional improvements may be achieved by controlling the energetics of the structure to guide 

the assembly process and formation of secondary structure.295,296,297,298    Applications, such as the 

fabrication of vaccines299 and other biomedically-active structures,300,301 for which 100 % yield 

and purity, precise placement, and control of multiple levels of structural hierarchy are not 

prerequisites, therefore need to be identified for this technology to be used in nanomanufacturing.  

Finally, it is important to note that, while DNA itself is not particularly robust, recent work has 

shown how structures produced using DNA can subsequently be encapsulated in silica-based 

materials to dramatically improve their environmental stability.302 

Directed Self-Assembly:  Top-Down Combined with Bottom-Up 

So far we have discussed the strengths and weaknesses of top-down and bottom-up approaches 

to nanomanufacturing, but combining the two together can yield the best of both worlds.  Guided 

or templated self-assembly typically makes use of boundaries created by top-down methods that 

interact with a system that has an intrinsic structural length scale.  This latter can arise from the 

balance between long-range magnetic, electrostatic, or strain energy,303,304  or, as in the case of 

block copolymers, can come from local interactions built into the molecular structure of the 

material.  

Directed Self-Assembly of Block Copolymers 

Block copolymers phase separate on the nanoscale, with an intrinsic length scale determined by 

the molecular weights of the components and a structure determined by their relative volume 

fractions.305  Nanostructures formed in this way can be functional themselves,306,307,308,309,310 can 



 23 

be used to template the formation311,312 or arrangement313,314,315,316,317,318,319,320 of other 

nanostructures, produce materials responsive to their environment, 321,322 or can be used to pattern 

an underlying material.323,324   While using a self-assembled structure as an intermediate step in a 

patterning process, as opposed to the final functional structure, may seem to introduce unnecessary 

process complexity, there are other challenges involved in using functional materials directly.  In 

the case of diblocks, creating a material that phase separates at the requisite length scale, has the 

necessary surface energies to assemble in the desired orientation with respect to the substrate, has 

the correct kinetic behavior to minimize defects, can be coated in thin-film form, all while 

maintaining the sought-for functionality, gives some idea of the difficulty involved.  Given these 

factors, it becomes clear that the investment required to develop a suitable material system is only 

worthwhile for high-volume/high-value applications.   

Long-range order can be introduced by using a sparse templating pattern generated by top-down 

methods, and is a very attractive route to making well-controlled nanoscale features:  it greatly 

relaxes the requirements for the top-down process in terms of feature spacing and throughput and 

deals with the limitations of the bottom-up assembly process.325,326,327  In addition, this approach 

can even be used to generate relatively complex three-dimensional structures,328  and is therefore 

being considered for the manufacture of ICs, BPM,329,330,331,332,333,334,335,336
 and other structures.337 

Photolithography is limited, not in terms of the smallest feature size that can be produced,338,339 

but in its ability to place them close together (the minimum pitch attainable in a single patterning 

step is /2NA).  By using photolithography to create a guiding pattern and the assembly of a 

diblock to fill in the details, it is possible to make dense, nanoscale patterns with excellent 

control.340,341,342,343  Similarly, cylindrical or spherical diblocks can be templated by sparse patterns 

of posts made by electron-beam lithography to form well-ordered arrays of features for BPM.344  
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In this case the benefit lies in both dramatically reducing the time needed for the electron-beam 

lithography step and in the ability of the diblock to effectively repair patterning defects and 

generate much more uniform and dense patterns than could otherwise be produced.345  An 

interesting feature of this approach is the interplay between the templating pattern and the diblock 

which, by altering the energetics of the system, can lead to either a reduction or an increase in the 

defect level.346,347,348  There are limits to how sparse a templating pattern can be employed.  In the 

BPM case if the guiding features are too far apart, then there is a degeneracy because more than 

one orientation of the diblock can match the templating pattern, leading to the formation of domain 

boundaries.349  In lamellar diblocks, as the distance from a directing boundary increases, 

undulations in the interfaces increase to the point where they lead to an unacceptable level of line-

edge roughness for IC fabrication.350,351  These limitations represent design constraints, but are 

unlikely to impede the adoption of this technology in manufacturing.352  The time taken for diblock 

systems to order can be relatively long353 and increases with increasing molecular weight,354,355 

but recent work using high-temperature,356,357,358,359 solvent annealing,360,361 or a 

combination,362,363 indicates that this is unlikely to be a serious issue.  Reducing chain 

entanglement with brush block copolymers is also an effective strategy.364,365  However, these 

types of directed self-assembly processes are restricted in terms of the amount of information that 

can be added to the system and are capable only of producing single harmonics of the templating 

structure.  Additional patterning steps will therefore always be needed to create the kind of 

structural complexity necessary for logic devices.  Finally, although the number of equilibrium 

defects is expected to be negligible,366,367 eliminating defects related to the templating structures 

is still challenging,368 and is becoming more so as feature sizes decrease, requiring smaller 

molecular weight diblocks with smaller domain sizes operating closer to the order-disorder 
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transition.  This latter effect is leading to the search for materials with higher Flory-Huggins 

interaction parameters (),369,370,371 or for small-molecule additives that can be used to drive phase 

separation.372,373,374,375,376,377 

Fluidic Assembly 

One difficulty in controlling the assembly of nanoscale objects is finding interactions that are 

strong enough to manipulate them, and that scale well to small dimensions.  Capillary interactions 

can satisfy these requirements, and have been used to create a variety of interesting structures.378,379  

In particular, the capillary interactions that occur at a fluid interface on a patterned substrate can 

be used to assemble nanoparticles precisely and with high yield onto lithographically patterned 

features.380 ,381,382  The convective flows that are set up at a meniscus can make the process quite 

efficient, by concentrating nanoparticles at the fluid-substrate contact 

line383,384,385,386,387,388,389,390,391 – the so-called coffee-stain effect.  Beyond the need to control the 

contact angle between substrate and fluid within a fairly forgiving range, this process is agnostic 

with regard to the nature of the substrate and the nanoparticles and can so be used to assemble a 

wide variety of materials without the need for any kind of harsh processing involving solvents, 

acids/bases or energetic plasmas.  Additionally, once assembled onto a templating substrate, the 

nanoparticle structures can readily be transferred to a different material. 392,393   Unfortunately, the 

maximum linear contact line speeds achieved so far are only ~ 1 m·s-1 to mm·s-1,394,395,396,397 

which, even if used in a roll-to-roll process with a meter wide web, translate into an areal 

throughput of 10-6 m2·s-1 to 10-3 m2·s-1.  The limiting factors are the overall concentration of 

nanoparticles, which cannot be increased indefinitely without causing deposition in un-patterned 

areas, and the evaporation rate of the carrier fluid, which also cannot be increased dramatically.  
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Interestingly, the combination of a roll-to-roll patterned substrate with inkjet printing has been 

used to create color filters with a precision far better than can be achieved with inkjet alone.398  

Although currently only being used for micron-sized features, this is potentially a highly extensible 

approach. 

Damped-Driven Systems 

Unlike the self-assembling systems described above, which simply “fall down” a free-energy 

landscape to a stable equilibrium, damped driven systems require energy input in order to form 

and maintain a self-organized structure.  The Belousov-Zhabotinsky reaction399,400 is a well -

known example, but the archetype is a living being.  All living things require energy input – the 

driver – or they die and decay. The input energy is dissipated as work and heat – the damping. This 

constant flow of energy through the system maintains it in its self-organized form, for example in 

all aspects of intracellular transport. 401,402,403   Although we have learned to harness living systems 

to manufacture everything from alcohol404 to spider silk,405 in contrast to systems at equilibrium, 

very little is known about the general principles governing damped-driven, self-organizing 

systems,201,406 preventing us from creating our own. 

In this context one particular biological process is worth discussing: protein folding. Key parts 

of the folding process require energy input which is dissipated as heat and so this is a damped 

driven process.407,408,409 Folding occurs much more rapidly than would be expected410 if it was 

purely a stochastic approach to equilibrium as when colloidal particles are annealed into crystalline 

structures.  Protein folding is not a random walk but rather a quasi-deterministic trajectory across 

the potential energy landscape directed both by the internal structure of the molecule as well as by 

the action of external, ATP- driven, “chaperone” molecules, known as chaperonins. 411,412  The 
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concept of using both internal structure combined with external control may be the most effective 

way forward for creating more complex, functional nanostructures cost-effectively. 

Design for Nanomanufacturing 

So far, we have discussed how various nanomanufacturing approaches may or may not be suited 

to the economically sustainable production of functional structures and devices.  It is also 

important to remember that there are often a number of different structures that will yield similar 

functionality.  Choosing the right form can make the difference between something remaining a 

laboratory curiosity or becoming a product.  As a case in point, consider optical metamaterials:413  

the first demonstrations of negative index behavior in the microwave were achieved using 

macroscale features, such as split-ring resonators, fabricated using simple, scalable, printed-circuit 

board methods.414  Subsequent attempts to make materials active at visible wavelengths used the 

same geometries, replicated at scales 10-4 to 10-5 smaller using electron-beam lithography.415,416  

Although these successfully demonstrated the desired functionality, fabrication, integration and 

scaling remain challenging, and the cost of such structures is prohibitive ($106·m-2 to $109·m-2, 

depending on whether variable shaped-beam or Gaussian beam patterning is used).  A more 

complete understanding of nanoscale light-matter interactions has led to a new generation of 

optical metamaterials that comprise alternating layers of metals and dielectrics.417,418,419  These are 

eminently manufacturable over large areas and at low cost using conventional thin-film deposition 

processes.    As a point of comparison, the types of films made this way, such as those used for 

touch screens are  $10·m-2. 

A similar development process has occurred in the quest for gecko-type dry adhesives.  Early 

attempts focused on faithful replication of the biological structure via complex lithography to 
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achieve the desired function.420 More recent work has used the same design principles as the 

natural system, but in the form of a composite textile that can be made simply, using standard 

methods.421 

This type of device structure/fabrication process evolution is familiar in the semiconductor 

industry.  Circuit size reduction often takes place first via a “dumb shrink” or through the use of 

representative test structures, rapidly followed by an optimized device structure and process 

redesign that incorporates any new physics and fabrication constraints whose importance has been 

elucidated during the initial learning phase.422,423 

Conclusions 

 

Figure 5.  The plot shows a measure of manufacturing complexity, MC, as a function of cost per 

unit area (dollars per square meter).  We define manufacturing complexity (MC) as Log10 
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[K·max/(dmin·f·P)], where K is the Kolmogorov complexity,424 (max/dmin) is a measure of the 

maximum distance over which spatial coherence must be maintained, compared to the minimum 

feature size, the fractional tolerance, f, is the maximum allowable variation in feature size, and the 

perfection, P, is the maximum fraction of defective components or concentration of impurities that 

can be permitted. The cost may be dominated by the information content (Bits), as in the case of a 

Blu-ray disk, or by the material (Atoms) as for a protein-functionalized nanoparticle [see text for 

details]. 

The term nanomanufacturing covers a host of different materials, devices, products and 

processes and is simply too broad to cover in detail in a short article.    In this brief survey we have 

therefore endeavored to highlight the importance of matching the process to the functional 

requirements of the product, and especially of including economic viability as the distinguishing 

criterion that separates nanomanufacturing from nanofabrication.  We have also illustrated how a 

deep understanding of the link between form and function can lead to manufacturability. 

As we consider the range of products that involve some form of nanomanufacturing, some 

framework is necessary to enable comparisons between them.  In Figure 5 we introduce such a 

framework.  The horizontal axis is again the selling price in $·m-2.  The vertical axis represents the 

complexity of the item being produced.  The complexity is captured by a compound term 

representing the information content of the product and the precision and perfection with which it 

must be produced in order to satisfy the functional requirements.   We choose the Kolmogorov 

complexity parameter, K, as the measure of the information content of an object – it can be thought 

of as the number of bits required to specify the desired structure.424  The precision is determined 

by dividing the maximum coherence length of the object, max, by the product of the minimum 

feature size, dmin, and the fractional tolerance, f, of that minimum feature size.  The perfection, P, 
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is the maximum allowable fraction of defective components, number density of defects 

(“defectivity” in IC manufacturing), or concentration of impurities.  The combination of 

(max/(f·dmin·P)) represents the difficulty of producing the item to the required standard.  Putting 

this all together, we define the manufacturing complexity, MC, as Log10[K·max/(f·dmin·P)].  As an 

example, only a few bits are needed to specify a TiO2 nanoparticle.  We need only a kilobit or so 

to define the composition, size, and acceptable size distribution.  No long-range structural 

coherence is necessary, and the allowable fraction of defective particles is most likely a few percent 

for most applications.  This leads to an MC of 5.  In contrast, the CAD data for an integrated circuit 

is many gigabits (109), spatial coherence may be required over 1 cm for feature sizes of  10 nm, 

which must be produced with a size variation of no more than 10 %, and a defect level of 10-12 is 

required.  MC for an IC is therefore  28. 

In general, as MC increases, so does the functionality of the product and the price it commands.  

Thus, near the origin, we find bulk nanomaterials, at intermediate levels of complexity and price, 

functional structures, and at the highest point, integrated circuits.  While there is a strong 

correlation between price and manufacturing complexity, it is instructive to consider some of the 

outliers.  A blu-ray disk, for example, is cheap to manufacture, but commands a relatively high 

price because of the information, e.g. a movie, that it contains.  We label the upper left quadrant 

of the graph “Bits” to indicate that in this region selling price is dominated by information content.  

In contrast, the price of gold nanoparticles functionalized with a biomolecule is dominated by the 

cost of that particular molecule.  We therefore label the lower right quadrant “Atoms” to indicate 

that the price is controlled by the cost of some scarce material.  Finally, we note that both the 

selling price and manufacturing complexity may change.  For example, once production is scaled, 

manufacturing costs may drop, or competitors may enter a market and drive prices down.  
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Alternatively, as discussed above, a more complete understanding of how structure is related to 

function may allow both for a reduction in information content and the use of less-expensive 

production technology. 

In terms of their complexity or functionality versus their cost per unit area, it appears as though 

there are two distinct areas where current activity is located.  As might be expected, there is a 

concentration of devices and structures concerned with information processing, storage and 

transmission at the high-value end, while bulk materials and structures with limited structural 

complexity and functionality occupy the low-value end.  Interestingly, there is, to date, very little 

in the way of nanosystems with an intermediate degree of complexity and functionality, with high-

value nanostructures engineered for theranostic applications representing the present state of the 

art. 

At this point it is worth considering why this might be the case.  The ability to produce complex, 

hierarchical systems depends on the availability of physical components that have a high degree 

of modularity, the organization of those components into functional building blocks, and a design 

process that allows for multiple, high levels of abstraction.  The basic component of digital 

integrated circuits, the transistor, is physically modular, and can be configured into modular 

functional units (arithmetic logic units), enabling the design to proceed at increasingly high levels 

of abstraction.425  Interestingly, the techniques developed for managing complexity in integrated 

circuits are now being applied to biological systems.426  The lack of similarly modular physical 

and logical basic units, reflected by a lack of standard process modules and minimal design 

automation, respectively, explains why microelectromechanical systems (MEMS) and 

nanophotonic systems have yet to evolve to the same level of sophistication as integrated circuits.  

In contrast, the rapid progress in DNA-based nanotechnology flows from the fact that it offers a 
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system optimized over 3.5 billion years that already exhibits the desired structural and functional 

modularity. 

Ultimately, the ability to manufacture, i.e., create a sustainable business, depends on satisfying 

both technical constraints – including throughput, process yield, throughput and flexibility, energy 

consumption, and environmental sustainability – and a host of constraints relating to cost – 

including capital equipment expenditure, profit margin, equipment depreciation timescale, market 

volume, and market cycle time.  Finding the optimum tradeoff in such a multi-dimensional 

parameter space is challenging.  Frequently, the relevant variables can only be poorly estimated 

and, as illustrated above, the rapid pace of improvement in basic understanding can suddenly 

transform something from a laboratory curiosity into a potential product. 

So, what does this all mean?  As Yogi Berra observed, “It's tough to make predictions, especially 

about the future.”, but what follows is our best guess.  The technology to fabricate integrated 

circuits will continue to evolve in capability and cost, but will remain uneconomic for low value-

per-unit-area, high-volume products.  The family of lithographic technologies, such as 

nanoimprint, whose development has been driven in large part by the semiconductor industry, will 

be scaled to suit a variety of cost structures and so will find a wide range of applications, especially 

for those structures requiring only a single patterned layer.  Bottom-up self-assembly will have a 

role in the production of simple functional materials that are used in high volumes and must be 

inexpensive, while directed assembly allows for the imposition of longer-range order and hierarchy 

that will be important for some applications.  Perhaps the most exciting prospect is that of creating 

dynamical nanoscale systems that are capable of exhibiting much richer structures and 

functionality.  Whether this is achieved by learning how to control and engineer biological systems 
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directly, or by building systems based on the same principles, remains to be seen, but will 

undoubtedly be disruptive and quite probably revolutionary. 
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