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(U) Point Forecast for Small Energy Storage and
Ultrathin Electronics

(U) Background and Forecast Introduction

(UMPOBOT The storage of energy, as opposed to the conversion of energy from one form to another
(which is what harvesting svstems do), requires the capability to change the state of a storage element to
allow the energy to be withdrawn from the system. At the most fundamental level, the form of the energy
storage is simply the potential energy of the storage system, and any system that has potential energy is an
energy storage svstem. Practical energy storage systems require the ability to take the stored potential
energy and do useful work with it, and this additional requirement starts to place restrictions on how the
energy storage svstem is designed. Typically, the potential energy density of the system is of paramount
importance, especially when one is considering small energy storage systems; but only slightly less
important is the rate of conversion of the energy from stored energy into useful work. A storage system
that can store tens of thousands of joules of energy is not useful if the energy only comes out in
nanowatts; similarly, an energy svstem that can supply watts is generally of little use if it only storcs a
microjoule.

(U/PBH6) With this in mind. there are several main areas of relatively practical energy storage with
appropriate conversion rates. By far, the most available and practical system is the chemical storage
system—what is commonly called a battery. In these systems, the chemical potential of a reaction is
converted electrochemically into useful work by separating an oxidation reaction, which generates
electrons from a reduction reaction that consumes the electrons. If an electrical circuit is placed between
these two half reactions and the clectronic pathway is forced through the circuit. stored energy is
extracted into useful electrical work. Batteries have become ubiquitous within our society because of their
relatively high energy density and ability to source significant rates of energy release. However, most of
the highly energetic chemistries that are used in batteries are intolerant to moisture and oxygen. and are
toxic or corrosive, and must be packaged to protect both user and chemistry. As the battery dimensions
are reduced, the package thicknesses do not scale linearly with the scaling of the svstem size, and so the
volume of active matenal, as a percentage of the whole volume, decreases as size decreases. Most very
small batteries boast a volumetric energy density that is only a fraction of what the chemistry would
othenwise deliver, mostly due to the packaging issues. New methodologies for battery manufacture are
beginning to come to the fore to overcome this issue, and will be discussed both in the battery
architectures section, as well as the battery' chemistries section.

(U//F689O) The other methods of storing energy discussed in this study have energy densities that are
very low relative to batteries, either due to fundamental limitations of the storage method. or due to
immaturity of the technology itself. Electrolytic capacitors are a form of electrochemical storage—like a
battery—but lack the battery”’s capability to store energy in the form of chemical potential energy, relving
instcad on storing energy only in an electric field between ionic concentration gradients. They can release
this cnergy very quickly, however, and so can generate significant power, albcit for a shorter time than an
equivalently sized battery. Mechanical energy storage, typified by microe lectromechanical svstems
(MEMS), can also store small (millijoule) levels of energy in forms, such as wound springs and turning
flywheels, but this energy can also be released quickly. leading to high instantaneous rate of discharge for
such elecments. They are typically not reversible, however (with flywheels being the exception), so that
when a mechanical element is “discharged” or released. it requires external intervention to reset the
mechanical elements to allow for another discharge event to occur. Although the field of research in this
arca is rather small (and therefore not very well focused), there are still a few cfforts to produce
mechanical power (typically then converted to electrical work through piezoelectric transduction or
electromagnetic alternators). Finally, although not truly “storage” elements, radioisotopic energy sources
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are often considered storage clements, although they consist of an irreversible radioisotopic energy source
coupled to an energy conversion (harvesting) system. The reason they are considered “storage™ elements
is due to the lifetime of elements employing a radioisotopic element being comparatively long, and
therefore acting similarly to a rechargeable element that can be fielded for a very long period of time. The
field of radioisotopic energy concepts is built upon the work to make small scale thermoelectric power
sources (mostly for medical applications), and expands into developments of direct conversion devices
that take the emitted charged particles and convert them into electrical signals.

(UTFOYO3=The final part of this study does not involve energy, but application. For most small power
sources, the energy density and the rate of discharge are sufficient to power some form of electronics.
Although electrical circuits are the thickness of the substrate into which they are fabricated, with current
dimensions being in the 0.5-1 millimeter (mm) range, there is growing interest in thinning these active
circuits to very thin (and therefore flexible) geometries, on the order of 5-50 micrometers (pm). At these
geometries, however, reliability and functionality are significant concems, especially with regards to heat
sinking of the circuit. and of defects generated during thinning propagating into the functional regions of
the device, in particular the gate regions. Wet chemical methods have been developed to deal with surface
damage, at least in part. that allows for thinning into the 5-30 pm range. This area is still heavily US-
dominated, although international efforts in the area are scaling up, and the ubiquity of such ultrathin
microelectronics is increasing and will be reviewed in the final section.

(U) Methods of Data Mining Used in the Forecast

(UMBH0) The methodology in accomplishing this assessment consists of three main elements—
acquisition of the data, map development and characteris tics, and the analytical session. The data used to
conduct this assessment was derived from Web of Science, Inspec, and ISI Proceedings. Web of Science
was uscd in order to cover Technology Readiness Levels (TRL) one to three. Inspec was used in order to
cover the higher Technology: Readiness Levels four and higher. ISI Proceedings were important to
include since they cover conference proceedings, which tend to be timelier than traditional journal papers.

(U/POU00T The previously mentioned databases where queried by using a set of terms provided by the
subject matter expert. Each technology within Energy Harvesting was isolated and qucried and analyzed
separately. In most cases, an iterative approach to query enhancement was used in order to identifv
secondary enabling technologies such as materials.

(U/MOB63 The second element of the assessment consisted of constructing a “landscape™ visualization
that enabled cffcctive analysis of thousands of documents at a time (figurc 1). The “landscape”™
visualization is an incredibly dynamic analytical environment that resembles the interactivity of Google
Earth. The visualization allows the user to get a high-level view of a corpus of data, and within seconds
the user can zoom down to an individual document. As the user zooms down, clusters of related
documents automatically and repeatedly break up into smaller sub-clusters. As the uscr zooms in, each
cluster is automatically label by using the most prominent terms within the current cluster. In regards to
cluster size, the density of documents is portraved by the clusters height and width. For example,
documents within a cluster that are very similar will tend to create a very tall and thin peak. as opposed to
a less similar set of documents, which will result in a very wide but shallow hill.

(U/AOP63 In order to develop the landscape visualization, the similarity value between each of the
documents needed to be calculated. This was accomplished by running a Latent Semantic Analysis (LSA)
algorithm across each document’s Title and Abstract fields. As a result, each document is given a
similarity value comparing it to every document in the corpus. The LSA algorithm is completely
unassisted and does not require any sort of ontology or taxonomy. As a result, there is no bias injected
into the process of creating the clusters of similar documents.
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respectively. Under various current densities, the symmetric capacitors based on LiNigsC0020,/MWCNT
composite electrodes have good capacitive and energy characteristics

(U/A0¥8) A manganese oxide/multiwalled carbon nanotube (MWNT) composite was prepared by
mixing manganese oxide and MWNTSs through a means of ultrasonic vibration in ethanol solution. A non-
aqueous hybrid supercapacitor using manganese oxide/MWNTs composite and MWNTs as positive and
negative electrodes, respectively, has been designed and investigated constant current charge/discharge
tests. The asyxmmetric hybrid capacitor has better capacitance and energy characteristics than those of the
symmetric ones based on individual manganese oxide/MWNTs composite and MWNTs electrodes. The
energy density of the hybrid capacitor can reach 32.91 Wh/kg at a current density of 10 mA/cm-cm? in 1
M LiClO, electrolvte, which is comparable to that of a manganese oxide/activated carbon hybrid
capacitor.

(U/AOH8) Manganese oxide was coated on a graphite electrode by immersion. Durations for immersion
were varied to control the amount of manganese oxide coated onto the electrode surface. Maximum
capacitance of 556 millifarads per centimeter (mF/cm) was obtained in 0.5 M of lithiuym chloride (LiCl)
and with better/superior conditions. In addition. cyclic voltammograms of the prepared electrode at
different potential scan rates exhibited the approximately rectangular and symmetric current-potential
characteristics of a capacitor. Furthermore, the chronopotentiometry' charge-discharge curves of the
electrode prepared at 80 minutes of immersion time with a constant current of | milliampere were
symmetric and similar isosceles triangles, which demonstrate its high electrochemical reversibility and
good stability. Finally, under scanning electron microscope, the surface of the electrode prepared at 80
minutes of immersion time and after 1,500 cycles of potential cvcling revealed that a three-dimensional
network of macropores appeared on large spherical grains.

(U/40%0) Hybrid films of polyaniline (PANI) and manganese oxide (MnOx.) were obtained through
potentiodynamic deposition from solutions of aniline and manganese sulfate (MnSO,) at pH 5.6, The
hybrid films demonstrated characteristic redox behaviors of PANI in acidic aqueous solution. -
Characterization of the hybrid films by x-ray diffraction (XRD) indicated the amorphous nature of MnOx
in the films in which mangancse existed in oxidation states of +2, +3 and +4, based on x-ray
photoelectron spectroscopy (XPS) measurement. The hybrid film kept more than 90 percent of its
capacitance after 1,000 charging-discharging cycles, with a coulombic efficiency of 98 percent. The
specific capacitance of a symmetric capacitor using these hybrid films of PANI and MnOx PM 120 as the
electrodes is 112 F/g.

(U/A9¥0) An amorphous vanadium oxide (V;Os) sample was prepared by a melt quenching method and
used as part of a hybrid capacitor. The hybrid supercapacitor was fabricated with V,0s positive electrode
and activated carbon negative electrode in various aqueous electrolytes. The results showed that species
of aqueous electrolyte, current density, potential range, and the active mass ratio of activated carbon to
V,0s had a great effect on the capacitive properties. The specific capacitance only slightly decreased with
the increasing current density. When the mass ratio of activated carbon to V;O5 was increased to 3 tol,
the capacitance of the activated carbon/V,0s hybrid capacitor was similar to that of the V,05/V.Os
svmmetric cell.

(U/APOT0) The electrochemical characteris tics and pseudocapacitive effects of Fe**/Fe™* ion pair were
investigated in an electrochemical capacitor system using porous carbon as electrode material and with
sulfuric acid (H,SO4) solution containing Fe**/Fe" ion pair as electrolyte. The cyclic voltammetric results
indicated that highly reversible electrochemical redox reactions of Fe3 /Fe*” ion pair occurred within the
nanopore structures of the porous carbon electrodes. Symmetrical charge/discharge cycles were achieved
due to the existence of Fe**/Fe*" ion pair, which effectively improved the capacity of the electrochemical
capacitor system. The specific capacitance of the single electrode system reached 174 mAh. which is 109
mAbh higher than that obtained using H,SOj as the electrolvte. The charge/discharge mechanism of

256
UNCLASSIFIED//FOR—OFHEWALE—HSE-ONLY



Doc ID: 6931132 Doc Ref ID: A3860702
UNCLASSIFIED//|FoR—OFHEHAE-YEE-ONEY

Fe*/Fe ion pair in the electrochemical capacitor systems was discussed. and a new type of redox
electrolyte electrochemical capacitor was suggested.

(U) Australia, Japan, and United States

(U/0%©) The UltraBattery, developed by CSIRO Energy Technology in Australia, is a hybrid energy
storage device that combines an asymmetric super-capacitor and a lead-acid battery in single unit cells
taking the best from both technologies without the need for extra. expensive electronic controls. The
capacitor enhances the power and lifespan of the lead-acid battery as it acts as a buffer during high rate
discharging and charging. thus cnabling it to provide and absorb charge rapidly during vehicle
acceleration and braking. The initial performance of the prototype UltraBatteries was evaluated according
to the US FreedomCAR targets and was shown to meet or exceed these in terms of power, available
energy, cold cranking, and self-discharge set for both minimum and maximum power-assist hybrid
electric vehicles. Other laboratory cycling tests showed a fourfold improvement over previous state-of-
the-art lead-acid batteries under the RHOLAB test profile and better life than commercial nickel/metal
hydride (NiMH) cells used in a Honda Insight when tested under the European Council for Automotive
R&D Hybrid Electric Vehicle (EUCAR HEV) profile. As a result of this work the Furukawa Battery' Co.,
Ltd. in Japan built a set of 12 12-volt modules and were fitted them into a Honda Insight instead of the
NiMH battery by Provector Ltd. The battery pack was fitted with full monitoring and control capabilities
and the car was tested at Millbrook Proving Ground under a General Motors road test simulation cvcle for
an initial target of 50,000 miles, which was extended to 100,000 miles. This was completed on 15 January
2008 without any battery problems. Furthermore, the whole test was completed without the need for any
conditioning or equalization of the battery' pack. A US company is in the process of building a plant to
build this technology' in the United States.

(U) Korea

(UAFOH6) A novel asymmetric hybrid capacitor using LiMn,0, and MnO,/ CNT nanocomposite as the
positive and ncgative electrode materials, respectively, and 1 M LiClO, in propylene carbonate as the
electrolyte has been developed. resulting in the first reported assembly of an asymmetric hvbrid capacitor
with metal oxides for both electrode materials, and especially with MnO; as the negative electrode
material. The discharge profile of the asymmetric hyvbrid capacitor shows a typical capacitive behavior
with a linear slope. The asymmetric hybrid capacitor was able to deliver a specific energy as high as 56
Whvkg at a specific power of 300 W/kg. based on the total weight of LiMn-0, and MnO/CNT
nanocomposite in both electrodes. These results clearly demonstrated a superior performance of this new
type of capacitor with a higher specific energy compared to other types of asysmmetric hybrid capacitors.

(U) Hybrid Power Systems Development

(U//m040) Here, we explored how an electrochemical capacitor system might be utilized in a hybrid
system. It was found that only the Chinese and United States publish in this area, and the Chinese looked
at economics of the system. The United States is much more interested in the military applications.

(U) Future Trends in Supercapacitors

(U/AOB0) From reviewing the available work several conclusions can be drawn. Many countries have
done some work in these areas. For most countries, the work seems limited to either basic understanding
of how this technology works (Canada and the United States) to developing single types of technology.
The Chinese work is very different. Their work covers the spectra from looking at the history of the
devclopment as well as the economics of the technology to very basic research that could lead to very
new high performing devices. It was the only country that worked in developing both new electrode
materials and new electrolytes. They also were working in the next step, which is cell configuration. The
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fact that they were the only non-US country to state its need as military' leads one to believe it has specific
needs. However, given that China is publishing more on this topic than anvone in recent history, it
appears that the Chinese are still exploring options.

(U) Mechanical Energy Storage

(U) Introduction to Mechanical Energy Storage

(U/POH8) Encrgy storage via mechanical means is the oldest energy storage mechanism actively
engineered by man. The use of pre-stressed wood, early potter’s wheels, and eventually metal springs all
demonstrate mechanical energy storage to perform useful work. Early clocks, which used the potential
energy stored in elevated reservoirs of water to induce motion, were common throughout ancient times.
The manufacture of metal springs, with their relatively more efficient and compact storage of potential
energy, enabled more complex clockwork timing in the 1400s. During the industrial revolution, flywheels
were often incorporated into steam engines and early manufacturing equipment. Though these storage
elements have been used for hundreds of years, researchers have generally eschewed mechanical energy
storage in favor of electrochemical storage. The reasons for this are varied. but include the lack of moving
parts on a battery, the capability to store energy for a relatively long duration, and the portable nature of
electrochemical cells. While still largely confined to niche applications, active research in the mechanical
energy storage field is ongoing.

(UA=080) For large-scale energy storage, a number of different mechanical storage techniques have
been investigated for electrical utilities and industrial concerns. Compressed air energy storage is a
technique that uses off-peak electricity, usually generated in the evenings, from the grid to compress air
and storc it in an underground cavem or other vessel. When nceded. the high-pressure air is released and
directed to spin a turbine. Pumped hydroelectric storage is a similar system that uses water in an ¢levated
storage reservoir to drive a turbine. Both of these approaches have been pursued due to economic
concemns stemming from peak energy usage costs.

(U//POBO) Other recent applications for mechanical energy storage include the use of flywheels for
satellite pointing. backup power sources, electrical cars, and output smoothing for wind turbines.
Compressed vessels of air or other gasses have also been researched to provide the motive force for small,
compact vehicles with zero or near zero environmental emissions. Commercial vehicles running with
either of these technologies are in low volume production, as neither technology has reached the
efficiencies and economic requirements for high volume production.

(U/A8H0) Mechanical energy storage for small-scale applications, such as providing energy for a single
sensor or small system. will be the focus for the rest of this section. With the advent of micro-
electromechanical systems (MEMS) and low power complimentary metal-oxide-semiconductor (CMOS)
scnsors, the reduced power requirements to operate relatively sophisticated systems has generated
renewed interest in the development of mechanical energy storage technologies. Technologies such as
miniaturized or micro-flywheels and MEMS-fabricated springs, or other pre-stressed structures, have
been active areas of research over the past few decades. With the advent of nanofabrication and other
“nano” material technologies, ongoing research on the usc of materials such as carbon nanotubes has also
appeared in the patent and technical literature.

(U) Flywheels

(U//POYO) At the simplest level, a flywheel is a device that stores kinetic energy in the high-speed
rotation of a cylindrical or hoop-shaped mass often called a rotor. Modern, demonstrated laboratony
flywheel systems have operated at rotational rates upwards of 60,000 revolutions per minute (rpm). These
high speeds of rotation allow even a relatively small or light rotational mass to store large amounts of
kinetic energy. In most cases an electric motor is used to spin the rotor to speed. though all-mechanical
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designs featuring continuously variable transmissions for the automotive industry, to recover energy
during breaking. are under development. When energy is needed. it is extracted from the flywheel system
by treating the spinning rotor as the shaft of a generator, in which case the rotor slows but produces
electricity as it does. The energy density of flywheel systems is dependent on the sophistication of the
technology, but energy storage densities of 30 joules per gram (J/g) have been reported for steel rotor
systems, while composite rotor systems have demonstrated energy densities comparable with lithium ion
batteries at ~500 J/g. Flywheel systems are relatively insensitive to temperature swings, quick to charge
and discharge, not harmed by “deep discharge,” long lasting (about 10 years), have a greater than 90
percent charging efficiency, and have a very low loss of stored energy with time. The overall sizes of such
systems are typically on the order of a few hundred kilograms or larger, though designs for cars are sized
at the 25-kg level. Recent research has demonstrated the utility of using MEMS fabrication methods to
design micro-flywheel systems. Work on these systems is preliminary, but seems promising.

(U//=2H0) Early rotors were made from metals, such as high-strength steels, while later designs have
featured lighter, carbon graphite reinforced composites. Switching to lighter composite materials dropped
the overall weight of these systems and allowed for an increase in the rotor speed from thousands of rppm
for metal systems, to the present day value of tens of thousands of rpm. This speed increase is made
possible by the increased tensile strength of the newer composites, resulting in a net increase in the energy
density of flywheel syvstems. Composite materials also have the advantage of rapidly disintegrating into
small, lightweight pieces when the rotor is damaged as opposed to the high velocity metal shrapnel that is
formed when a conventional metal rotor is damaged.

(U//E880) In order to achieve the energy densities of state-of-the-art designs, there are a number of
technical advancements that a system must feature. These system requirements include magnetic bearings
to reduce friction on the rotor and an evacuated chamber to house the rotor. Many groups are
experimenting with high temperature superconductor materials to replace standard magnetic bearings,
though thus far no commercially available high temperature superconductor system has been shown. High
temperature superconductor bearings would be able to support and stabilize a larger rotor at higher
rotational speeds, compared to traditional magnetic bearings.

(U) Micro-Mechanical Springs

(U/F8H0) The fabrication of highlv miniaturized MEMS springs and other structures that store
mechanical stress have been pursued by a few groups throughout the world, though the majority of the
work has been done in the United States. MEMS springs formed from single crystal silicon or polysilicon
have been fairly common in the literature for use as structural supports or restoring springs for shuttle
masses in accelerometers and resonators. The use of these structures for the sole purpose of energy
storage, however, is fairly rare. One reason is likely the relatively low energy storage density found in
steel springs, which is around | joule per cubic centimeter (J/cc), and thus they offer a significantly lower
energy density than a lithium ion battery. Springs, whether fabricated from MEMS structures or not, have
a common disadvantage in that their force profiles can vary with displacement if the spring is based on a
bent beam. Since many MEMS spring designs are beam-based, this variance could be an issue for some
applications. Also, the force output of springs, assuming Hook’s law performance, linearly changes with
spring displacement meaning that the force output from the spring decreases as the spring unwinds.
Mechanical compensation mechanisms, often found in a miniaturized form in mechanical clocks, have
been developed to produce flattened force profiles, though these mechanisms tend to be fairly complex.
The author has seen no effort to replicate them in MEMS technologies thus far.

(U/FBY80) Investigation of nanostructures, such as CNT carpets or CNT ropes, for use as energy storage
devices has been an active, though somewhat speculative, area of research for a number of vears. These
nanostructures have shown themselves to be extremely resilient and strong. thus allowing the storage of
greater mechanical stress than typical spring materials, such as steel. Extensive theoretical calculations
have shown this material’s suitability for energy storage, but the practical difficulties of winding and
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(U) Surface Tension Energy Storage

(U//Fo88) RRA Syms was one of the first proponents of the surface-tension self-assembly technique
with work on MEMS torsion mirrors and the assembly of 3-D MEMS structures. * Since the initial work
in 1993, his group at the Imperial College London has published almost vearly on the subject into the
present day. The primary focus has been on using the surface tension forces to provide rotational energy
for the movement or assembly of a component. Syms has collaborated recently with other entities like the
Samsung Scmiconductor R&D Institution in South Korea.

(U) Future Trends in Mechanical Energy Storage

(U//Fe0) A review of the available literature indicates that micro-flywheel technology shows the most
promise for developing a miniaturized. mechanical energy storage system. In addition to the higher
energy densities of such a system, micro-flywheels also have the advantage of providing a direct electrical
power output, as opposed to the other technologies presented here, which provide only mechanical power
output. While the energy densities of micro-flywheel systems could be quite high, on the order of 410
J/em®* (in a package ~30 mm is diameter and ~10-mm thick), as predicted in a paper on the subject from
2003, > significant technical hurdles remain for the systems to be used in terrestrial applications. Issues
that remain include vacuum packaging of the rotating elements and cryogenic cooling of the HTS
bearings. Of note on the last point, miniaturized rotor systems may not need HTS bearings to achieve
high-quality stabilization and confinement. More traditional electrostatic or magnetic levitation may be
sufficient for micro-flywheel systems. If this is the case, accepting inefficiencies in the micro-flywheel
design in exchange for the miniaturization and maintenance advantages of dispensing with cryogenic
cooling might be an advantageous trade-off. As macro-scale flvwheel systems are already being used for
power management, power backup, and in regenerativ e breaking systems for vehicles, it is likely that
additional technology from these maturing commercial applications will be applied to the miniaturized
power problem with some success.

(U/PeBO) Extrapolating the progress of this technology into the 3- and 135-year timeframes is difficult,
as precise measurements of current energy densities are not available in the literature. While progress on
planar rotor speeds has been made over the last ten vears, they are still an order of magnitude off what
miniaturized systems would require in order to achieve the high energy densities quoted in the literature.
Using the South Korean group as a benchmark, we can estimate that rotor speed increases will generally
continue to fall off. thus we would not expect the high speeds over 100,000 rpm to occur until closer to
the 15-year mark. With the lower speeds, we would also expect a commensurately lower energy density,
as the stored energy of the system goes as the square of the angular velocity.

(U/POB8) For the other mechanical storage techniques, such as the storage of energy in silicon beams,
liquid surfaces, elastomers, or CNT fibers, this area of investigation and technical progress will likely
continue at a low rate due to the low energy densities that these systems can store. Spring-based energy
storage will probably only be useful for niche applications. The exception to this statement is likely to be
the storage of energy in bundles of CNT fiber. Given the interest of researchers around the world in
developing ultra-strong CNT fibers and composites, it is likely this field will see active research and
progress in the coming years. A proposed system from the literature that uses a CNT bundle to store
mechanical energy and then convert it into electrical energy using piezoelect rics, estimates a stored
energy of 60 joules for a millimeter-scale system.>* While the specific energy density was not published.
the authors felt such a system would be competitiv e with chemical-battery storage densities. If the
author’s assumptions and calculations are correct, given the relatively rapid rate of progress on CNT fiber
and rope construction, one would expect such a system to be achievable by the 5-year time frame with a
degraded performance, and a near chemical-battery' storage possible within the 15-vear timeframe.
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However, the energy density of such systems is also quite low, and the lifetimes of the systems are also
subject to debate, and it is unlikely that these systems can generate power in a form that would be useful
to a system currently. There is also a minor Chinese effort in this area, with a few papers from Guo, et al,
which address the use of porous silicon for the actual junction device in an effort to suppress degradation
of the device under irradiation. **

The other form of betavoltaics involves trapping the charge of the beta particle within a material. and
using the built up field of the charge to generate mechanical motion. First demonstrated by Lal, et. al.,*
this method uses emitted beta particles to develop a potential difference (often a large one, up to the
kinetic energy of the particle) between the radioisotope and an electrically isolated cantilever. Charge
differential generates electrostatic force, which moves the cantilever toward the radioisotopic source.
Once snap in of the gap occurs, the electrostatic potential difference is discharged. and the cantilever is
restored to its original position, where the slow charging by electron bombardment begins again. In this
field. the Chinese have been particularly active, with several recent publications by a few authors of
interest. Li Sun at the Northwester Polvtechnical University in Xi'an seems to be the focal point of this
research. with several recent publications in the area of MEMS-based conversion ****'- * It is interesting
to note that the Lal labs and the Sun labs have recently started publishing jointly together, starting in
2008.* In all of these publications, however, the discussion revolves around increasing the voltage of the
piezoelectric conversion system, and no reports have been given (other than theoretical calculations) of an
actual power produced by these systems. Even theoretical predictions place the possible power from such
devices in the nanowatt range.

(U) Future Trends in Radioisotopic Conversion

(U//Fe88) Of all the possible radioisotopic technologies, the one most likely to continue to be used will
be based on thermoelectric systems. Manufacturing of these devices continues to become refined, and
new technologies based on both cooling and heating will reduce the size of such devices to the point
where they can become unobtrusive. Rafaelle’s method of using radiophosphors- seems to be the next
most promising technology, but is obviously limited by the size of the source material and the eventual
aging of the radiophosphor matrix under extreme dose. These devices could conceivably be improved into
the low microwatt range with very low (hundreds of microcuries) sources, and could be made very
difficult to detect. and can achieve sizes of perhaps Isqure centimeter and a few hundred microns thick.
The energy limiting step seems to be the efficiency of the radiophosphor itself, combined with the
efficiency at low “light” of the photovoltaic. If either of these svstems improves their efficiency, the
overall efficiency of the converter stands to gain as well. The rest of the technologies here, while perhaps
interesting. are unlikely to result in a fieldable technology within the next decade, as the technological
hurdles for practical application (production of stcady DC current at a potential sufficient to do useful
electrical work) remains limited by aging or secondary conversion issues.

(U) Ultrathin Semiconductors

(U) Introduction to Ultrathin Semiconductors

(U//POBO) Ultrathin semiconductor devices are kevs to making flexible and paper-thin electronics, and
very high functional density microsystems for applications in consumer electronics, intelligence gathering
and national security activities. In this section, we have analyzed the past trends, highlighted some of the
lcading cdge ultrathin semiconductor technologies around the globe, and forecasted the statc of the
technology for the next 10 years. Some of the specific applications where thin semiconductors are used as
radio frequency identifications (RFIDs) and tags, embedded computers and microprocessors, smart sensor
modules (for example, for monitoring of bridges and buildings), climate monitoring equipment, deep-sea
probers, medical implants, smart cards, thin displays, thin solar cells, portable communication and
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sensing devices, wearable electronics, and space-based sensor systems. The main reasons for using thin
semiconductors devices in these applications are for:

« Facilitating thin and flexible electronics like smart cards. RFID Tags and e-papers

» Getting a very high functional density in a small form factor,

» Improving heat dissipation away from the device, and

» Reducing the device parasitic losses (namely resistance, inductance and capacitance)

(U/MO0) Semiconductor devices are made by depositi ng very thin layers of semiconductor functional
circuit layers, typically ranging in thickness from sub-micrometer to 8 micrometers, on a growth or host
substrates. There are two broad types of semiconducto r materials used— inorganic and organic. The most
commonly used semiconductors are inorganic. Currently organic semiconductors are in their infancy and
are being considered for low cost and low performance applications. However, that will change in the
future with the development of high performing organic semiconductors. There is also a paradigm shift
occurring with the new developments involving printable inorganic and organic electronics to make thin
semiconductor circuits at lower cost.

(U) Inorganic Semiconductors (Silicon and Compound Semiconductors)

(U//F0HE6) Currently, most commonly used devices in electronics are silicon-based. Due to the
popularity of high frequency applications, III-V compound semiconductors use has also been rapidly
rising in the last 10 vears. The minimum thickness that can be obtained in the silicon-based devices is
sub-micrometer range. This thickness is achieved by removing the host substrate completely, leaving only
the device circuit lavers. The majority of thin semiconductor devices arc made in two process steps. First,
the devices are fabricated in a semiconductor foundry using wafers of normal starting thickness. Next,
these devices arc thinned from the backside to get the final desired thicknesses. There are three techniques
for thinning semiconductors. The most common thinning technique involves a combination of mechanical
grinding/polishing and chemical etching techniques. Mechanical grinding/polishing is used to remove the
bulk of host substrate material faster at low cost. However, mechanical process will leave a 10-to-30-
micrometers-decp damage layer containing microcracks, which. if not removed, will make the devices
mechanically very fragile. This issue is critical for devices that are thinner than 50 micrometers. The key
to getting devices thinner than 50 micrometers using mechanical techniques is to remove the damage
layer by either chemical-mechanical polish and/or by chemical etching. The second technique to
achieving thin semiconductors is by either dry- or wet-etching. In the recent vears, some of the leading
edge researchers have achieved very thin devices (less than 1 micrometer thick) by wet- or gas-phase-
etching. The third technique used for semiconductor thinning involves “smart cut” process. ™ In this
process, hydrogen ion layer implanted below the buried oxide layer in silicon forms a damage layer,
which cleaves when the silicon wafer, is heat treated. Very thin layers of semiconductor (~ 5 micrometers
thick) can be separated from its host substrate and then bonded to a different receiving wafer. Thin silicon
devices or wafers, when thinned to below 30 micrometers, show flexibility and translucency as illustrated
in figure 9.%* Thin semiconductor devices or wafer are very fragile below 100 micrometers thick, and
they require special techniques to handle them. Semiconductor devices thinner than 50 micrometers
cannot be handled as “standalone,” and they have to be either supported by a rigid carrier wafer or, as
demonstrated in some recent research, mixed with organics into a fine particle paste or ink. which can
then be transferred or printed on to flexible substrates. *’

(U/Ae¥8) Thin semiconductors are seldom used by themsel ves; they are typically integrated with other
electronic devices and circuits in a product in two methods. First, thin semiconductors are interconnected
with the rest of the circuitry on 2-dimensional flexible or rigid substrates. Figure 10a* shows example of
a demonstration module containing four thin silicon devices, 30 micrometers thick, asscmbled on a
flexible circuit board. Second. thin semiconductors are stacked vertically in 3-D to provide very high
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Datacon specializing RFID assembly equipment. and EVG makeing equipment used in 3-D IC-stacking
technologies.

(U//POH63 In 2007, A. Schindler, J. Brill, and N. Fruehaf of University of Stuttgart in Germany *
collaborated with J. P. Novak and Z. Yaniv, Applied Nanotech in the United States to develop processes
for carbon nanotube transistors on plastic foils to make thin displays.

(UHE0E8 In 2009, T. Takenobu of Tohoku University and M. Shiraishi of Osaka University
collaborated with Sheng-Yi Lu of National Tsing-Hua University in Taiwan® to develop ink-jet printing
process for carbon nanotube thin-film transistors on flexible plastic substrates. Their study has realized
high on-off current ratio (~107) and high mobility (0.4 cm?(V.s)). This collaboration is noteworthy
because it has brought together the leading researchers from Japan and Taiwan.

(U) Future Trends in Thin Semiconductors

(U/A9H69 In the next five years, thin semiconductors will be increasingly used in thin and flexible
electronics, and in high functional density 3-D electronics. In the future beyond five years,
semiconductors can be integrated in high density electronics that are also thin and flexible. These
technologies will enable today’s products that are much thinner and smarter and bring to the market new
products that will only be limited by our creativity.

(U/A0%8) In next five years, products with thin semiconductors will be everywhere around us—for
example, in personal digital assistants with built-in computers and pico-projectors, e-paper that will
replace today’s newspaper, large-format e-displays, bio-implants to monitor personal health, more
complex RFID Tags that will be constantly monitoring the ambient environment. smart-cards that will
replace paper-moneyv and wearable electronics and smart skins. Thin semiconductors will also enable
many new creative products, such as thin displays that will make smaller appliances invisible with the
image displays from the background.

(U/AOYOY Thin semiconductors with thickness of less than 10 micrometers will be routinely fabricated
and integrated into evervday consumer products. Thin semiconductors of thickness less than 3
micrometers will also be used in high-end products. Semiconductors devices with less than 1 micrometer
will become a reality, and they will be demonstrated in more prototvpe applications. The maturation of
ultrathin semiconductor technologies will enable a new paradigm shift towards printed inorganic and/or
organic semiconductors. Printcd electronics will allow very large-size substrates to be processed at a
significantly lower cost as pancls or on flexible films using recl-to-reel technique. With the printed
inorganic and organic electronics technologies, the large initial capital expenditures of greater than $3
billion to build IC factories will no longer be needed. and this reality will significantly alter the business,
marketing. and geography of semiconductor production. More countries will be able to build relatively
less expensive factories to mass produce thin. flexible electronics for use in applications needing simpler
circuits and lower cost.

(U/AS¥8) Currently, the printed electronics do not meet the performance and complex circuit
requirements of many high-end applications. During the next five vears, there will be continued efforts to
improve the performance by using newer class of printable materials like carbon nanotubes and printable
inks made of silicon nanocrystalline particles.

(U/e¥e9 With the new paradigm shift, processes for thinning and integration of thin semiconductors
will also continue to undergo a technol ogy split between two broad categories:

(U//o483 Back-End-of-the-Line thinning of inorganic semiconductors: Mechanical
grinding/polishing and chemical etching will be the major process technique to thin silicon and compound
semiconductors less than 10 micrometers thick. Smart Cut process will become more common in
manufacturing the devices less than 5 micrometers thick. Dry or wet etching techniques will be the
dominant technique for semiconductor devices less than 1 micrometer thick.
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(U/A0¥e) Printed inorganic and organic electronics: In the printed inorganic semiconductors process
flow, the first step is to fabricate very thin (less than 1 micrometer thick) inorganic semiconductor
particles by drv and wet etching, which can then be dispersed into a slurry or paste for printing. Organic
semiconductor printable inks will also continue to see a significant growth.

(U/TFOYO) A wide variety of integration techniques will be used in the next five years. For applications
requiring thin flexible electronics. thinner silicon and compound semiconductors will continue to be
assembled either on organic film or sandwiched between two film layers. For high-end applications, thin
devices (less than 10 micrometers) will continue to be integrated in 3-D with other devices or with better
heat sink materials like diamond. SiC or copper. Printed organic and inorganic electronics will make the
fabrication of semiconductors and their assembly into products much simpler and cheaper. Stamping and
screen printing for coarser resolution and ink-jet printing for finer resolution (~ | micrometer) will be the
major patterning techniques used.

(U//FOE8) In the United States, leading edge research and development will continue, but the US lead in
manufacturing will‘reduce even further. The major upcoming countries will be Germany, Belgium, China,
Taiwan. Japan, and South Korea. Many smaller countries in all continents will seriously explore the
possibilities for establishing printed electronic industries because of smaller capital investment needed for
this technology-.

(UMPOHO) Thermal management and cost issues will play a major role in the future technologies using
thin semiconductors.

(U/FOH63 In the next 10 vears, thin semiconductors will be used in most consumer and high-end
applications. -Thin semiconductors will increasingly enable our lives to be interwoven with information
about our environment. Thin silicon and compound semiconductors thinned to less than 1 micrometer will |
be more commonly used in electronics. These devices will enable thin flexible electronics with higher
functionality and miniaturization. Printed electronics will no longer be confined for low-end applications.
Printed organic and inorganic electronic performance and functionality will significantly improve to vield
very high performance at low fabrication costs. The key to this revolution will be the new matenals like
carbon nanotubes and nanocrystalline silicon.

(UeH8) In applving the future electronics in products, creativity rather than the technology will be a
limiting factor. However, the main issues that still have to be dealt with will be thermal management,
disposal of throw-away electronics, and raw material cost. and supplies. The trend to flourish thin
semiconductor intcrnationally will continue at a faster pace. Even smaller countries from all continents
will have established printed electronic industry. However, the high-end products still be produced in the
United States, Japan. Germany, China, Belgium. China, Taiwan. South Korea, Singapore, and maybe
India.

(U) Conclusions and Summarizing Remarks

(UrMPOYO) From the individual point forecast studies reported above, we can make several high-level
conclusions. The first is obvious, and adds to the increasing din of the same complaint across several
areas of engineering and scientific endeavor: the United States is losing. and in some areas has lost. the
technological lead for developing new technologies in small energy storage. However, battery technology
will continue to be the predominant energy storage technology for the next five years, mostly due to the
advances in lithium ion technology. It is an expectation that the energy density of the current best
batteries will be increased by perhaps 20 percent just based on improved materials, with no gains from
packaging. For thin and flexible batteries in particular, enhancements in packaging and sealing will likely
dramatically improve the energy density of these systems and probably make them practical at the 200-to-
400-micrometer-thick level to power e-paper, flexible displays, and other low power devices. Thinning
below this level is unlikely because there is no commercial driver to become thinner; thinner than this is
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(U) Acronyms and Abbreviations

pAh/cm?
uAh/cm®-pm
pum micrometer
BCB
CiSP
cm?Vs™!

COTS

CIN

DBP

EPLAR

GaAs

GeOx

IC integrated

InP

IPS

Li/Li4Ti50),
Li/LiPON/Ag .5 V2Os

Li/LiPON/CuWO 4
Li;MnNiO,
Li;PO4/Li4SiO4
LisTisO2
Li-Al-Ti-P-O
LiB(C20;);
LiBOB
LiCo0¢8(Ni.Zr) 020,
LiCoO-

microampere per square centimeter

microampere per square centimeter per micrometer

benzocyclobutene
chip-in-substrate package
square centimeters per statvolt per second
commercial-off-the-shelf
chromium nitride
dibutylphthalate
Electronics on Plastic by Laser Release
gallium arsenide
germanium oxide
circuit
indium phosphide
infinite Power Solutions
lithium/lithium titanate

lithtum/lithium phosphorus oxynitride/silver vanadium
oxide
lithium/lithium phosphorus oxynitride/copper tungstate

lithium Manganese nitride

lithium phosphate/Lithium Sulfate

lithium titanate
lithium-aluminum-titanium-phosph orus- oxygen
lithium bis-oxalato borate

lithium bis-oxalato borate

lithium Cobaltate with nickel and zirconia
lithium bis-oxalato borate
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LiFe,0;
LiFeF;, Lil, LiF
LiFePO,

Lil

LiMn,0,
LiMnO,, lithium
LiPOy lithium
LiPON
(Liy.La;34)TaOs
LSA

mAh/cm?
mAh/g

MEMS

MIT

mm millimeter
MnO, manganese
nm nanometer
NSF

ORNL

PVCM

PVDF

RFID

SiC

SiGe

SiO;

SiOx

SnO/SnO
SnO,/Li

SnOx

lithium iron oxide, lithium ferrite
lithium cobalt oxide
lithium iron phosphate
lithium halides
lithium iron phosphate

manganate

phosphate
lithium phosphorus oxynitride
lithtum-lantanum tantalate
Latent Semantic Analysis
milliampere-hour per square centimeter
milliampere-hour per gram
Micro Electo Mechanical Systems

Massachusetts Institute of Technology
dioxide

National Science Foundation
Oak Ridge National Laboratory
plasma chemical vaporization machining
poly(vinyldiene fluoride)
Radio Frequency Identification
silicon carbide

silicon Germanium

silica. silicon dioxide

silicon oxide

tin oxide/tin oxide

silicon dioxide/lithium

tin oxide
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SO1 Silicon-On-Insulator
SUFTLA Surface Free Technology by Laser Annealing
TFLB thin-film lithium batteries
TiS, titamium sulfide
VO, vanadium oxide
Zn-MnO; zinc-manganese oxide
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