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Abstract
Advances in nanoscale science have led to the development of new materials and techniques which are
affecting production capabilities in a number of manufacturing industries. We look at key features of
advances made possible by nanoscale science that are relevant to manufacturing capabilities, and
examine how these capabilities are being employed in six industries – semiconductors, solar cells,
rechargeable batteries, lighting, display and healthcare.

Introduction
Differences in technological capabilities are at the core of differences in economic development across
regions and countries. Governments across the globe spend massive amounts in support of research and
development to maintain technological competitiveness. A commonly held view of technological change
pictures long term technological cycles, each cycle stemming from a revolutionary new scientific
advance. In this view, the industrial derivatives of the scientific advance ripples through different sectors
in the economy, improving the production techniques and sparking innovation in each of them. Such
fundamental scientific advances, and their industrial applications, are often referred to as General
Purpose Technologies, to capture the range of their impact across different sectors in the economy.
Gordon 1 suggests that there were three such technological waves over the last several centuries of
industrialization. The steam engine and railroad revolution spanning 1750 to 1830 forms the first, the
electricity revolution during 1870-1900 the second, and the information technology revolution from
1960s to present day forms the third. This paper examines the impact of a fundamental scientific
advance, nanotechnology, and the characteristics that make it likely to be a General Purpose Technology
with ability to substantially change production techniques in a wide swathe of industries, and constitute
a fourth industrial revolution.
The fundamental scientific advance here is the ability to observe and manipulate matter at the scale of
individual atoms and molecules. Since typical atomic diameter is less than 1 nanometer 2, science at this
scale has aptly been named as nanoscale science. Scientists had long predicted that the ability to
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manipulate matter at the nanoscale would open up a treasure trove of industrial possibilities. In the first
clearly documented reference to nanoscale science, Feynman 1959 3 predicted a never ending series of
scientific and industrial advances once the ability was obtained. In the 1980s, a series 4,5 of advances in
microscopy gave rise to powerful tools for imaging, measuring and manipulating matter at the
nanoscale. The focus of this paper is on the application of nanotechnology enabled production
techniques to manufacturing industries. While there are numerous industries that would be affected, the
impacts of these techniques in a subset of industries are examined below. Before proceeding to discuss
the impact on individual industries, the next section summarizes the general ideas behind why advances
in nanoscale techniques can have the ability to affect manufacturing operations.

Nanomanufacturing
There are two characteristics of being able to manipulate objects at the atomic or molecular level that
lend a distinct advantage from a manufacturing perspective, and enable a set of production techniques
often collectively referred to as nanomanufacturing. First, by using materials at the nanoscale level one
can increase the surface area for the same weight of material used, which can be very valuable for some
manufacturing operations. For example, many chemical reactions occur at surfaces, and hence a given
material will be much more reactive in nanoscale particulate form than in the form of larger particles.
Second, at the nanoscale level quantum effects arise, which do not have much impact when dealing with
larger sized objects. Quantum effects arise from the dual particle and wave like behavior of energy and
matter. The manufacturing importance of these quantum effects stem from the fact that these affect the
electrical, magnetic and optical properties of materials. By exploiting these quantum effects one can
create materials that combine desirable properties, strength with lightness (in airplane frames),
conductivity without overheating 6 (in integrated circuits) etc. These two characteristics of
nanotechnology affect manufacturing through the development of new materials and new fabrication
processes, as described below.
Material Synthesis – Using nanomanufacturing techniques, new materials, loosely defined to include
compounds and devices, can be synthesized with desirable properties. These new materials can be
nanoscale in one dimension (like very thin films, layers and surfaces) or nanoscale in two dimensions
(nanowires and nanotubes) or nanoscale in three dimensions (nanoparticles). This plethora of new
nanoscale surfaces, wires and particles are anticipated to find wide use in many manufacturing
industries, some of which are explored below.
Fabrication - Ability to manipulate matter at the nanoscale level gives rise to new capabilities for
traditional fabrication processes used in manufacturing - like deposition and lithography. An age old
industrial technique is the process of depositing one material, like paint, on another. With new
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nanomanufacturing processes, like Atomic Layer Deposition, thin films of nanometer thickness can be
deposited on substrates, a very valuable capability for the manufacture of semiconductor devices and
optical coatings. Similarly, new nanolithography techniques allows for the fabrication of nanoscale
structures by the transfer of a pattern to a photosensitive 7 material by selective exposure to a radiation
source such as light, ions or electrons. 8
For the industrial techniques like deposition and lithography mentioned above, nanoscale manipulation
of matter offers advances that are fundamentally incremental, the ability to deposit finer and finer layers
or make smaller and smaller electronic devices. These incremental advances are often said to constitute
a ‘top-down’ approach, in that these advances increase the capabilities of macro scale techniques. Yet
perhaps the real contribution of nanomanufacturing would be in a very different and revolutionary way,
by making products by assembling them ‘bottom-up’ from the individual atoms. This technique, called
Self-Assembly, envisions nanoscale building blocks like nanoparticles, nanowires and nanotubes that
can be made to self-assemble into desired objects under appropriate conditions 9.
In what follows, the application of these new nanoscale materials and fabrication techniques will be
described for six manufacturing industries: Semiconductor chips, Solar cells, Rechargeable batteries,
Display devices, Lighting and Biomedical Healthcare.
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Nanomanufacturing in Select Industries
Semiconductor Industry
A number of recent studies have provided strong evidence that technological progress in the
semiconductor industry has been a big driver of productivity growth and improvements in living
standards in the U.S. 11,12 The semiconductor industry has grown from a few thousand dollar industry in
1950 to an industry with sales in the hundreds of billions of dollars. The key dimension of technological
progress in the industry is the size of the transistor, a switch which is the basic electronic component
used in semiconductors. The central story of the industry has been the relentless drive towards smaller
transistors (see Figure 1b). Smaller transistors confer two benefits, more of them can be put on a given
area, and smaller transistors switch faster. This march towards smaller transistors has decreased the key
dimension of transistors from 10,000 nanometers in 1970 to 22 nanometers in 2012. Advances in
nanomanufacturing techniques for deposition, etching and lithography have been the key enablers of this
miniaturization of transistors. The effect of this miniaturization has been a spectacular increase in
quality of semiconductor chips, or correspondingly a decline in quality adjusted cost of producing the
chips. Figure 1a shows decrease in price per bit of Dynamic Random Access Memory (DRAM) chips,
the commonly used storage device in personal computers.

Figure 1: Reduction in price of DRAM memory chips over time Figure 1a (figure on left) driven by continual decrease in size
of transistors Figure 1b (figure on right)
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Figure 2: Increase in Transistors per Chip (Moore’s Law)

Further improvements in manufacturing techniques are needed to continue on the path of miniaturization
and/or improvement. 13,14 New materials synthesized using nanoscale techniques, like Carbon
Nanotubes, will take the place of silicon transistors in future semiconductor chips. 15 Carbon Nanotubes
(CNT) have a nanoscale structure that can theoretically be closely packed together and display very
striking electrical properties. A rudimentary computer based completely on CNT transistors has been
made by researchers at IBM. 16 Recently, researchers have also used nanomanufacturing techniques to
build semiconductor chips out graphene. 17 Silicon nanowires, with diameters close to 1 nanometer, are
also being actively considered to build the future generation of tiny transistors (known as “gate-allaround” transistors) for semiconductor chips. 18
Solar Industry
Increasing electricity generation through solar photovoltaic cells is a major thrust of efforts to combat
global warming. At present however, electricity from photovoltaics (PV) constitute a very small fraction
of the world electricity production. The cost of generating electricity from solar PV systems has fallen
over time. A major factor behind this decline has been the continual decrease in the price of solar panels
(also called solar modules), the principal component in PV systems (Figure 3a). These declines have
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brought the price of solar generated electricity closer to the price of electricity generated from
conventional sources, but a gap still remains. The solar industry is actively exploring new nanomaterials
and nanoscale fabrication techniques to further reduce the cost of solar panels and increase their
efficiency. 19

Figure 3: Reduction in price of solar modules over time Figure 3a (figure on left) driven in large part by continual increase in
light-to-electricity conversion efficiency Figure 3b (figure on right)

Studies on nanoscale devices have shown promising results to increase conversion efficiency. 20 Single
wall carbon nanotubes (SWNTs) can form ideal p-n junction diode showing photovoltaic effect. 21
SWNTs possess a wide range of direct bandgaps matching the solar spectrum, strong photoabsorption,
high carrier mobility and reduced carrier transport scattering, all of which make them ideal as PV
material. Another promising technology in the next generation of thin-film solar cells are organo-lead
halide perovskite solar cells, whose efficiencies have increased from a few percent to more than 15
percent in the last few years. Recent studies have shown promise in decreasing the cost of these
synthetically produced organic polymers by using inorganic hole conductors of copper iodide. 22
Experimental research in polymer solar cells have shown that cells which are more than 65% transparent
to the human eye (possible use in windows and other energy scavenging scenarios) can produce
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electricity. 23 The modest near 3% efficiency is just scratching the surface of theoretical limits of up to
37% efficiency. 24
The contribution of nanomanufacturing in the solar industry has not only been in the production of new
photovoltaic materials, but also in improving the manufacturing techniques used in current manufacture
of solar cells. For example, advancements in the use of ultra-precision tools (very fine diamond saws)
help to tackle the very real problem of kerf loss when cutting solar cells into individual modules. This
has a direct impact on curbing costs. Over the past several years, material usage for silicon cells has
been
reduced
significantly
from
around
16
grams/Watt
to
6
grams/Watt 25.
Rechargeable Battery Industry
The proliferation of portable electronics and the demand for environmentally friendly power sources
have created need for lightweight, more robust rechargeable batteries. Although there has been
improvement in energy density of rechargeable batteries made with Lithium-Ion technology, (Figure 4),
there is much to be done to enable mass commercialization of products, , like electric vehicles, that use
these batteries. Many companies are experimenting with batteries where the anode, cathode and
electrolyte are made with nanomaterials. Coating the electrodes with nanoparticles increase their surface
area, allowing more current to flow, hence increasing the power available from a battery and reducing
the time required to recharge the battery. Many new battery technologies like Non-aqueous lithium–
oxygen (Li–O2) can store energy at densities that can rival that of gasoline. A drawback of these
promising high energy density battery technologies are their low recharging efficiencies. The application
of catalytic ruthenium oxide (RuO2) nanoparticles can significantly increase the recharging efficiency. 26
Use of lithium-oxygen batteries eliminates the need for cathodes made of heavy metal oxide
conventionally used in lithium-ion batteries, and lets lithium react directly with atmospheric oxygen on
cathodes made from light, porous materials such as CNTs. Improvement of lithium-ion batteries with the
use of germanium nanowires coated with silicon has also shown promise. 27
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Figure 4: Reduction in Li-Ion Battery price over time Figure 4a (figure on left) driven by continual increase in energy density
Figure 4b (figure on right)

Display Industry
New nanomaterials are finding widespread application in the large market for high-definition
widescreen flat panel displays. Nanocrystalline zinc selenide, zinc sulphide, cadmium sulphide and lead
telluride synthesized by sol–gel techniques 28 are candidates for the next generation of light-emitting
phosphors. 29 Doping liquid crystals (LCs) with single 30 and multi-walled 31 CNTs have shown
significant improvements in response rates to applied electric fields i.e. the LCs are shown to be faster,
eliminating more of the time delay in visual formation. CNTs are being investigated for low voltage
field-emission displays; their strength, sharpness, conductivity and inertness make them potentially very
efficient and long-lasting emitters.
The capability of Quantum dots 32 to translate and adjust a spectrum of light makes them a good
candidate for advancement in liquid crystal displays (LCD). Distinct from the conventionally used
phosphor materials, quantum dots can be made to translate short-wave length light to any color within
the visible light spectrum. Virtually any current technology using LCDs (smartphones, TVs, etc.) can be
viewed with better clarity by remixing white light into red, green and blue components. Adaptive
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adjustments for replacing existing LCD manufacturing processes, in the form of Quantum Dot
Enhancement Films (QDEF), are already available. 33
Another promising application of nanomaterials is in zinc-oxide (ZnO) nanowire LEDs, whose emission
intensity is dependent on the local strain put on them (for example, from a finger). The technology offers
a better method to force imaging and could spur new techniques for man-machine interfaces. Resolution
and response rates in these will be much improved when compared to touchscreens and other pressure
sensor technologies. 34

Lighting Industry
Current lighting devices consume much energy and often have aesthetically and environmentally
displeasing attributes (noisy, poor color profile, contain mercury, etc.), but semiconductor light-emitting
diodes (LEDs) consume much less energy and are free of many of these attributes. Since its invention in
1960s LEDs were until recently confined to niche applications like indicator lights. But recent advances
in LEDs have enabled them to penetrate the general lighting market. Lighting with LEDs – generally
known as Solid State Lighting (SSL) – promise not just lower lifetime cost and energy consumption, but
also integration with electronics to facilitate new lighting designs and applications. 35 A number of
studies point to the possibility that LEDs will displace most of traditional lighting sources like
incandescent lamps and compact fluorescent lamps (CFL). 36 The evolution of technology in LEDs
follows a trend that has come to be known as Haitz Law (Figure 5), the cost per lumen falls by a factor
of 10 each decade while the luminous flux increases by a factor of 20; lumen being the unit of luminous
flux, the amount of visible light emitted by a source.
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Figure 5: Chronological development of the performance (lm/lamp) and cost ($/lm) for commercially available red and
phosphor - converted (PC) white LEDs (Source: Haitz and Tsao, 2011)

One of the quality issues with LEDs is that they give off azure traces. A solution to this problem is to
use Field-induced polymer electroluminescent (FIPEL) 37, which use nanoengineered polymer matrices
to convert the charge into light, and gives off soft white light without azure traces. The technology has
also been shown to be free of the undesirable hum that fluorescent tubes produce. This lighting solution
is much more efficient than compact fluorescent (CFL) bulbs and on par with LEDs, but these bulbs
won't shatter and contaminate a home like CFLs nor emit a bluish light like LED counterparts.38
Another new technology is quantum dot 39 light emitting diodes (QD-LEDs), which has strong emission
control and a straightforward manufacturing process. Although this technology currently suffers from
drops in efficiency at high currents, new manufacturing approaches promise to mitigate this problem.40
Organic LEDs (OLEDs), which are thinner, more flexible (and therefore can be printed) and have faster
response times. Although they are currently expensive, replacing the indium-tin oxide (ITO) electrodes
in these with graphene has shown much promise towards decreasing costs and increasing performance. 41
Biomedical Industry
Total healthcare costs make up a sizeable chunk of the gross domestic product (GDP) of most countries.
Nowhere is this more evident than in the USA where healthcare costs have been at or above 17% of
37
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GDP for the past several years and are on an upward trend 42. Possibilities for nanotechnology in the
realm of healthcare are immense, in everything from limb replacement to cancer treatment. Here we
explore innovations underway in three subcategories in healthcare – drug delivery, gene therapy, and
diagnostics.
Drug Delivery:
Drug delivery is being revolutionized by drug devices made using nanofabrication techniques. 43 For
example, Nanodiamonds (NDs) 44 can be used for controlled release of medicine into the body. With this
timed technology, long periods’ worth of medication can be implanted on to the affected area at once. In
cancer treatment, clusters of NDs can be used to surround drugs ensuring that they remain separated
from healthy cells, preventing unnecessary damage. Once reaching the intended targets, the medications
are released into the cancer cells, and the excess diamonds do not induce the conventional inflammation
in cells. 45 They can also be used for adsorption purposes, and can draw undesirable and poisonous
compounds out of the body or from open wounds. 46 For example, modified nanodiamonds have shown
to adsorb away the toxic microscopic fungi aflatoxin at very high rates. 47 Nanogels 48 – cross-linked
spherical hydrogel particles that have nanoscale (typically 20-250 nm) dimensions – have numerous
properties that make them particularly appealing for biomedical applications including drug delivery.
Nanogels have been used to create more effective biodegradable drug delivery agents that can offer
better implementation of therapeutics. 49 Another application of nanomanufacturing techniques has been
in the use of thin-films for drug delivery. A film constructed using hydrophilic polymers can quickly
dissolve on the intended adsorbing surface like skin, bringing the drug to the general circulation. This
provides for a less intrusive and pain free method of drug intake. Nanostructured thin film polymer
devices have shown to provide zero-order kinetic release, which offers a means to control release rate as
well as payload of the device. 50 Thin film delivery materials are available for medications to treat the
harsh side effects of chemotherapy and opioid addiction 51 or even dementia caused by Alzheimer’s 52.
42
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Gene Therapy:
Nanomanufacturing techniques have also given a big boost to gene therapy. The idea behind gene
therapy is to inject alien genetic material, packaged in carriers known as vectors, into targeted cells in
order to correct the workings of deviant genes or to bestow biological ability not present previously.
Gold nanoparticles and multifunctional nanorods have been shown to be excellent vectors, several times
more efficient in delivery than the conventional viral methods. Use of NDs, however, has been shown to
be almost two orders of magnitude more efficient at optimal conditions. 53
Diagnostics
In the realm of diagnostics, advances in nanotechnology have enabled lab-on-a-chip (LOC) technology,
where many laboratory functions are implemented on a single chip. This technology will enable
advanced lab functions with extremely small fluid volumes. The numerous applications include speedy
blood examinations during the initial outbreak of disease, improved nutrition safety screenings, and
point-of-care testing systems invaluable in tackling global health challenges. 54 Nanomanufacturing
techniques are also contributing immensely to the emerging field of diagnostics using genome
sequencing. The Human Genome Project 55, which formally began in the late 1990s, has led to discovery
of genes associated with diseases at an exponential rate (Figure 6). During the last three decades, the
speed of sequencing a genome has increased by over 780,000 times. As the trend continues, a $1,000
USD sequencing system, which can finish reading of 3 billion human genomes in a timeframe of less
than an hour, could be readily available to most doctors. 56 The promising work on nanoscale pores
(nanopores) 57 aims to bring the cost down to the more ambitious target of $100USD. Nanopores are
versatile single-molecule sensors that can be used for the label-free detection and structural analysis of
biological polymers such as DNA, RNA, polypeptides, and DNA−protein complexes in solution. They
are used to essentially sieve and “unfold” the DNA strand to a linear configuration in conjunction with
electromechanical measurement apparatuses that allow for the extraction of molecular properties. 58
These diagnostic procedures will provide much more efficient and effective healthcare. 59
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Conclusion
Advances in nanoscale science in the last few decades have opened up the possibility of using many new
materials and process in manufacturing, some of which have already made their way to the factory floor.
These nanomanufacturing techniques have improved production efficiency in many industries.
Established industries, like the semiconductor industry, are relying on the breakthroughs in
nanomanufacturing to continue on their technical trajectories, while emerging industries like the solar
industry are looking toward innovations in nanomanufacturing to increase commercial viability of
products. While the improvements offered by the nanomanufacturing techniques until now has
essentially been incremental, new manufacturing techniques like self-assembly promise to alter the
nature of manufacturing all together. Whether it is in renewable energy or new drug delivery systems,
the application of nanomanufacturing techniques will enable technical and commercial viability of many
promising products.
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