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downconversion, and waveguides. This goal
requires a precise control of the properties at the
nanoscale as well as a precise positioning of
building nano-blocks ordered to create photonic
structures with prescribed properties. This task
would be largely benefited by any advance in
nanomanufacturing. The development of tools
enabling the fabrication of such optical materials is

General Challenges

In very general terms, an optimized OPV device requires
control of the organization of nanocomponents with the right
gaps forming interfaces with the right band offsets in a
structure that is thermodynamically stable. This general goal
involves succeeding in several tasks that include:

1) Find components which build a system robust enough to
tolerate a certain level of atomic imperfections without
hampering high efficiency of the device.

2) Control the synthesis of defect free nanomaterials. This
may require development of a better understanding of
multivariable process of nanomaterial synthesis. The
challenge calls to improve our understanding and
control of defect formation and growth termination.
This in turn requires the development and improvement
of growth monitoring techniques and tools.

3) New methods for assembly or self assembly of well
characterized nanostructured components into meso-
scale devices will be required. A significant advance
would be to achieve synthesis of nano materials and
assembly of macroscopic structures in a single step.

4) Macroscopic applications will require the synthesis of
large amounts of materials with homogeneous prop-
erties in an economical way for basic, R&D, and

one of the major tasks to address to improve energy
harvesting NOPV applications.

e Improved performance stability of NOPV
compared to all-polymer OPV. Addition of carbon
nanotubes to polymer tend to increase Tg and
improve polymer thermal stability. Implementation
of nanotubes in barrier layer of OPV could also
improve stability of OPV.

Figure 2. Dissociation of exciton at nanotube-
polymer interface.

The polymer diblock structure helps to self-
assemble a three dimensional structure of OPV
with nanotubes in one phase for improved
electron mobility and long range order p-
semiconducting polymer in second phase for hole
conduction. The background is SEM image of
transparent conducting nanotube membrane used
as electrode in OPV. The grand challenge of the
OPV is enabling atomically precise interface for
meso scale OPV for efficient light absorption,
exciton generation.

production efforts. New approaches for synthesis of
nanomaterial at the commercial scale will have to be
developed, requiring revolutionary engineering design.

5)  Quality standards ought to be developed among various
research groups across the world in order to quantify the
quality of the material and establish its precise
composition and preparation methods in order to be able
to reproduce the material elsewhere.

6) New instrumentations should be developed to
characterize nanomaterials and for quality control.
Because of the lack of standard quality assessment
routines, multiple instruments are required to
characterize the quality of a single material and make
these process extremely time-consuming.

7)  New methods for calculation modeling and simulations
are required across several size scales in order to
understand and predict the properties of the individual
components and their interactions in a working device.
Moreover, since the characterization of nonmaterial is
hindered by size reduction and the convoluted structure
of their interfaces, experimental data.

These challenges clearly require multidisciplinary teams that
combine the expertise of several areas of scientific research
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and development. A broad effort must be carried out that
involves R&D in fundamental and basic science and extends
to practical applications.

Increased Complexity of NanOPV structure

Sessssssssansasanaannnans e

(a) p-n polymer (b) Dispersed (c) Vertically (d) Uerl_:ically Aligned
junction loose nanowires Aligned Nanowires and structured
nanowires polymer

Requires better understanding and control of
nanostructure growth and BHJ fabrication

Figure 3. Increasing complexity of architecture of organic photovoltaic cells requires nanomanufacturing
control of nanomaterial quality, positioning.

(a) Schottky-barrier between hole conducting polymer and electrode with lower work function.
(b) BHJ with dispersed nanomaterials.
(c) BHJ with vertically aligned nanomaterials demonstrate improvement over planar devices.

(d) BHJ where nanomanufacturing will enable full control of nanomaterial quality, positioning and
assembly of next generation NOPV.
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Impact of Atomically Precise Manufacturing
on Transparent Electrodes

Transparent electrodes are used in a variety of applica-
tions such as flexible displays, touch-panels, light-emitting
diodes, photovoltaic cells, and smart windows, to mention
just a few. The market for transparent conductive films and
coatings exceeds $1 billion per year and is growing between
15% and 25% annually. While only a few materials
currently serve the market, new material advancements are
needed to address deficiencies in existing materials
performance. A limiting factor in realizing many future
applications is a lack of materials with suitable combinations
of properties.

The most important characteristics for a transparent
electrode are its electronic and optical properties. The
electrical and optical performance of a transparent electrode
may be ranked by a Figure of Merit, defined as the ratio of
the electrical conductivity to the absorption coefficient at the
wavelength of interest.! Other properties including
durability, adhesion to organic layers, stability to
environmental and processing conditions, surface roughness,
work function, and ability to pattern are also important.
Specific applications, naturally, place more emphasis on
certain of these properties, while allowing more leeway on
other properties. Flexible display applications require
electrodes with good mechanical properties such as
flexibility, durability, and adhesion to polymeric substrates.
Generally high transparency is desirable since these displays
typically operate in a reflective mode, but lower conductivity
can be tolerated due to the low bit rate of the display. Smart
windows require electrodes with high transparency and
neutral color density, but tolerate lower conductivity since
they are low speed and draw little current. Photovoltaic (PV)
applications require high transparency across the solar
spectrum, work function matched to the PV cell, and high
conductivity. Waveguide applications require extremely
high conductivity for traveling wave electrodes or the RF
power loss is prohibitive.

At present, multiple materials are used as transparent
electrodes, each having advantages for different
applications. However, no universal material exists that
meets all of the performance requirements. The most
common transparent electrodes are based on transparent
conducting oxides (TCOs), most commonly indium tin oxide
(ITO). Depending on the processing conditions, the con-
ductivity of ITO ranges from 10° to 10* S/cm ? and the
absorption coefficient is about 0.04." While the electrical
and optical properties of TCOs are sufficient for some
applications, their poor durability, flexibility and adhesion to
substrates is a limitation. In addition, the Figure of Merit is
too low for applications that require very high conductivity,
such as waveguides.
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Figure 1. Comparison of ITO on PET to CNT
Network on PET. Plot shows the change in
resistance as a function of bend radius.
Figure modified from Saran et al. J. Am.
Chem. Soc. 2004, 126, 4462. Inset shows an
SEM image of a CNT network.

A new transparent electrode based on carbon nanotubes
(CNTs) has the potential to surpass the electrical and optical
properties of current TCOs, and provide improved
mechanical properties, neutral color density, and
compatibility with organic materials, using a readily
available feedstock and thin film material on the order of
nanometers thick. To date, advantages in durability,
adhesion, and flexibility have been demonstrated, but only
modest electrical and optical performance has been observed
when compared to ITO.** Atomically precise manufacturing
has the potential to help produce CNT networks with
properties that offer orders of magnitude improvement over
current materials. It can do this in three ways: (1) increase
conductivity through the production of specific CNT
structures, (2) increase transparency and conductivity
through precise placement of CNTs to form ideal CNT
network morphologies; and (3) increase conductivity by
decreasing CNT-CNT junction resistance.

Production of Specific CNT Structures

CNT networks are random mats of CNTs, i.e. composites
of CNTs and air. The sheet conductance increases as a
function of CNT network density and has been found to
follow 2D percolation behavior, approaching a plateau value
at high density.” The main contributions to the conductivity
near the plateau value are the resistance of the CNTs and the
resistance at the junctions.
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The room temperature resistivity of an individual metallic
CNT has been reported to be in the range of 10 to 10
Q-cm, while that of a semi-conducting CNT is about 10’
Q-cm.’ Since no methods currently exist to produce CNTs of
precise structure, CNT networks to date have been prepared
from CNTs with mixed diameter and chirality. Generally,
they have been prepared from solution dispersion methods,
which yield networks composed of bundled CNTs.
Considering that the CNTs are about 33% metallic and 10-
20 tubes are found in a bundle, the probability that a bundle
contains at least one metallic tube is almost 1, but the
percentage of metallic tubes in the bundle can vary
dramatically. This situation leads to a composition where the
bundles have different character, some being more
conducting than others depending on the number of metallic
tubes present and the arrangement of the CNT within the
bundle. For example, the resistance of a bundle of two
metallic SWNTSs was estimated to be, at most, 3 kQ, after
taking into account the contribution from contact resistance;
whereas, a 3 nm diameter bundle containing only semi-
conducting SWNT showed a resistance 60 MQ.’

APM could allow for synthesis of highly perfect, metallic
tubes. This would increase the conductivity per absorption
by at least a factor of three, and more if close to the
percolation threshold. High degrees of perfection would lead
to enhanced delocalization and lower resistance along the
tube.

Precise Placement of CNTs

The absorption coefficient of a single nanotube is quite
high, approximately 0.15 for light polarized along the CNT,
much higher than that of TCOs. However, the absorption of
CNT networks is a composite of contributions from the
randomly oriented CNTs and air. Lower density, thin
networks obviously have lower absorption coefficient. The
challenge is how to achieve high conductivity while
maintaining low absorption. The simple 2D percolation
model predicts that increasing the aspect ratio (i.e.
length/diameter) is one way of forming a conducting
network at low loading. Current dispersion methods tend to
shorten tube/bundle length. APM would allow for the
precise placement of CNTs with long lengths. In addition,
the fact that the current networks are composed of 10-20 nm
bundles means that the minimum film thickness is 10-20 nm,
instead of the ideal single tube 1 nm.

More significantly, APM would allow the precise
placement of CNTs and the formation of non-random
structures. The ideal structure that still exhibits isotropic
conductivity in two-dimensions is a grid. One can envision a
layer of single nanotubes, positioned in a grid, where the
spacing between nanotubes could be varied from 100 nm to
1000 nm, depending on defect scattering lengths. The
density of such a network could thus be decreased to less

than 1%, leading to an effective absorption coefficient of
<<0.01, and the film thickness decreased to 1 nm.

Few of the envisioned applications require isotropic
conductivity. Experiment and modeling indicate that films
formed from oriented CNT give higher conductivity in the
direction of orientation. Oriented CNT films will also have
polarization dependent loss. The waveguide applications will
strongly benefit from oriented films, as the loss for light
polarized orthogonal to the direction of orientation will have
lower loss.

Reduction of CNT-CNT Junction
Resistance

Conduction in CNT networks occurs through a
combination of metallic electron propagation down the
length of a nanotube (or bundle) and electron hopping
between bundles. Because the temperature dependence of
the metallic conductance and electron hopping are different,
temperature-dependent resistance measurements can be used
to separate the relative contribution of these two terms. From
this fitting data, we find that even above room temperature,
more than 70% of the total resistance of the nanotube film is
due to the junction resistance between bundles of CNTs,
depending slightly on the composition of the nanotube film
(tube diameter, length). Fuhrer et al found that the junction
resistance between crossed metallic-metallic junctions is
about 100 to 300 kQ while that between crossed metallic-
semiconducting junctions is 1,000 to 10,000 kQ.® Therefore,
the impact of APM to produce pure metallic nanotubes will
also reduce the junction resistance. Nonetheless, the
resistance of crossed metallic-metallic junctions is still
significant.

A real benefit of APM will be the potential to produce
junctions with controlled geometry and alignment of atomic
lattices. The potential to lower the junction resistance by
changing the structure of the contacts is shown in Figure 2.
Modeling suggests that the junction resistance between CNT
is dependent on the relative orientation of the tubes. Parallel
junctions have higher junction cross sections and also have
larger overlap between the quasi-1D electron orbitals. While
previous studies on the interaction between coplanar
benzenes have shown little sensitivity to the rotation of the
phenyls, recent calculations using more extended aromatics
(naphthalene, anthracene) have shown the interaction across
the junction between the rings can vary by more than an
order of magnitude.'
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Figure 2. (a) A model of four-terminal junction
formed by crossing two nanotubes. (b) Contact
resistance of the (18,0)-(10,10) junction as a
function of rotation angle ©. The tubes are in-
registry at © =30,90,150° (c) Resistance of the
(10,10)-(10,10) junction. The tubes are in-registry at
©® =50,60,120,180°. (d) Resistance of the (18,0)-
(10,10) junction as functions of translation of one
tube relative to the other in the xand y directions.
Figure from Buldum and Lu Phys. Rev. B2001, 63,
161403.

In addition to parallel and crossed junction, fused
junctions such as “Y”, “T”, and “X” junctions may be
prepared interconnecting multiple nanotube segments.
Nanotubes with different atomic structures have been fused
connected experimentally by introducing pentagon and a
heptagon defects into the hexagonal carbon lattice using
methods such as electron beam welding."'

The junction resistance is also strongly dependent on the
spacing between the tubes or bundles, with an approximate
exponential increase in the junction resistance with
separation between the nanotubes. Decrease of the spacing
between bundles from the ~3.4A van der Waals separation to
approximately 2.84A would decrease the junction resistance
by a factor of approximately three. APM would allow
creation of junction with the desired orientation and spacing.

Summary

CNT networks offer many advantages over traditional
TCOs for transparent electrode applications. They have been
shown to exhibit superior flexibility, durability, and
adhesion to organic substrates compared to TCOs. They
offer the potential to be a universal transparent electrode,
suitable for a variety of applications, if certain challenges
can be overcome. APM will be critical in solving some of
these challenges. Through the synthesis of defect-free,
metallic tubes, the precise placement of nanotubes to form

low density and/or oriented geometries, and the modification
of junctions, APM could produce CNT electrodes that have
electrical and optical properties that are orders of magnitude
better than current materials.
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Atomically Precise Fabrication for Photonics:
Waveguides, Microcavities
Introduction ® Integrate active and passive components on the same

Photonics devices are broadly defined as those devices
which generate, transport, process, or detect photons.
Photonics technology has many advantages over electronic
technologies for communications, signal processing,
computation, and sensing which include higher data
transmission rates, higher data processing speeds, and
immunity to electromagnetic interference. In order to meet
the consumer demand for products with higher bandwidth,
photonics technology has begun to converge with electronics
technology on silicon chip platforms in many commercial
applications, such as computers, mobile phones, and video
games. While photonics components have many
performance advantages over electronic circuits, the
integration of multiple photonic components on a single chip
platform has been exceedingly challenging with current
microfabrication technology and the levels of integration
achieved to date in photonics devices is many orders of
magnitude less than those routinely demonstrated by the
semiconductor industry. As will be described in the
following section, atomically precise fabrication is expected
to enable generation of high performance waveguides and
microcavity elements which are critical toolbox elements for
the generation of highly integrated photonics devices. By
improving performance and increasing the levels of
integration of photonics components, this technology will
enable a next generation of high performance, highly
integrated compact technologies to support a wide variety of
communications, information processing, imaging, and
sensing applications.

Increased Performance and Higher
Levels of Integration of Photonics
Components through Atomically
Precise Fabrication

In order to achieve higher levels of integration, as
required for the creation of the next generation of compact,
low power photonics devices, the fabrication challenges are
threefold:

® Increase performance and manufacturability of
individual active and passive photonic components

chip, for example lasers modulators, switches,
detectors with waveguides, filters, multiplexers.

® Integrate active and passive photonics components
with electronic components

While there has been a lot of research devoted to
achieving high performance active and passive technologies
on a single platform to achieve monolithic integration, no
platform has demonstrated state of the art performance for
all critical active and passive components (e.g., while silicon
passive components have routinely outperformed passive
InP components, active components in silicon are currently
outperformed by InP). Consequently, hybrid integration
approaches with large packaging costs are many times
pursued over monolithic integration approaches in order to
achieve better performance. It is envisioned that atomically
precise fabrication will lead to the generation of higher
performance active and passive components on a common
platform through the capability of this technology to
construct ultra low loss photonics subcomponents, such as
waveguides and resonant microcavities. Further, atomically
precise fabrication will enable novel nanoscale technologies
(quantum dots, quantum wells, nanotubes) to be integrated
onto a common chip platform to increase functionality and
facilitate the achievement of high levels of monolithic
integration.

Essential to the generation of high performance photonics
components is the capability to fabricate optical circuits
which have low optical loss, efficiently couple/switch
photons between channels in a controlled manner, and
propagate photons in a well defined polarization state. The
parameters which are commonly used to benchmark the
performance of photonics circuits are insertion loss,
coupling loss, channel crosstalk, channel bandwidth,
polarization dependent loss (PDL), and birefringence. These
benchmark parameters are highly correlated with material
purity and microfabrication process conditions as described
in Table 1. Table 1 can be viewed as a compilation of
photonics errors which are introduced due to the non precise
nature of current microfabrication processes to create
photonics devices.
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Table 1.

Influence of Imperfect Fabrication Processes on Photonics Circuit Elements

Process Issue Description

Negative Impact on

Performance Current Solutions

Material Defects and
Impurities in
Waveguide Channels

Defects or impurities in materials
comprising the waveguide
channels can scatter photons
out of a channel or change the
polarization state of the photon

Increased insertion 1oss,
increased levels of channel
crosstalk, altered polarization
state of photon

High purity crystal materials have
demonstrated low levels of loss, but
achieving high levels of integration
IS problematic

Sidewall Roughness in
Fabricated
Waveguides

Roughness along waveqguide
sidewalls is inherent in the etch
processes required to define the
waveguide structures.
Magnitude of the surface
roughness is strongly correlated
with photon loss and crosstalk
error.

Increased insertion loss,
increased levels of channel
crosstalk, altered polarization
state of photon

Thermal and laser reflow processes
have been developed to obtain
sidewalls with near atomic
smoothness. Reflow processes
significantly alter dimensions of
waveguide structures, decrease
critical dimension control, and
complicate integration

Critical Dimension Performance of photonic circuits

Variations in coupling between

Variations in coupling gaps are

Control is a strong function of geometry | channels, polarization compensated with post fabrication
of circuit elements, including dependent effects tuning or integration of MEMS
coupling gaps between (birefringence, PDL) technology for active control
elements

Film Stress With heterogeneous integration | Polarization dependent effects Hybrid integration technigues are

of material layers, residual stress
levels can lead to polarization
dependent effects on
propagating photons and lead
to cracks and defects in material
layers

(birefringence, PDL) due to
stress. increased loss and
channel cross talk due to cracks,
defects

often pursued, particularly for
integration of sources and active
elements with increased packaging
COSts

Thermal Management | Heat generated in active
components can impact the
performance of active and

passive elements

Variations in device
performance, wavelength shift in
targeted center frequency for
specific optical channels

Additional process steps are added
to isolate optical channels and
dissipate heat. Athermal optical
circuit designs are pursued where
possible.

It is anticipated that atomically precise fabrication of
photonic components will enable the fabrication of
photonics components with lower optical loss, lower levels
of cross talk between channels, and a higher degree of
polarization control than photonics devices fabricated with
current state of the art technology due to the capability of
this technology to achieve the following:

® Defect Free Lattices: alleviate scattering losses,
cross talk, and polarization effects associated induced
by material defects

o  Atomically Smooth Sidewalls: surfaces will
substantially reduce scattering losses at the sidewall
interfaces without the need for thermal or laser reflow
processes which substantially alter critical
dimensions

® Precise Critical Dimension Control: Precise
internal structure and atomically precise positioning
capability will enable highly accurate critical
dimension control which is required to optimize
circuit performance. Precise critical dimension
control will facilitate the transition from prototype to
manufacturing and increase manufacturing yields.

® Creation of Novel Nanoscale Technologies: the
capability to generate precise internal structures will
facilitate the generation of novel materials which will
be required to manage the thermal energy (e.g.
converting it to useful electrical energy) and precisely
engineer film stress levels to enable propagation of
radiation in a well defined polarization state.

While atomically precise fabrication is anticipated to lead
to increased performance in many photonics circuit toolbox
elements, waveguides and microcavities have been identified
as two key technologies central to the generation of compact
photonics components across a wide variety of fields. For
that reason, the focus of this section will be these
technologies and the benefits enabled by atomically precise
fabrication.

Ultra Low Loss Waveguides

To date, low delta, micron scale silica waveguides have
been designed to transport photons with low loss levels and
have found widespread application in the
telecommunications field. With these low delta waveguide
designs, achieving high levels of integration is challenging
because curved segments must have a minimum bend radius
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on the millimeter scale to efficiently couple photons around
bends. As a consequence, optical circuits comprised with
this technology take up a lot of real estate and limit the
density of circuit elements which can be placed on a chip.
High delta waveguides such as nanoscale, air clad silica or
silicon waveguides, which are commonly referred to as
wires, have demonstrated the capability to efficiently
transport photons around sharp bends with micron scale
dimensions. However, these nanoscale waveguides typically
have orders of magnitude higher levels of photon loss along
straight channels due to strong interactions between the
photons and the sidewalls, where rough sidewall features
lead to scattering. Due to the capability of atomically
precise manufacturing to achieve defect free structures with
atomically smooth sidewalls, the performance of waveguides
constructed with this technology should have much lower
losses than commercially available waveguides. Further, the
precise positioning capability of this technology will enable
fabrication of nanoscale waveguides which can propagate
radiation in a well defined polarization state and can
efficiently couple photons around sharp bends and achieve
high levels of integration without compromising
performance. The reduction of photon losses in optical
waveguides will lead to improved performance in
components across many fields. In telecommunications,
lower optical losses will increase the distance over which
optical data can be transported before amplification is
required. For information processing, lower photon losses in
waveguides will result in a lower number of processing
errors.

Ultra High Q Microcavities

It is envisioned that precision atomic fabrication will
enable a quantum step forward for the generation of chip
scale, ultra high Q compact microcavities which can be
manufactured and integrated into sensor arrays and optical
circuits. The Q value of an optical microcavity is a
benchmark parameter which is directly related to the length
of time in which the photon circulates or is stored in the
optical microcavity. Consequently, any defects either
internally (e.g. material defects) of externally along the
photonics surfaces comprising the microcavity (e.g. sidewall
roughness) which induce scatter will increase photon loss
and result in a reduction in the Q of the microcavity. There
has been a strong push in the photonics field over the last
decade to develop manufacturable processes to enable
integration of high Q microcavities on a chip to support
development of novel high performance passive components
(e.g. sensors, filters, multiplexers) and active components
(e.g. lasers, amplifiers, switches).

High Q microcavities are anticipated to be an enabling
technology for the development of many novel approaches
to achieve compact, chip scale technologies which integrate
active and passive component on the same chip. A short list
of applications for high Q chip scale microcavities at a
component level is presented in Table 2. While waveguide
based sensors have demonstrated the capability to sense
chemicals, biological agents, strain, rotation, and
acceleration, novel approaches which utilize high Q
microcavities are currently being pursued due to the
capability of these structures to achieve large effective
waveguide path lengths in small volumes. For example, for
micron scale cavities with Q values ~ 10'°, the photon
travels an effective path length of kilometers in a micron
scale areas on a chip. Equivalently, kilometer long
waveguide/fiber designs to achieve amplification and lasing
can be compressed into micron scale dimensions with this
technology. Additionally, these microcavities can be
configured as switches and multiplexers to route and store
data, whereby through active tuning of the resonant
conditions of the cavities by optical, thermal, mechanical, or
electrical control data can be stored and routed in a
controlled manner to support information processing and
communications applications.

To date, several technologies have been pursued to
fabricate high Q microcavities on silica and silicon chips to
support these applications and include:

® Ring Resonators — closed loop waveguides
fabricated on silica or silicon chips, Achievable Q
values (~10° limited by sidewall scatter and material
defects).

® Toroidal Ring Resonators — promising technology
developed by Caltech where closed loop toroidal
rings with diameters on the microns scale are formed
through a laser reflow process. High Q levels have
been demonstrated (~ 10°) due to atomic smoothness
of surface after laser reflow. Manufacturability will
be challenging due to large change in dimensions
upon laser reflow.

o High Q Crystal Resonators — very high Q values (~
10'%) demonstrated in CaF, and Lithium Niobate due
to low number of crystal defects. Smooth surfaces
are achieved by hand polishing and sizes are limited
to millimeter scale. Integration of several
microcavities into a circuit or array is problematic.

®  Photonics Bandgap Structures — critical dimension
control is difficult and has prevented achievement of
high Q values which are theoretically predicted. The
capability for precise fabrication is anticipated to
substantially increase Q values.
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Table 2.  Applications for High Q Microcavities — Passive and Active Components

Application Microcavity Function Merit of High Q
Sensors: Photons sense environment while circulating in | Higher Q: lower threshold detection
Chemy/bio, microcavity. By monitoring phase and limits (chemy/bio detection), diagnosis of

Acoustic, Navigation
(Passive)

amplitude of optical power presence of
chem/bio molecules (spectrometers) can be
detected, strain levels measured (ultrasonic
imaging, acoustic detection), and rotation/
acceleration monitored (navigation)

diseases at early times/stages (medical),
higher imaging quality (ultrasonic), and
higher rotation/ acceleration sensitivity
(navigation)

Filters, Transceivers,
Multiplexers (Passive)

Photons are coupled into resonant cavity when
resonant conditions are met (a function of

photon wavelength, A) enabling filtering or
discrimination of photons based on A

Higher Q: narrower bandwidths (filters),
larger number of communications
channels (transceivers, multiplexers)

Lasers, Optical Sources
(Active)

Amplification of photons in resonant cavities
leads to lasing when doped with rare earth
materials or achieved through Raman
processes

High Q in small volume: lasers with low
threshold lasing levels

Switches, Modulators
(Active)

Photons are coupled into microcavities when
resonant conditions are satisfied. Resonant
conditions are dynamically controlled through
thermal optical, electrical, or mechanical control
to achieve switching and modulation

Higher Q: lower switching/ modulation
power, higher switching/modulation
speeds,

Data Buffers, Optical
Delays (Active)

Tunable optical delays, optical buffers. Photons
are stored in microcavities and retrieved from
microcavities in synch with processing clock by
tuning and detuning resonant conditions

Higher Q: longer photon storage times
for computation

The two technologies listed above which have generated

ytterbium. It is anticipated that a next generation, low

the highest Q values to date, toroidal ring resonators and
high Q crystal resonators, have significant chip level
integration challenges, where creating sensor arrays and
highly integrated circuits with these technologies will be
exceedingly challenging. It is envisioned that atomically
precise fabrication will be an enabling technology for the
next generation of compact, ultra high Q microcavities due
to the capability of this technology to achieve the atomically
smooth surfaces and defect free material layers which are
required to generate high Q values, while having the
manufacturing advantage of precise patterning and tight
critical dimension control which will be required for
integration of multiple microcavities into high density circuit
elements or sensor arrays.

High Q Cavity Applications

Compact, Low Threshold Lasers

The Kerry Vahala research group at Caltech has
demonstrated low threshold lasing in the toroidal resonator
microcavities, which have diameters of roughly 30 microns.
They have demonstrated chip scale, microcavity
configurations which operate as Raman lasers along with
microcavities configurations which demonstrate lasing with
introduction of the rare earth elements, erbium and

threshold power laser could also be developed with this
technology could by integrating quantum wells or quantum
dots on the same chip as high Q microcavities . The
threshold levels required to achieve lasing is a function of
the ratio of cavity Q to mode volume, V. Ultra low
threshold levels for lasing could be demonstrated by
increasing Q or reducing the size of the microcavity. With
atomically precise fabrication, ultra high Q cavities with
small mode volumes could be fabricated and designed to
efficiently couple to quantum dot structures. With the
development of low threshold lasing technology, energy
harvested on the chip through thermal or solar energy could
be used to power these lasers.

Chip Scale, Chem/Bio/Medical Sensors

The Kerry Vahala research group at Caltech has also
demonstrated the capability to detect single molecules
through label free means by using the toroidal resonator
microcavities with functionalized surfaces to selectively
bind target molecules. While this technology can be
configured to detect a single target molecule, sensor arrays
will have to be fabricated to detect a larger number of target
molecules, which will require chips with multiple
microcavities on a single chip. The development of this
sensing technology has applications in a number of fields:
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® Medical — early detection of disease

® Defense/Homeland Security — detection of
chem/bio/explosives

®  Environmental, Health — monitoring air and water
pollution, food contamination

The vision for the next generation of sensor technologies
is to develop compact sensors which have the following
functionalities:

® Integrated sources and sensors array on a chip

®  Compact configurations which can be discreetly
placed in environment (defense, environmental
applications) or worn by a human (medical)

® Biocompatible platforms to enable in vivo monitoring
to support medical applications

® [ow energy requirements, utilization of energy
harvested power

® (apability to process sensor data on the same chip as
the sensor or couple this data onto an antenna for
transmission to a remote post for processing

® Signal an alert when a molecule, be it a hazardous
chemical, biological compound, or precursor to a
disease, is detected to a remote listening post

High Q cavities are anticipated to be an enabling element
for this technology as they can be utilized to create compact
chip scale optical sources (e.g. lasers) and sensor arrays
along with the filters, routers, and switches required to
process and communicate the data. It is anticipated that
atomically precise fabrication could be leveraged to
construct the high Q cavities, integrate novel materials for
energy harvesting, and generate precise structures which will
bind target molecules with a high degree of selectivity.

Quantum Information Science

The emerging field of quantum information sciences has
been pursued due to the capabilities of this technology to
lead to quantum leaps forward in the fields of computation,
secure communication, and encryption. Quantum networks

and node configurations are currently being pursued by a
wide variety of researchers which function through the
strong coherent interactions of light and matter, whereby
trapped atoms or quantum dots are coupled to high Q
microcavities. The Vahala and Kimble research groups at
Caltech have demonstrated strong interactions between
trapped atoms and single photons circulating in high Q,
toroidal resonant cavities in support of this technology.

It is anticipated that high Q microcavities will be utilized
for multiple components in support of quantum information
processing including construction of logic gates, optical
buffers/delay gates, single photon sources, and converters of
atomic qubit logic to optical logic (for those approaches
which utilize atomic logic elements for processing). Ultra
high Q cavities and ultra low loss waveguides are essential
for optical approaches to quantum computation as
information is stored and processed as individual photons
and any photons lost in the circuit will either increase the
incidence of errors or increase the scale of circuit required to
achieve low rates of errors.

Optical Information Processing

There has been a strong push in the field of optical
information processing to increase processing speed using
all optical processing technology. Currently, for information
processing, photons do not manipulate photons without first
interacting with electrons. Consequently, hybrid
technologies are required to manipulate both photons and
electrons for information processing applications.
Researchers are actively pursuing technologies to enhance
non-linear interactions in order that photons can manipulate
photons without interacting with electrons. This would
alleviate the need for hybrid technologies and increase
information processing speed (photon interactions are faster,
though weaker). Compact microcavities with high Q values
and small mode volumes enhance non-linear interactions and
reduce switching times. Researchers are actively pursuing
integration of Kerr materials and other novel materials into
microtoroid resonators to enhance non-linear interactions
and enable all optical information processing. Atomically
precise fabrication would enable the generation of the high
Q cavities in small mode volumes and enable precise
positioning of novel materials to enhance non-linear
interactions.

Nanotechnology Roadmap

Working Group Proceedings

38-5



Paper 38 L. Oesterling Battelle Memorial Institute

38-6 Working Group Proceedings Nanotechnology Roadmap



Paper 39

S. M. Risser

Battelle Memorial Institute

Impact of Atomically Precise Manufacturing
on Waveguide Applications

Advances in waveguide technology have created the
information revolution of the past 20 years. Future advances
in waveguide technology due to atomically precise
manufacturing (APM) could have impacts as large, or larger,
in information technology and sensor fabrication, in addition
to enabling the development of silicon photonics.

The continued expansion of the data-carrying capacity of
fiber-optics networks requires the continued development of
optical devices with increased functionality. Of particular
interest is the development of amplifiers directly integrated
into key passive components, such as star couplers and
wavelength demultiplexers, and the development of
components utilizing photonic band gaps or other specific
arrangements of multiple materials. In the case of
amplifiers, APM will allow higher dopant levels without
quenching, leading to optical amplification in shorter path
lengths and allowing more compact (and less expensive)
device fabrication. APM will enhance the development of
photonic band gap (or similar) devices by allowing more
precise control of the refractive index patterns that enable
the device function. Additionally, the application of APM

methods to electrode fabrication may allow the realization of

devices that are impossible using conventional lithographic
methods.

Waveguide sensors have multiple attractive features,
including compactness, robustness, resistance to
electromagnetic interference, and remote connection to
instrumentation using optical fibers. These sensors
primarily operate using either evanescent field sensing
techniques (grating couplers, waveguide interferometers,

surface plasmon resonance sensors) or surface acoustic wave

techniques. In both cases, the waveguide surface is treated
to allow binding of the desired species, which alters the
signal propagating along the waveguide. APM can enhance
these sensors in multiple ways, including the fabrication of
patterned surfaces on the waveguide to allow detection of
multiple targets, formation of tailored binding sites to reduce
the non-specific binding of other species to the surface, and
the fabrication of waveguides with tailored optical or
acoustical properties that would allow for improved or
alternate signal transduction.

Silicon photonics is an effort to increase the bandwidth of
the connections between microprocessors by using optical
transfer of data. The key is all components of the optical
interconnects must be fabricated as part of the CMOS
manufacturing, using standard techniques. Although silicon
waveguides have been used for some time, only recently has
continuous lasing been demonstrated in silicon. Because of
the much smaller size of optical components in silicon as
opposed to silica, APM techniques will be required to allow
for the fabrication of the full range of silicon optical
components (waveguides, lasers, amplifiers, filters,
resonators, attenuators, modulators, ...) needed for the
complete realization of the potential of this technology. In
particular, fabrication of the laser cavity, and the localized
doping of the silicon to form modulators and the lasers will
require the integration of APM techniques into the CMOS
manufacturing process.
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