
OPTICAL SYSTEMS FABRICATED BY PRINTING-BASED ASSEMBLY
CROSS-REFERENCE TO RELATED APPLICATIONS [001] This
application claims the benefit of priority to U.S.
Provisional Patent Applications 60/885,306 filed
January 17, 2007 and 60/944,61 1 filed June 18, 2007,
both of which are hereby incorporated by reference in
their entirety to the extent not inconsistent with the
disclosure herein. STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT [002] This invention
was made, at least in part, with United States
governmental support under DEFG02-91-ER45439 awarded
by U.S. Department of Energy. The United States
Government has certain rights in this invention.
BACKGROUND OF INVENTION [003] Since the first
demonstration of a printed, all polymer transistor in
1994, a great deal of interest has been directed at
development of a new class of electronic systems
comprising flexible integrated electronic devices on
plastic substrates. [Gamier, F., Hajlaoui, R., Yassar,
A. and Srivastava, P., Science, Vol. 265, pgs 1684 -
1686] Substantial research has been directed over the
last decade toward developing new solution processable
materials for conductors, dielectrics and
semiconductors elements for flexible polymer-based
electronic devices. Progress in the field of flexible
electronics is not only driven by the development of
new solution processable materials but also by new
device geometries, techniques for high resolution,
dense patterning of large substrate areas, and high
throughput processing strategies compatible with
plastic substrates. It is expected that the continued
development of new materials, device configurations
and fabrication methods will play an essential role in
the rapidly emerging new class of flexible integrated
electronic devices, systems and circuits. [004]
Interest in the field of flexible electronics arises
out of several important advantages provided by this
technology. First, the mechanical ruggedness of
plastic substrates provides a platform for electronic
devices less susceptible to damage and/or electronic
performance degradation caused by mechanical stress.
Second, the inherentflexibility and detormabiiity ot
plastic substrate materials allows these materials to
De integrated into useful shapes, form factors and
configurations not possible with conventional brittle
silicon based electronic devices. For example, device
fabrication on 



flexible, shapeable and/or bendable plastic substrates
has potential to enable a class of functional devices
having revolutionary functional capabilities, such as
electronic paper, wearable computers, large-area
sensors and high resolution displays, that are not
feasible using established silicon-based technologies.
Finally, electronic device assembly on flexible
plastic substrates has potential for low cost
commercial implementation via high speed processing
techniques, such as printing, capable of assembling
electronic devices over large substrate areas. [005]
Despite considerable motivation to develop a
commercially feasible platform for flexible
electronics, the design and fabrication of flexible
electronic devices exhibiting good electronic
performance continues to present a number of
significant technical challenges. First, conventional
well-developed methods of making single crystalline
silicon based electronic devices are incompatible with
most plastic materials. For example, traditional high
quality inorganic semiconductor components, such as
single crystalline silicon or germanium
semiconductors, are typically processed by growing
thin films at temperatures (> 1000 degrees Celsius)
that significantly exceed the melting or decomposition
temperatures of most or all plastic substrates. In
addition, many inorganic semiconductors are not
intrinsically soluble in convenient solvents that
would allow for solution based processing and
delivery. Second, although amorphous silicon, organic
or hybrid organic-inorganic semiconductors have been
developed that are compatible with low temperature
processing and integration into plastic substrates,
these materials do not exhibit electronic properties
comparable to conventional single crystalline
semiconductor based systems. Accordingly, the
performance of electronic devices made from these
alternative semiconductor materials is less than
current state of the art high performance
semiconductor devices. As a result of these
limitations, flexible electronic systems are presently
limited to specific applications not requiring high
performance, such as use in switching elements for
active matrix flat panel displays with non-emissive
pixels and in light emitting diodes. [006]
Macroelectronics is a rapidly expanding area of
technology which has generated considerable interest
in developing commercially feasible flexible
electronic systems and processing strategies. The
field of macroelectronics relates to microelectronic
systems wherein microelectronic devices and device
arrays aredistributed and integrated on large area
substrates significantly exceeding the physical 



dimensions of conventional semiconductor wafers. A
number of macroelectronic products have been
successfully commercialized including large area
macroelectronic flat panel display products. The
majority of these display systems comprise amorphous
or polycrystalline silicon thin film transistor arrays
patterned onto rigid glass substrates. Macroelectronic
display devices having substrate dimensions as large
as 100's of meters squared have been achieved. Other
macroelectronic products in development include
photovoltaic device arrays, large area sensors and
RFID technology. [007] Despite considerable progress
in this field, there is continued motivation to
integrate flexible substrates and device structures
into macroelectronic systems so as to impart new
device functionality, such as enhanced ruggedness,
mechanical flexibility and bendability. To address
this need, a number material strategies for flexible
macroelectronic systems are currently being pursued
including organic semiconductor thin film transistor
technology, nano-wire and nanoparticle based flexible
electronics and organic/inorganic semiconductor hybrid
technology. In addition, substantial research is
currently directed at developing new fabrication
processes for accessing high throughput and low cost
manufacturing of macroelectronic systems. [008] U.S.
Patents 11/145,574 and 11/145,542, both filed on June
2, 2005, disclose a high yield fabrication platform
using printable semiconductor elements for making
electronic devices, optoelectronic devices and other
functional electronic assemblies by versatile, low
cost and high area printing techniques. The disclosed
methods and compositions provide for the transfer,
assembly and/or and integration of microsized and/or
nanosized semiconductor elements using dry transfer
contact printing and/or solution printing techniques
providing good placement accuracy, registration and
pattern fidelity over large substrate areas. The
disclosed methods provide important processing
advantages enabling the integration of high quality
semiconductor materials fabricated using conventional
high temperature processing methods onto substrates by
printing techniques which may be independently carried
out at relatively low temperatures (< about 400
degrees Celsius) compatible with a range of useful
substrate materials, including flexible plastic
substrates. Flexible thin film transistors fabricated
using printable semiconductor materials exhibit good
electronic performance characteristics, such as device
field effect mobilities greater than 300 cm2 V 1 s 1
and on/off ratios 



greater than 103, when in flexed and non-flexed
conformations.[009] It will be appreciated from the
foregoing that a need exists for methods of making
large area integrated electronics, including
macroelectronic systems. In particularly, fabrication
methods for these systems are needed that are capable
of highthroughput and low cost implementation.
Further, there is currently a need for macroelectronic
systems combining good electronic device performance
and enhanced mechanical functionality such as
flexibility, shapeability, bendability and/or
stretchability. SUMMARY OF THE INVENTION [010] The
present invention provides optical devices and systems
fabricated, at least in part, via printing-based
assembly and integration of printable functional
materials and/or semiconductor-based devices and
device components. In specific embodiments the present
invention provides light emitting systems, light
collecting systems, light sensing systems and
photovoltaic systems comprising printable
semiconductor elements, including large area, high
performance macroelectronic devices. Optical systems
of the present invention comprise printable
semiconductor containing structures (e.g., printable
semiconductor elements) assembled, organized and/or
integrated with other device components via printing
techniques that exhibit performance characteristics
and functionality comparable to single crystalline
semiconductor based devices fabricated using
conventional high temperature processing methods.
Optical systems of the present invention have device
geometries and configurations, such as form factors,
component densities, and component positions, accessed
by printing that provide a range of useful device
functionalities. Optical systems of the present
invention include devices and device arrays exhibiting
a range of useful physical and mechanical properties
including flexibility, shapeability, conformability
and/or stretchablity. Optical systems of the present
invention include, however, devices and device arrays
provided on conventional rigid or semi-rigid
substrates, in addition to devices and device arrays
provided on flexible, shapeable and/or stretchable
substrates. [011] This invention also provides device
fabrication and processing steps, methods and
materials strategies for making optical systems at
least in part via printing techniques, including
contact printing, for example using a conformable
transfer devices, such as an elastomeric transfer
device (e.g., elastomer layer or stamp). In specific
embodiments, methods of the present invention provide
a high-throughput, low cost 



fabrication platform for making a range of high
performance optical systems, including light emitting
systems, light collecting systems, light sensing
systems and photovoltaicsystems. Processing provided
by the present methods is compatible with large area
substrates, such as device substrates for
microelectronic devices, arrays and systems, and is
useful for fabrication applications requiring
patterning of layered materials, such as patterning
printable structures and/or thin film layers for
electronic and electro-optic devices. Methods of the
present invention are complementary to conventional
microfabrication and nanofabrication platforms, and
can be effectively integrated into existing
photolithographic, etching and thin film deposition
device patterning strategies, systems and
infrastructure. The present device fabrication methods
provide a number of advantages over conventional
fabrication platforms including the ability to
integrate very high quality semiconductor materials,
such as single crystalline semiconductors and
semiconductor-based electronic devices/device
components, into optical systems provided on large
area substrates, polymer device substrates, and
substrates having contoured a conformation. [012] In
an aspect, the present invention provides processing
methods using high quality bulk semiconductor wafer
starting materials that are processed to provide large
yields of printable semiconductor elements with
preselected physical dimensions and shapes that may be
subsequently transferred, assembled and integrated
into optical systems via printing. An advantage
provided by the present printing-based device
fabrication methods is that the printable
semiconductor elements retain desirable electronic
properties, optical properties and compositions of the
high quality bulk wafer starting material (e.g.,
mobility, purity and doping etc.) while having
different mechanical properties (e.g., flexibility,
stretchability etc.) that are useful for target
applications such as flexible electronics. In
addition, use of printing-based assembly and
integration, for example via contact printing or
solution printing, is compatible with device
fabrication over large areas, including areas greatly
exceeding the dimensions of the bulk wafer starting
material. This aspect of the present invention is
particularly attractive for applications in
macroelectronics. Further, the present semiconductor
processing and device assembly methods provide for
very efficient use of virtually the entire starting
semiconductor material for making printable
semiconductor elements that can be assembled and
integrated into a large number of devices or device
components. This 



aspect of the present invention is advantageous
because very little of the high quality semiconductor
wafer starting material is wasted or discarded during
processing, thereby providing a processing platform
capable of low cost fabrication of optical
systems.[013] In one aspect, the present invention
provides optical systems comprising printable
semiconductor elements, including printable
semiconductor-based electronic devices/device
components, assembled, organized and/or integrated
using contact printing. In an embodiment of this
aspect, the invention provides a semiconductorbased
optical system made by a method comprising the steps
of: (i) providing a device substrate having a
receiving surface; and (ii) assembling one or more
plurality of printable semiconductor elements on the
receiving surface of the substrate via contact
printing. In an embodiment, the optical system of this
aspect of the present invention comprises an array of
semiconductor-based devices or device components
assembled on the receiving surface of the substrate
via contact printing. In specific embodiments, each of
the printable semiconductor elements of the optical
system comprises a semiconductor structure having a
length selected from the range of 0.0001 millimeters
to 1000 millimeters, a width selected from the range
of 0.0001 millimeters to 1000 millimeters and a
thickness selected from the range of 0.00001
millimeters to 3 millimeters. In an embodiment of this
aspect, printable semiconductor elements comprise on
or more semiconductor devices selected from the group
consisting of LED, solar cell, diode, p-n junctions,
photovoltaic systems, semiconductor-based sensor,
laser, transistor and photodiode, having a length
selected from the range of 0.0001 millimeters to 1000
millimeters, a width selected from the range of 0.0001
millimeters to 1000 millimeters and a thickness
selected from the range of 0.00001 millimeters to 3
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a length selected from the range of
0.02 millimeters to 30 millimeters, and a width
selected from the range of 0.02 millimeters to 30
millimeters, preferably for some applications a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter, preferably for some
applications a length selected from the range of 1
millimeters to 10 millimeters, and a width selected
from the range of 1 millimeter to 10 millimeters. In
an embodiment, the printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.0003 



millimeters to 0.3 millimeters, preferably for some
applications a thickness selected from the range of
0.002 millimeters to 0.02 millimeters. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 100 nanometers to 1000
microns, a width selected from the range of 100
nanometers to 1000 microns and a thickness selected
from the range of 10 nanometers to 1000 microns.[014]
In an embodiment, the printable semiconductor
element(s) is/are an electronic device or a component
of an electronic device. In an embodiment, the
printable semiconductor element(s) is/are selected
from the group consisting of: an LED, a laser, a solar
cell, a sensor, a diode, a transistor, and a
photodiode. In an embodiment, the printable
semiconductor element(s) comprises the semiconductor
structure integrated with at least one additional
structure selected from the group consisting of:
another semiconductor structure; a dielectric
structure; conductive structure, and an optical
structure. In an embodiment, the printable
semiconductor element comprises the semiconductor
structure integrated with at least one electronic
device component selected from the group consisting
of: an electrode, a dielectric layer, an optical
coating, a metal contact pad and a semiconductor
channel. In an embodiment, the system further
comprises an electrically conducting grid or mesh
provided in electrical contact with at least a portion
of said printable semiconductor elements, wherein the
electrically conducting grid or mesh providing at
least one electrode for said system. [01 5] Useful
contact printing methods for assembling, organizing
and/or integrating printable semiconductor elements of
this aspect include dry transfer contact printing,
microcontact or nanocontact printing, microtransfer or
nanotransfer printing and self assembly assisted
printing. Use of contact printing is beneficial in the
present optical systems because it allows assembly and
integration of a plurality of printable semiconductor
in selected orientations and positions relative to
each other. Contact printing in the present invention
also enables effective transfer, assembly and
integration of diverse classes of materials and
structures, including semiconductors (e.g., inorganic
semiconductors, single crystalline semiconductors,
organic semiconductors, carbon nanomaterials etc.),
dielectrics, and conductors. Contact printing methods
of the present invention optionally provide high
precision registered transfer and assembly of
printable semiconductor elements in preselected
positions and 



spatial orientations relative to one or more device
components prepatterned on a device substrate. Contact
printing is also compatible with a wide range of
substrate types, including conventional rigid or
semi-rigid substrates such as glasses, ceramics and
metals, and substrates having physical and mechanical
properties attractive for specific applications, such
as flexible substrates, bendable substrates, shapeable
substrates, conformable substrates and/or stretchable
substrates. Contact printing assembly of printable
semiconductor structures is compatible, for example,
with low temperature processing (e.g., less than or
equal to 298K). This attribute allows the present
opticalsystems to be implemented using a range of
substrate materials including those that decompose or
degrade at high temperatures, such as polymer and
plastic substrates. Contact printing transfer,
assembly and integration of device elements is also
beneficial because it can be implemented via low cost
and high-throughput printing techniques and systems,
such as roll-to-roll printing and flexographic
printing methods and systems. The present invention
include methods wherein contact printing is carried
out using a conformable transfer device, such as an
elastomeric transfer device capable of establishing
conformal contact with external surfaces of printable
semiconductor elements. In embodiments useful for some
device fabrication applications contact printing is
carried out using an elastomeric stamp. [016] In an
embodiment, the step of contact printing-based
assembly of printable semiconductor comprises the
steps of: (i) providing a conformable transfer device
having one or more contact surfaces; (ii) establishing
conformal contact between an external surface of the
printable semiconductor element and the contact
surface of the conformable transfer device, wherein
the conformal contact bonds the printable
semiconductor element to the contact surface; (iii)
contacting the printable semiconductor element bonded
to the contact surface and the receiving surface of
the device substrate; and (iv) separating the
printable semiconductor element and the contact
surface of the conformable transfer device, thereby
assembling the printable semiconductor element on the
receiving surface of the device substrate. In some
embodiments, the step of contacting the printable
semiconductor element bonded to the contact surface
and the receiving surface of the device substrate
comprises establishing conformal contact between the
contact surface of the transfer device having the
printable semiconductor element(s) and the receiving
surface. In some embodiments, 



the printable semiconductor element(s) on the contact
surface are brought into contact with an adhesive
and/or planarizing layer provided on the receiving
surface to facilitate release and assembly on the
device substrate. Use of elastomeric transfer devices,
such as elastomer layers or stamps including PDMS
stamps and layers, is useful in some methods given the
ability of these devices to establish conformal
contact with printable semiconductor elements, and the
receiving surfaces, external surface and internal
surfaces of device substrates and optical components.
[017] Use of printable semiconductor materials and
printable semiconductor-based electronic
devices/device components in embodiments of this
aspect provides the capable of integrating a range of
high quality semiconductor materials for
fabricatingoptical systems exhibiting excellent device
performance and functionality. Useful printable
semiconductor elements include, semiconductor elements
derived from high quality semiconductor wafer sources,
including single crystalline semiconductors,
polycrystalline semiconductors, and doped
semiconductors. In a system of the present invention,
the printable semiconductor element comprises a
unitary inorganic semiconductor structure. In a system
of the present invention, the printable semiconductor
element comprises a single crystalline semiconductor
material. In addition, use of printable semiconductor
structures provides the capability of integrating
printable structures comprising semiconductor
electronic, optical and optoelectronic devices, device
components and/or semiconductor heterostructures, such
as hybrid materials made via high temperature
processing and subsequently assembled on a substrate
via printing. In certain embodiment, printable
semiconductor elements of the present invention
comprise functional electronic devices or device
components, such as p-n junctions, semiconductor
diodes, light emitting diodes, semiconductor lasers
(e.g., Vertical-Cavity Surface-Emitting Lasers
(VCSEL)), and/or photovoltaic cells. [018] In an
embodiment, the printable semiconductor elements are
assembled on said device substrate such that they
generate a multilayer structure on said receiving
surface. In an embodiment, for example, the multilayer
structure comprises mechanically-stacked solar cells.
In an embodiment, for example, the printable
semiconductor elements are solar cells having
different band-gaps. [019] Optical systems of this
aspect of the present invention may optionally
comprise a variety of additional device elements
including, but not limited to, optical components, 



dielectric structures, conductive structures, adhesive
layers or structures, connecting structures,
encapsulating structures, planarizing structures,
electro-optic elements and/or thin film structures and
arrays of these structures. In an embodiment, for
example, an optical system of the present invention
further comprises one or more passive or active
optical components selected from the group consisting
of: collecting optics, concentrating optics, diffusing
optics, dispersive optics, optical fibers and arrays
thereof, lenses and arrays thereof, diffusers,
reflectors, Bragg reflectors, waveguides
("light-pipes"), and optical coatings (e.g.,
reflective coatings or antireflective coatings). In
some embodiments, active and/or passive optical
components are spatially aligned with respect to at
least one of the printable semiconductor elements
provided on the device substrate. Optical systems of
this aspect of the present invention may optionally
comprise a variety of additional device components
including, but not limited to,electrical
interconnects, electrodes, insulators and
electro-optical elements. Printedbased assembly may be
used to assembly and integrate additional device
elements and additional device components, in addition
to assembly and integration of these additional
elements by variety of techniques well known in the
field of microelectronics, including but not limited
to, optical photolithography, deposition techniques
(e.g., chemical vapor deposition, physical vapor
deposition, atomic layer deposition, sputtering
deposition etc.), soft lithography, spin coating and
laser ablation patterning. [020] Printing-based
assembly provides a very high degree of control over
the physical dimensions, geometry, relative spatial
orientation and organization, doping levels and
materials purity of the printable semiconductor
elements assembled and integrated into the present
optical systems. In an embodiment, printable
semiconductor elements of the optical system are
provided on the receiving surface of the substrate
with a density equal to or greater than 5
semiconductor elements mm 1, preferably for some
embodiments a density equal to or greater than 50
semiconductor elements mm 1 , and preferably for some
applications a density equal to or greater than 100
semiconductor elements mm 1. In another embodiment,
the printable semiconductor elements of the optical
system have at least one longitudinal physical
dimension (e.g., length, width etc.), optionally two
longitudinal physical dimensions, less than or equal
to 2000 nanometers, and in some embodiments less than
or equal to 500 nanometers. In another embodiment,
each printable semiconductor element of the optical
system has at 



least one cross-sectional physical dimension (e.g.
thickness) less than or equal to 100 microns,
preferably for some applications less than or equal to
10 microns, and preferably for some applications less
than or equal to 1 microns. In another embodiment, the
positions of the printable semiconductor elements in
the optical system relative to each other are selected
to within 10,000 nanometers. [021] Printable
semiconductor elements may be assembled in selected
orientations with respect to each other or other
device elements of optical systems of the present
invention. In an embodiment, printable semiconductor
elements of the optical system are longitudinal
aligned with respect to each other. The present
invention includes, for example, optical systems
wherein printable semiconductor elements extend
lengths that are parallel to within 3 degrees of each
other. In another embodiment, the optical system
further comprising first and second electrodes
provided on the receiving surface, wherein the
printable semiconductor elements are in electrical
contact with at least one of the electrodes, and
wherein the printable semiconductor elements provide a
fill factorbetween the first and second electrodes
greater than or equal to 10 %, preferably for some
embodiments equal to or larger than 50%. [022] The
present invention also includes optical systems
comprising printable semiconductor elements arranged
in a low density (or sparse) configuration. Use of a
low density configuration has benefits for some
applications, as the amount of semiconductor
incorporated in the device is low, thus, accessing
lower costs. In these configurations, semiconductor
elements may be arrange on a substrate so that the
density of semiconductor elements is low enough such
that the system is optically transparent, preferably
for some embodiments more than 50% optical transparent
at selected wavelength. In an embodiment, printable
semiconductor elements of the optical system are
provided on the receiving surface of the substrate
with a density equal to or less than 1000
semiconductor elements mm 1 , preferably for some
embodiments a density equal to or less than 500
semiconductor elements mm 1, and more preferably for
some embodiments a density equal to or less than 50
semiconductor elements mm 1 . In an embodiment of the
present methods and systems capable of accessing
sparse configurations, the semiconductor elements
cover less than or equal to 10% of the receiving
surface of the target substrate; in another embodiment
less than or equal to 1%; and in another embodiment
less than or equal to 



0.1%. In another embodiment, the optical system
further comprising first and second electrodes
provided on the receiving surface, wherein the
printable semiconductor elements are in electrical
contact with at least one of the electrodes, and
wherein the printable semiconductor elements provide a
fill factor between the first and second electrodes
less than or equal to 10 %, preferably for some
embodiments less than or equal to 5%. [023] The
present invention includes optical systems comprising
printable semiconductor elements assembled and
integrated onto a range of useful substrate materials,
including glass substrates, polymer substrate, plastic
substrates, metal substrates, ceramic substrates,
wafer substrates, and composite substrates. Substrates
useful in the present optical systems include those
having useful mechanical and/or physical properties
such as flexibility, shapeability, stretchability,
mechanical ruggedness and optical transparency at
selected wavelengths. In some embodiments, optical
systems of the present invention comprise printable
semiconductor elements assembled and integrated onto a
device substrate prepatterned with device components.
In some embodiment, optical systems of the present
invention compriseprintable semiconductor elements
assembled and integrated onto a device substrate
having a selected optically functionality, such as a
device substrate comprising a lens, lens array,
optical window, reflector, optical coating, series of
optical coatings, or optically transparent substrate
optionally having one or more optical coatings such as
reflective coatings or anti reflective coatings. In
some embodiments, optical systems of the present
invention comprise printable semiconductor elements
assembled and integrated onto a device substrate
having a contoured receiving surface, such as a
concave receiving surface, convex receiving surface, a
spherical surface, an elliptical surface or receiving
surface having a complex contour with both concave
regions and convex regions. [024] Optical systems of
the present invention may further comprise one or more
encapsulating layers, planarizing layers, laminating
layers, cover layers and/or bonding layers.
Encapsulating layers, laminating layers, planarizing
layers, covering layers or bonding layers may be
provided on top of printable semiconductor elements or
other device components to provide enhanced mechanical
stability and ruggedness. Encapsulating layers,
laminating layers, planarizing layers, covering layers
or bonding 



layers may be provided in a configuration so as to
mechanically, optically and/or electrically
interconnect device components and structures of the
present optical systems. Encapsulating layers,
laminating layers, covering layers, planarizing
layers, or bonding layers may comprise layers of
deposited material, spin coated layers and/or molded
layers. Encapsulating layers, laminating layers,
covering layers, planarizing layers, or bonding layers
are preferably at least partially optically
transparent for some optical systems and applications
of the present invention. Useful encapsulating layers,
laminating layers, planarizing layers, covering layers
and/or bonding layers may comprise one or more
polymers, composite polymers, metals, dielectric
materials, epoxy materials or prepolymer materials. In
an embodiment, printable semiconductor elements are
bonded or otherwise integrated to the receiving
surface via one or more of the following: (i) cold
welding the semiconductor elements to the receiving
surface via a metal layer provided between the
printable semiconductor elements and the receiving
layer; (ii) provided via an adhesive layer provided
between the printable semiconductor elements and the
receiving layer; or (iii) provided by a lamination,
encapsulation or planarizing layer provided on top of
the printable semiconductor elements and the receiving
layer. If the adhesive layer is metal, this layer can
also serve to establishelectrical contact to the
printable semiconductor element during printing-based
assembly and integration. [025] In some embodiments,
the composition and thickness of an encapsulating,
laminating or planarizing layer is selected such that
the printable semiconductor elements, such as printed
semiconductor devices and/or device components,
assembled on a device substrate are placed near or on
the neutral mechanical plane. In an embodiment, for
example an encapsulating or laminating layer is
provided on top of assembled printable semiconductor
elements, wherein the encapsulating or laminating
layer has a composition and thickness similar to that
of the device substrate. In these embodiments,
matching the encapsulating and/or laminating layer
composition and thickness dimension with that of the
device substrate results in the printable
semiconductor elements residing near the neutral
mechanical plane. Alternatively, the thickness and
Young's modulus of the encapsulating and/or laminating
layer may be selected to result in the printable
semiconductor elements residing near the neutral
mechanical plane. An advantage of processing methods
and device geometries 



wherein printable semiconductor elements reside near
the neutral mechanical plane of the device is that
strain on these elements are minimized during bending
or deformation. This strategy for managing strains
generated during bending has benefits for minimizing
delamination or other degradation of the device result
from bending induced strain. [026] In some
embodiments, optical systems of the present invention
provide light emitting optical systems, including, but
not limited to, advanced lighting systems, arrays of
light emitting diodes, arrays of semiconductor lasers
(e.g., VCSELs), passive matrix LED (light emitting
diode) displays, active matrix LED displays, ILED
(inorganic light emitting diode) displays,
macroelectronic display devices, and flat panel
displays. In some embodiments, optical systems of the
present invention provide light sensing optical
systems including, optical sensors and sensor arrays,
flexible sensors, stretchable sensors, conformal
sensors and sensor skins. In some embodiments, optical
systems of the present invention provide optical
systems providing both light emitting and light
sensing functionality such as sheet scanners. Optical
systems of the present invention include energy
conversion and storage systems including photovoltaic
devices, device arrays and systems including solar
cell arrays. In some embodiments, optical systems of
the present invention comprise a plurality of one or
more LEDs, photovoltaic cells, semiconductor lasers,
photodiodes, and electro-optical elements having at
least two physical dimensions (e.g., length, width,
diameter or thickness) lessthan 200 microns. In an
embodiment, for example, the present invention
provides an optical system comprising an array of
solar cells, wherein each cell in the array has at
least two physical dimensions (e.g., length, width,
diameter or thickness) less than 200 microns. In
another embodiment, for example, the present invention
provides an optical system comprising an array of
LEDs, wherein each LED in the array has a thickness
less than 3 microns, and preferably for some
applications less than 1 micron. [027] In another
aspect, the present invention provides a method for
making an optical system comprising the steps: (i)
providing a device substrate having a receiving
surface; and (ii) assembling one or more printable
semiconductor elements on the receiving surface of the
substrate via contact printing; wherein each of the
printable semiconductor elements comprise a
semiconductor structure having a length selected from
the range of 0.0001 millimeters to 1000 millimeters, a
width selected from the range of 0.0001 millimeters to
1000 millimeters and a thickness selected from the 



range of 0.00001 millimeters to 3 millimeters. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.02 millimeters to 30
millimeters, and a width selected from the range of
0.02 millimeters to .30 millimeters, preferably for
some applications a length selected from the range of
0.1 millimeters to 1 millimeter, and a width selected
from the range of 0.1 millimeters to 1 millimeter,
preferably for some applications a length selected
from the range of 1 millimeters to 10 millimeters, and
a width selected from the range of 1 millimeter to 10
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a thickness selected from the range
of 0.0003 millimeters to 0.3 millimeters, preferably
for some applications a thickness selected from the
range of 0.002 millimeters to 0.02 millimeters. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 100 nanometers to 1000
microns, a width selected from the range of 100
nanometers to 1000 microns and a thickness selected
from the range of 10 nanometers to 1000 microns. [028]
Useful contact printing methods useful in this aspect
of the present invention include dry transfer contact
printing, microcontact or nanocontact printing,
microtransfer or nanotransfer printing and self
assembly assisted printing. Optionally, methods of the
present invention employ contact printing as
implemented using a conformable transfer device, such
as an elastomeric transfer device (e.g., elastomeric
stamp, composite stamp or layer). Optionally, a
plurality of printable semiconductor elements
areassembled on the receiving surface of the
substrate, for example in a dense or spares
configuration. Optionally, methods of this aspect of
the present invention further comprise the step of
prepatterning the device substrate with one or more
device components. Optionally, methods of this aspect
of the present invention further comprise the step of
providing one or more optical components in optical
communication or optical registration with the
printable semiconductor elements. In a method of the
present invention, the printable semiconductor element
comprises a unitary inorganic semiconductor structure.
In a method of the present invention, the printable
semiconductor element comprises a single crystalline
semiconductor material. [029] Optionally, methods of
the present invention include the step of providing a
laminating layer, such as a polymer or elastomer layer
on top of at least a portion of the 



printable semiconductor elements assembled on the
receiving surface of the substrate. Optionally,
methods of the present invention include the step of
planarizing at least a portion of the printable
semiconductor elements assembled on the receiving
surface of the substrate. Optionally, methods of the
present invention include the steps of: (i) providing
a planarizing layer to the receiving surface and (ii)
embedding at least a portion of the printable
semiconductor elements in the planarizing layer.
Optionally, methods of the present invention include
the step of patterning one or more electrical
contacts, electrodes, contact pads or other electrical
interconnect structures on at least a portion of the
printable semiconductor elements. [030] Methods of
this aspect of the present invention further comprise
the step of assembling and/or integrating one or more
additional device components onto the device
substrate, such as optical components, electronic
components and/or electrooptical components.
Assembling and/or integrating additional device
components in the present methods can be implemented
in combination with a large number of other
fabrication techniques, including, but not limited to,
lithographic patterning (e.g., optical lithograph and
soft lithography), deposition techniques (e.g., CVD,
PVD, ALD, etc.), laser ablation patterning, molding
techniques (e.g., replica molding), spin coating, self
assembly, contact printing, and solution printing. In
some embodiments, other processing techniques, such as
plasma treatment, etching, metallization and cold
welding are used to generate, assemble or integrate
device components, including printable semiconductor
elements.[031] In an embodiment, for example, a
combination of optical lithography and deposition
techniques are used to pattern the device substrate
prior to or after printingbased assembly of the
printable semiconductor elements. In another
embodiment, for example, replica molding is used to
generate optical components, such as a lens array or
diffusers, which are subsequently patterned with
printable semiconductor elements via contact printing.
In another embodiment, for example, printable
semiconductor elements provided on a device substrate
are electrically connected to electrodes and
electrical interconnects patterned on the device
substrate using a combination of optical lithography
and deposition techniques. In another embodiment, for
example, an optical system comprising a multilayer
structure is generated by repeated transfer and
assembly steps of printable semiconductor elements,
such as thin film transistors, 



LEDs, semiconductor lasers and/or photovoltaic
devices, printed on the device substrate, optionally
in combination with additional processing carried out
via spin coating, deposition and
encapsulation/planarizing steps for integrating
additional device components, such as electrode,
interconnects, adhesive layers, lamination layers,
optical components and encapsulation or planarizing
layers. [032] In an embodiment, the method of this
aspect further comprises the step of providing one or
more optical components in optical communication or
optical registration with the printable semiconductor
elements, for example optical components selected from
the group consisting of: collecting optics, diffusing
optics, dispersive optics, optical fibers and arrays
thereof, lenses and arrays thereof, diffusers,
reflectors, Bragg reflectors, and optical coatings
(e.g., reflective coatings or antireflective
coatings). For example, methods of the present
invention may optionally include the step of providing
an array of optical components in optical
communication or optical registration with at least a
portion of the printable semiconductor elements. In
some embodiments, an optical component of the array is
individually addressed to each of the printable
semiconductor elements. In a specific embodiment, the
array of optical components is fabricated via replica
molding; wherein the printable semiconductor elements
are assembled on a receiving surface of the array of
optical components via contact printing. [033] In an
embodiment, a method of the present invention further
comprises providing one or more electrodes in
electrical contact with the printable semiconductor
elements provided on the device substrate. In an
embodiment electrodes are defined and integrated into
optical systems using a combination of optical
lithographic patterningand deposition techniques
(e.g., thermal deposition, chemical vapor deposition
or physical vapor deposition). In another embodiment,
electrodes are assemble and interconnected with
devices elements using printing. [034] Methods of the
present invention are useful for providing optical
systems on large areas of a receiving surface of a
substrate. In an embodiment useful for making large
array optical systems, printable semiconductor
elements are provided on an area of the receiving
substrate selected over the range of 0.05 m2 to 10
meters2, and preferably for some applications selected
over the range of 0.05 m2 to 1 meters2 [035] In an
embodiment, the present methods further comprise the
step of providing 



an adhesive layer to the receiving surface prior to
the assembling step. Adhesive layers are useful in the
present invention for bonding or otherwise affixing
printable semiconductor elements and other device
elements to the receiving surface of the substrate.
Useful adhesive layers include but are not limited to
one or more metal layers or a polymer layers. In an
embodiment, the present methods further comprise the
step of providing a laminating, planarizing or
encapsulating layer on the printable semiconductor
elements. Laminating, planarizing or encapsulating
layers are useful in the present methods for at least
partially encapsulating or laminating printable
semiconductor elements and other elements on the
receiving surface. [036] Optionally, the method of the
present invention further comprises the steps of: (i)
providing an inorganic semiconductor wafer; (ii)
generating the plurality of printable semiconductor
elements from the semiconductor wafer; and (iii)
transferring the plurality of printable semiconductor
elements from the wafer to the receiving surface via
contact printing, thereby assembling the plurality of
printable semiconductor elements on the receiving
surface of the substrate. In an embodiment, the
plurality of printable semiconductor elements are
assembled on the receiving surface of the substrate
and on the receiving surfaces of one or more
additional substrates, wherein the plurality of
printable semiconductor elements assembled on the
substrates comprises at least 5% to 50% by mass of the
semiconductor wafer. This aspect of the present
invention is beneficial because it provides for very
efficient use of the semiconductor wafer starting
material resulting in low cost fabrication of optical
systems. In some embodiments, the "plurality of
printable semiconductor elements assembled on the
substrates" may comprise a very low fraction (< about
5% by mass or area) of the final, device substrate. In
other words, the printed systems may exhibit a low
fill-factor of the semiconductor.The advantage of a
low-fill factor is that it requires a small amount of
semiconductor material, which in these cases is
expensive on a per-area basis, to populate large areas
of final, device substrate(s). [037] In another
embodiment, the present invention provides a method of
making a semiconductor-based optical system comprising
the steps of: (i) providing an optical component
having an external surface and an internal surface;
(ii) providing a electrically conducting grid or mesh
on the internal surface of the optical component;
(iii) providing a device substrate having a receiving
surface; (iv) assembling a plurality of 



printable semiconductor elements on the receiving
surface of the substrate via contact printing; wherein
each of the printable semiconductor elements comprise
a unitary inorganic semiconductor structure having a
length selected from the range of 0.0001 millimeters
to 1000 millimeters, a width selected from the range
of 0.0001 millimeters to 1000 millimeters and a
thickness selected from the range of 0.00001
millimeters to 3 millimeters; and (v) transferring the
optical component having the grid or mesh to the
substrate, wherein the optical component is positioned
on top of the semiconductor elements assembled on the
on the receiving surface of the substrate, and wherein
the grid or mesh is provided between the optical
component and the semiconductor elements. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.02 millimeters to 30
millimeters, and a width selected from the range of
0.02 millimeters to 30 millimeters, preferably for
some applications a length selected from the range of
0.1 millimeters to 1 millimeter, and a width selected
from the range of 0.1 millimeters to 1 millimeter,
preferably for some applications a length selected
from the range of 1 millimeters to 10 millimeters, and
a width selected from the range of 1 millimeter to 10
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a thickness selected from the range
of 0.0003 millimeters to 0.3 millimeters, preferably
for some applications a thickness selected from the
range of 0.002 millimeters to 0.02 millimeters. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 100 nanometers to 1000
microns, a width selected from the range of 100
nanometers to 1000 microns and a thickness selected
from the range of 10 nanometers to 1000 microns. [038]
In a method of the present invention, the printable
semiconductor element comprises a unitary inorganic
semiconductor structure. In a method of the
presentinvention, the printable semiconductor element
comprises a single crystalline semiconductor material.
BRIEF DESCRIPTION OF THE DRAWINGS [039] Fig. 1.
provides a schematic showing optical systems provided
by the present invention. As shown in Figure 1, the
present invention provides a number of classes of
optical systems and related methods of making these
systems, including systems for 



light generation and systems for light harvesting
comprising printed inorganic optoelectronic systems
with integrated optical components in registry. [040]
Fig. 2 A- E provides schematic diagrams of optical
systems of the present invention comprising printable
semiconductor elements. Figure 2A shows a printed LED
array with integrated optical diffuser. Figure 2B
shows a VCSEL array on a silicon chip with integrated
optical fibers. Figure 2C shows a printed photovoltaic
array with integrated optical collectors. Figure 2D
shows an artificial eye sensor comprising a printed
photodiode array on a collecting lens. Figure 2E shows
a sheet scanner having both light sensing and light
generation functionality and comprising a printed
array LED and photodiode components and integrated
collection optics provided on a polymer or other low
cost substrate. [041] Fig. 3 provides a process flow
schematic for the fabrication of a single pixel
element of a printed inorganic active matrix LED
display of the present invention. [042] Fig. 4
provides a schematic illustration (not to scale) of a
printed active matrix LED display on a glass
substrate. The display shown comprises 100 pixels and
is an approximately 11 inch display. Thin film
transistor (TFT) elements, LED elements, gate lines,
anode lines and data lines of the device are indicated
in Figure 4. [043] Fig. 5 provides photographs (Figure
5A) and operating current-voltage characteristics
(Figure 5B) of a single pixel of an active matrix LED
display on a (transparent) glass substrate. As shown
in Figure 5A the single pixel of an active matrix LED
display comprises a printed TFT structure, a LED
structure, gate electrode and electrical
interconnects. Figure 5B provides a plot of current
(A) verses drive bias (V) for the single pixel of an
active matrix LED display. '[044] Fig. 6 provides
photographs of a 64 pixel active matrix LED display on
a (transparent) glass substrate. Fig. 6A provides a
photograph of a 64 pixel partial LED display (Note:
missing top contacts) comprising 1 mm transistors
printed on to the device substrate and ILEDs manually
placed on the substrate. In the device shown in Figure
6A pixels are provided at a 4 mm pitch. Fig. 6B
provides a photograph of a printed silicon TFT with
interdigitated channel (thin green line) for
high-current operation. Figure 6C provides a
photograph of two pixels illuminated by placing a
transparent common anode electrical contact against
the LEDs. [045] Fig. 7A provides a process flow
schematic for the fabrication of a single pixel 



element of a printed inorganic passive matrix LED
display. [046] Fig. 7B provides a process flow
schematic for establishing electrical contact by
compression of a (soft) substrate/layer. [047] Fig. 8
provides a schematic illustration (not to scale) of a
printed passive matrix printed inorganic LED display.
As shown in Figure 8 the display comprises a bottom
substrate, electrode network, printed ILED, PDMS layer
and top substrate. [048] Fig. 9 provides photographs
of passively addressed printed inorganic LED
displays/arrays on glass and flexible PET substrates.
[049] Fig. 10 provides a process flow schematic for
printing inorganic light emitters and collectors via
cold-weld bonding techniques. [050] Fig. 11 provides a
process flow schematic for printing using a donor
cartridge and cold-weld bonding technique. In this
method a cartridge is patterned with SU-8. ILED
structures are placed on the patterned surface of the
cartridge. A stamp is used to take up the ILED
structures and subsequently print the ILED structures
on a substrate prepatterned with electrodes via
transfer printing. The bottom panel of figure 11 shows
an example of a LED structure printed using this
method. [051] Fig. 12 provides a schematic of an
optical system of the present invention wherein
diffusing optics are integrated with printable LED
structures. In this embodiment, PDMS is molded on
rough polystyrene. A comparison of panels (a) and (b)
show the affect of incorporation of a diffuser in this
optical system. The diffuser can be a rough molded
PDMS structure. This figure demonstrates that
diffusers can effectively increase the size of the
luminous region.[052] Fig. 13 provides a schematic of
diffusing optics comprising radial density gradient
scattering centers useful for LED lighting systems of
the present invention. As shown in this Figures a
printed LED structure under metal is provided in
optical communication with a plurality of optical
scattering centers. The bottom panel in Figure 13
shows a cross sectional view of scattering centers
comprising relief features in a transparent substrate.
[053] Fig. 14A provides an exemplary epilayer
structure for the fabrication of printable micro-LEDs.
As shown in this figure, the epilayer structure
comprises a series of device layers, sacrificial
layers and a handle wafer. Individual layers in the
epilayer structure are shown in the bottom panel of
Figure 14A. Fig. 14B provides an exemplary epilayer 



structure for the fabrication of printable micro-LEDs
comprising quantum well emissive layers. The epilayer
structure comprises a series of semiconductor layers
provided between p-cladding and n-cladding layers.
Specific compositions of each layer in the epilayer
structure are provided. Fig. 14C provides a table
indicating the composition, thickness, doping and
functionality of each layer in the epilayer structure
for the fabrication of printable micro-LEDs. Figure
14D illustrates an example of a mother wafer from
which printable p-on-n GaAs solar cells may be
produced by photolithography and etching layers 9
through 4 and selectively removing layer 3 by a wet
chemical etch. Figure 14E illustrates provides another
example of a mother wafer from which printable n-on-p
GaAs solar cells may be produced by photolithography
and etching layers 9 through 4 and selectively
removing layer 3 by a wet chemical etch. [054] Fig. 15
provides schematic diagrams illustrating the
imperceptible pixilation/high degree of transparency
from low fill-factor, micro-sized (<~100 micron
footprint) LEDs. As shown in the top panel of this
figure, the optical system comprises: (i) a first
glass coated ITO or a low-fill factor metal mesh layer
; (ii) printed micro LEDS structures; and (iii) a
second glass coated ITO or a low-fill factor metal
mesh layer. Top views are provided corresponding to
the off state and the on state. A magnification of the
top view is also provided showing the positioning of
micro LED structures. [055] Fig. 16 provides schemes
for the release of printable light-emitting inorganic
semiconductor micro-elements: micro-LEDs or VCSELs.
Scheme 1 describes the release of such elements by
encapsulating them in a polymer, e.g. photoresist, and
releasing them from the wafer on which they were grown
by selectively etching an AlxGai-xAs (x>about 70%)
sacrificial layer using hydrofluoric acid. Scheme 2
describesrelease by encapsulating them in a conformal
dielectric (e.g. silicon nitride) and releasing them
from the wafer by selectively oxidizing the AIGaAs and
etching the oxidized material using aqueous potassium
hydroxide. Scheme 3 describes release by encapsulating
them with a polymer, e.g. photoresist, followed by
selective etching of a buried GaAs sacrificial layer
using an aqueous mixture of citric acid and hydrogen
peroxide. In scheme 3, the AIGaAs protects the
underside of the light emitting element from the
citric acid-based etchant. [056] Fig. 17A provides a
schematic process flow diagram illustrating
fabrication of integrated solar cell/collector arrays
by printing solar cells. Fig. 17B provides a 



schematic process flow diagram illustrating
fabrication of integrated solar cell/collector arrays
via interconnection of registry of an optical array.
Fig. 17C provides a schematic process flow diagram
illustrating the operation of the integrated solar
cell/collector arrays. [057] Fig. 18A provides a
schematic ray diagram (not to scale) showing operation
of the integrated low-level collecting optics (lens)
and solar-cell arrays of an optical system of the
present invention. As shown in Figure 18A radiation is
collected by the concentrator and focused on printed
microsolar cells. Figure 18B shows an expanded view of
a microcell of the present invention comprising an
antireflection layer, top contact and p-n junction.
[058] Fig. 19 provide a schematic diagram illustration
of light harvesting via reduction of semiconductor
materials costs in a sheet-like form factor. The
collector size is approximately 2 mm, the solar cell
size is approximately 0.1 mm, and the area
multiplication (ratio of collector area and solar cell
area) is approximately 400. As demonstrated by the
calculation show in this figures 1ft2 of processed
semiconductor wafer results in approximately 400 ft2
of light-harvesting area. This calculation
demonstrates the methods and optical systems of the
present invention provide a high efficiency and low
cost fabrication strategy for high performance
photovoltaic devices and systems. [059] Fig. 20
provides a schematic diagram of a collecting optic and
heterogenously composed solar cell of a solar cell
array (sympevolent/diventegration) of the present
invention. As shown in this figure, collecting optics
are provided in optical communication with a
nitride/phosophide and/or arsenide solar cell and
silicon solar cell assembled on the device substrate
via contact printing. Figure 20 also provides
raydiagram of the incident light shown collection and
focus functionality of a concentrator and individually
addressed solar cells. Single crystal multilayer solar
cells (i.e. third generation solar cells) are
typically grown by MOCVD and are constrained by the
necessity of crystal lattice mismatch between layers.
In our system different absorbing layers can have
arbitrary lattices and the materials selected for
optimal spectrum absorption for each layer. [060] Fig.
2 1 provides a schematic process flow diagram for
fabrication of an integrated solar cell and lens array
using a combination of replica molding methods and 



contact printing. As shown in this figure a master
lens array is used to generate a negative replica
mold, for example via replica molding or imprinting
techniques. Next, the molded PDMS layer is used to
generate a plano-concave polymer lens array by casting
the polymer against the negative replica. As shown in
Figure 2 1, solar cells printed onto a device
substrate are provided in optical communication with
the lens array so as to generate an optical system of
the present invention. [061] Fig. 22 demonstrates the
ability of Fresnel lenses, a type of
concentrating/collecting optic, to focus light to a
small area for use in light harvesting systems
described by the present invention. Fresnel lens
arrays can be used as optical concentrators due to its
advantageous features such as thin form factor and
light weight compared with conventional lenses. The
figure shows a focal area measurement for spherical
and cylindrical Fresnel lenses. [062] Fig. 23 provides
a schematic diagram illustrating an optical system of
the present invention wherein horizontal light pipes
and/or waveguides are provided for light harvesting.
This optical system uses transparent, structured media
of appropriate index of refraction to capture
normally- or obliquely-incident light and guide it in
the plane of the substrate to a solar cell or solar
cell array. [063] Fig. 24 provides a schematic showing
an exemplary printable silicon solar cell fabricated
using a silicon on insulator SOI wafer. The solar cell
comprises a doped top surface with a P/As mixture and
is supported by a buried oxide layer of the SOI wafer.
Figure 24 shows the solar cell multilayer structure
comprising a n+-Si (P/As) layer and p- Si(B)
layer.[064] Fig 25 provides a schematic process flow
diagram illustrating a method of transferring a
printable solar cell to substrate using contact
printing and subsequent cold welding processing to
affix the solar cell to a device substrate. [065] Fig
26 provides a schematic diagram (not to scale) showing
a top view (in parallel) of an exemplary configuration
for top contacts to solar arrays of the present
invention. Microsolar cells (shown in gray) having
widths of approximately 120 microns and lengths of
approximately 1 millimeter are provided in an array
format on a device substrate. Metal features are
provided having widths of 60 microns and length on the
order of 1 inch. The metal features provide the top
contacts of a solar cell device array of the present
invention. This figures shows a flexible strip light
made of blue LEDs and 



a thin kapton substrate with a bending radius equal to
0.85 cm. [066] Fig 27 provides a schematic diagram of
an "artificial eye" sensor of the current invention.
The sensor comprises inorganic photodiode arrays
distributed on a lens having spherical curvature.
Various lens shapes and angles are shown in Figure 27
[067] Fig 28 provides a schematic diagram illustrating
wrapping a planar sheet around a spherical surface
demonstrating the necessity of stretchability in an
exemplary "artificial eye" sensor. As shown in Figure
28, conformal positioning of the planar sheet requires
some degree of stretchability to avoid failure. [068]
Fig 29 provide a schematic processes flow diagram
showing a method for making a microsolar cell array of
the present invention. [069] Fig 30. Estimated Short
Circuit Current (Jsc) and AM1 .5 Efficiency as a
function of Silicon Thickness. [070] Fig 3 1. Scanning
Electron Micrographs Showing Sequential Formation of
Si Multilayer Ribbon Stacks. [071] Fig. 32 provides a
schematic diagram of a connection scheme where the Si
ribbons comprising p-type silicon with a thin n-type
layer on top to form the emitter. Left side shows the
as-transferred Si Ribbons, right shows the connection
(direct-write or screen-printing). Only four Si
Ribbons are shown for clarity. [072] Fig 33 provides a
schematic of a solar cell array of the present
invention using PDMS for concentrating solar
illumination.[073] Fig 34. provides images showing
results of printing single crystal silicon onto
plastic, glass, Si wafers, InP wafers and thin film
a-Si. The microstamping process of the present
invention is compatible with a wide range of
substrates. [074] Fig 35 shows a schematic
illustration of an exemplary process of the present
invention, as applied to the printing of printable
inorganic semiconductor-based LEDs. [075] Fig 36
provides an image and a schematic illustration of a
printer useful in the present methods of fabricating
conformable LED lighting systems. [076] Fig 37
provides images of square (part a) and linear (part b)
lighting devices that comprise passively addressed
blue inorganic LEDs assembled on plastic substrates
via contact printing. The device in part (b)
represents a conformal ILED-based thin film lighting
device of the present invention. [077] Fig 38 provides
a schematic process flow diagram of a method of
fabricating a 



conformable LED lighting system of the present
invention. [078] Fig 39 provides a process flow
diagram for fabricating an ILED light device of the
present invention comprising a flexible strip. [079]
Fig 40 provides a cross sectional view of a conformal
ILED lighting system of the present invention
comprising top and bottom PET substrates
(approximately 175 microns thick), ILEDS structures
(approximately 100 microns thick), electrodes and a
PDMS encapsulating coating. [080] Fig 4 1 provides
images of ILED lighting systems of the present
invention in an unbent state, a first bent sate with a
bending radius of 7 cm, a second bent sate with a
bending radius of 5 cm, third bent sate with a bending
radius of 4.5 cm, a fourth bent sate with a bending
radius of 3 cm and in a state upon release of the
bending stress. The images in Figure 42 confirm that
conformal ILED lighting systems of the present
invention provide useful optical properties in bent
configurations. [081] Fig 42 provides an image of a
flexible strip light made of blue LEDs and thin kapton
substrates with bending radius equal to 0.85 cm. [082]
Fig 43 provides schematics showing two methods for
assembling ILED structures on the device
substrate.[083] Fig 44 provides a schematic for the
formation of a micro single crystal silicon solar cell
with low-level concentrating lens. In the first step
(a) the micro structures are transferred from PDMS
onto an embedded electrode which serves as the back
electrical contact for the device. The silicon is
transferred by laminating the PDMS onto the electrode
surface and slowly peeling the PDMS back. Next, in
step (b), planarization followed by the formation of
the top metal contacts is performed. The device is
completed by integrating a low concentration
cylindrical lens array made from PDMS onto the device
(step c). In this final step it can be seen that the
device was designed such that the rows of silicon
cells align with the focal point of the lens array.
[084] Fig 45 provides images of a silicon solar cell
transferred to a glass substrate, (a) Optical image of
a single cell on a glass substrate with both top and
bottom electrical contacts, (b) current voltage
characteristics - Typical I-V response for a device
shown in (a) under AM 1.5. [085] Fig 46 provides
images of a solar cell array joined to cylindrical
collecting optics. (a) Picture of the final fully
integrated device with cylindrical lens array (b)
Picture of the 



same device without the incorporation of the lens
array. [086] Fig 47 provides a schematic diagram for
generating optical concentrator arrays with integrated
metal contacts onto mS-Silicon solar cells
(micro-silicon solar cells). The process starts off
with retrieval of a metal mesh pattern from a
substrate (shown dark blue) via a PDMS molded lens
array. The lens array/mesh pattern can then be
laminated in registry onto an array of silicon solar
cells. [087] Fig 48 illustrates the process flow for
generating solar cells and integrated concentrating
optics. [088] Fig 49 provides images of a micro solar
cell array printed onto gold bus lines on glass
substrates via a thin PDMS adhesive layer. Also shown
are current - voltage characteristics for the solar
cell array. [089] Fig 50 provides a schematic
illustration of microcells of (a) vertical-type, (b)
transverse-type, (c) combination of both types. [090]
Fig. 5 1 provides a schematic diagram illustrating a
method of the present invention for making large area
optical systems using micromanipulation via transfer
printing. This techniques provides for massively
parallel assembly of inorganicsemiconductor elements
and semiconductor devices having micro-sized and/or
nanosized physical dimensions. [091] Fig. 52 provide a
plot of current (A) versus applied voltage (V) for a
inorganic LED device assembled via transfer printing.
[092] Fig. 53A provide a plot of current (A) versus
applied voltage (V) for a printed thin-film inorganic
LED device assembled on a plastic substrate via
transfer printing. Figure 53A also provide a schematic
diagram of the assembled device. Fig. 53A provides a
schematic diagram shown an exemplary ILED epilayer
structure useful in the present invention. [093]
Figures 54A and 54B provides schematic diagrams of
systems of the present invention comprising planarized
printable semiconductor elements. [094] Figure 55
provides a flow diagram illustrating processing steps
in methods of the present invention for making
semiconductor-based optical systems comprising
planarized printable semiconductor elements, such as
printable semiconductor-based electronic devices and
device components. [095] Figure 56 provides
experimental results characterizing the impact of step
edges 



on establishing electrical contact to and/or between
printable semiconductor elements. [096] Figure 57
provides a process flow diagram for making printable
semiconductor elements comprising vertical solar cells
that can be subsequently assembled and interconnected
to fabricate a solar cell array. [097] Figure 58
provides SEM images of microsolar cells of different
thicknesses fabricated from bulk wafers. (Top to
bottom: 8 microns, 16 microns, 22 microns thick).
[098] Figure 59 provides a plot showing IV
characteristics of an individual solar cell device
fabricated using the present processing platform.
[099] Figure 60 shows processing for generating top
contacts for the vertical solar cells and related
electronic performance data. [0100] Figure 6 1
provides a schematic showing a solar cell layout of
transverse type solar cells to be patterned on a <
111> p-type Si wafer and capable of subsequent
assembly and integration via contact printing.[0101]
Figure 62 provides a schematic showing the doping
scheme wherein boron (P+) and phosphorous (n+) doped
regions are patterned on the external surface of the
patterned semiconductor ribbons. [0102] Figure 63
provides an overview schematic showing the process
flow for cell patterning and doping steps. [0103]
Figure 64 provides a schematic diagram showing
processing steps for patterning solar cell ribbons
illustrating photolithography and STS deep RIE etching
process steps. [0104] Figure 65 shows results from KOH
refining processing of the sidewalls of the patterned
ribbons. [0105] Figure 66 provides a schematic diagram
for boron doping processing. After the KOH refining
step, boron doping for formation of top p+ contact is
conducted. [0106] Figure 67 provides a schematic
diagram for phosphorous doping processing [0107]
Figure 68 provides a schematic diagram showing
sidewall passivation processing. [0108] Figure 69
provides a schematic diagram showing processing for
the formation of a KOH etching window. [0109] Figure
70 provides micrographs showing KOH etching processing
and bottom boron doping processing. 



[0110] Figure 7 1 provides images showing transfer of
the solar cell ribbons from the source wafer using a
PDMS transfer device. [01 11] Figure 72 provides a
schematic diagram illustrating contact printing and
planarization processing steps. [01 12] Figure 73
provides an imaging showing the results of
metallization processing. [0113] Figure 74 provides a
schematic diagram of the metallization process showing
an Al metal layer, SiO2 dielectric layer, Cr/Au layer,
solar cell, planarizing layer and device substrate.ion
4] Figures 75A and 75B provide schematic diagrams
exemplifying the expressions "lateral dimensions" and
"cross sectional dimensions" as used in the present
description. Figure 75A provides a top plan view of
printable semiconductor elements comprising 4
semiconductor ribbons 6005. In the context of this
description the expression "lateral dimension" is
exemplified by the length 6000 and width 6010 of the
semiconductor ribbons 6005. Figure 75B provides a
cross sectional view of the printable semiconductor
elements comprising 4 semiconductor ribbons 6005.
[0115] Figure 76 shows an array of printable
GaAs/lnGaAIP red LEDs printed on PET substrates.
DETAILED DESCRIPTION OF THE INVENTION [01 16]
Referring to the drawings, like numerals indicate like
elements and the same number appearing in more than
one drawing refers to the same element. In addition,
hereinafter, the following definitions apply: [0117]
"Collecting" and "Concentrating", as applied to optics
and optical components, refers to the characteristic
of optical components and device components that they
direct light from a relatively large area and direct
that light to another area, in some cases a smaller
area. In the context of some embodiments, collecting
and concentration optical components and/or optical
components are useful for light detection or power
harvesting by printed inorganic solar cells or
photodiodes. [0118] "Printable" relates to materials,
structures, device components and/or integrated
functional devices that are capable of transfer,
assembly, patterning, organizing and/or integrating
onto or into substrates without exposure of the
substrate to high temperatures (i.e. at temperatures
less than or equal to about 400 degrees Celsius). In
one embodiment of the present invention, printable
materials, elements, device 



components and devices are capable of transfer,
assembly, patterning, organizing and/or integrating
onto or into substrates via solution printing or
contact printing. [0119] "Printable semiconductor
elements" of the present invention comprise
semiconductor structures that are able to be assembled
and/or integrated onto substrate surfaces, for example
using by dry transfer contact printing and/or solution
printingmethods. In one embodiment, printable
semiconductor elements of the present invention are
unitary single crystalline, polycrystalline or
microcrystalline inorganic semiconductor structures.
In one embodiment, printable semiconductor elements
are connected to a substrate, such as a mother wafer,
via one or more bridge elements. In this context of
this description, a unitary structure is a monolithic
element having features that are mechanically
connected. Semiconductor elements of the present
invention may be undoped or doped, may have a selected
spatial distribution of dopants and may be doped with
a plurality of different dopant materials, including P
and N type dopants. Printable semiconductor elements
and structures of the present invention may include
holes or perforations through one dimension of the
elements to facilitate their release from a wafer by
the introduction of a chemical release agent. The
present invention includes microstructured printable
semiconductor elements having at least one cross
sectional dimension (e.g., thickness) selected over
the range of 1 micron to 1000 microns. The present
invention includes nanostructured printable
semiconductor elements having at least one cross
sectional dimension (e.g., thickness) selected over
the range of 1 to 1000 nanometers. In an embodiment, a
printable semiconductor element of the present
invention has a thickness dimensions less than of
equal or 1000 microns, preferably for some
applications a thickness dimensions less than or equal
to 100 microns, preferably for some applications a
thickness dimensions less than or equal to 10 microns
and preferably for some applications a thickness
dimensions less than or equal to 1 microns. [0120]
Printable semiconductor elements useful in many
applications comprises elements derived from "top
down" processing of high purity bulk materials, such
as high purity crystalline semiconductor wafers
generated using conventional high temperature
processing techniques. In some methods and systems of
the present invention, printable semiconductor
elements of the present invention comprise composite
heterogeneous structures having a semiconductor
operational connected to or 



otherwise integrated with at least one additional
device component or structure, such as a conducting
layer, dielectric layer, electrode, additional
semiconductor structure or any combination of these.
In some methods and systems of the present invention,
the printable semiconductor element(s) comprises a
semiconductor structure integrated with at least one
additional structure selected from the group
consisting of: another semiconductor structure; a
dielectric structure; conductive structure, and an
optical structure (e.g., optical coatings, reflectors,
windows, optical filter, collecting, diffusing
orconcentration optic etc.). In some methods and
systems of the present invention the printable
semiconductor element(s) comprises a semiconductor
structure integrated with at least one electronic
device component selected from the group consisting
of: an electrode, a dielectric layer, an optical
coating, a metal contact pad a semiconductor channel.
In some methods and systems of the present invention,
printable semiconductor elements of the present
invention comprise stretchable semiconductor elements,
bendable semiconductor elements and/or heterogeneous
semiconductor elements (e.g., semiconductor structures
integrated with one or more additional materials such
as dielectrics, other semiconductors, conductors,
ceramics etc.). Printable semiconductor elements
include, printable semiconductor devices and
components thereof, including but not limited to
printable LEDs, lasers, solar cells, p-n junctions,
photovoltaics, photodiodes, diodes, transistors,
integrated circuits, and sensors. [01 2 1] "Cross
sectional dimension" refers to the dimensions of a
cross section of device, device component or material.
Cross sectional dimensions include the thickness,
radius, or diameter of a printable semiconductor
element. For example, printable semiconductor elements
having a ribbon shape are characterized by a thickness
cross sectional dimension. For example, printable
semiconductor elements having a cylindrical shape are
characterized by a diameter (alternatively radius)
cross sectional dimension. [0122] "Longitudinally
oriented in a substantially parallel configuration"
refers to an orientation such that the longitudinal
axes of a population of elements, such as printable
semiconductor elements, are oriented substantially
parallel to a selected alignment axis. In the context
of this definition, substantially parallel to a
selected axis refers to an orientation within 10
degrees of an absolutely parallel orientation, more
preferably within 



5 degrees of an absolutely parallel orientation.
[0123] The terms "flexible" and "bendable" are used
synonymously in the present description and refer to
the ability of a material, structure, device or device
component to be deformed into a curved shape without
undergoing a transformation that introduces
significant strain, such as strain characterizing the
failure point of a material, structure, device or
device component. In an exemplary embodiment, a
flexible material, structure, device or device
component may be deformed into a curved shape without
introducing strain larger than or equal to 5 %,
preferably for some applications largerthan or equal
to 1 %, and more preferably for some applications
larger than or equal to 0.5 %. [0124] "Semiconductor"
refers to any material that is a material that is an
insulator at a very low temperature, but which has a
appreciable electrical conductivity at a temperatures
of about 300 Kelvin. In the present description, use
of the term semiconductor is intended to be consistent
with use of this term in the art of microelectronics
and electrical devices. Semiconductors useful in the
present invention may comprise element semiconductors,
such as silicon, germanium and diamond, and compound
semiconductors, such as group IV compound
semiconductors such as SiC and SiGe, group IM-V
semiconductors such as AISb, AIAs, AIn, AIP, BN, GaSb,
GaAs, GaN, GaP, InSb, InAs, InN, and InP, group MI-V
ternary semiconductors alloys such as AlxGai- cAs,
group M-Vl semiconductors such as CsSe, CdS, CdTe,
ZnO, ZnSe, ZnS, and ZnTe, group I-VII semiconductors
CuCI, group IV - Vl semiconductors such as PbS, PbTe
and SnS, layer semiconductors such as PbI2, M0S2 and
GaSe, oxide semiconductors such as CuO and Cu O. The
term semiconductor includes intrinsic semiconductors
and extrinsic semiconductors that are doped with one
or more selected materials, including semiconductor
having p-type doping materials and n-type doping
materials, to provide beneficial electrical properties
useful for a given application or device. The term
semiconductor includes composite materials comprising
a mixture of semiconductors and/or dopants. Specific
semiconductor materials useful for in some
applications of the present invention include, but are
not limited to, Si, Ge, SiC, AIP, AIAs, AISb, GaN,
GaP, GaAs, GaSb, InP, InAs, GaSb, InP, InAs, InSb,
ZnO, ZnSe, ZnTe, CdS, CdSe, ZnSe, ZnTe 1CdS, CdSe,
CdTe, HgS, PbS, PbSe, PbTe, AIGaAs, AIInAs, AIInP,
GaAsP, GaInAs, GaInP, AIGaAsSb, AIGaInP, and GaInAsP.
Porous 



silicon semiconductor materials are useful for
applications of the present invention in the field of
sensors and light emitting materials, such as light
emitting diodes (LEDs) and solid state lasers.
Impurities of semiconductor materials are atoms,
elements, ions and/or molecules other than the
semiconductor material(s) themselves or any dopants
provided to the semiconductor material. Impurities are
undesirable materials present in semiconductor
materials which may negatively impact the electrical
properties of semiconductor materials, and include but
are not limited to oxygen, carbon, and metals
including heavy metals. Heavy metal impurities
include, but are not limited to, the group of elements
between copper and lead on the periodic table,
calicum, sodium, and all ions, compounds and/or
complexes thereof.[01 25] "Plastic" refers to any
synthetic or naturally occurring material or
combination of materials that can be molded or shaped,
generally when heated, and hardened into a desired
shape. Exemplary plastics useful in the devices and
methods of the present invention include, but are not
limited to, polymers, resins and cellulose
derivatives. In the present description, the term
plastic is intended to include composite plastic
materials comprising one or more plastics with one or
more additives, such as structural enhancers, fillers,
fibers, plasticizers, stabilizers or additives which
may provide desired chemical or physical properties.
[0126] "Elastomer" refers to a polymeric material
which can be stretched or deformed and return to its
original shape without substantial permanent
deformation. Elastomers commonly undergo substantially
elastic deformations. Exemplary elastomers useful in
the present invention may comprise, polymers,
copolymers, composite materials or mixtures of
polymers and copolymers. Elastomeric layer refers to a
layer comprising at least one elastomer. Elastomeric
layers may also include dopants and other
nonelastomeric materials. Elastomers useful in the
present invention may include, but are not limited to,
thermoplastic elastomers, styrenic materials, olefenic
materials, polyolefin, polyurethane thermoplastic
elastomers, polyamides, synthetic rubbers, PDMS,
polybutadiene, polyisobutylene,
poly(styrene-butadiene-styrene), polyurethanes,
polychloroprene and silicones. Elastomers provide
elastomeric stamps useful in the present methods.
[0127] "Transfer device" refers to a device or device
component capable of receiving, relocating, assembling
and/or integrating an element or array of elements,
such as one 



or more printable semiconductor elements. Transfer
devices useful in the present invention include
conformable transfer devices, having one or more
contact surfaces capable of establishing conformal
contact with elements undergoing transfer. The present
methods and compositions are particularly well suited
for implementation in r connection with a transfer
device comprising an elastomeric transfer device.
Useful elastomeric transfer devices including an,
elastomeric stamp, composite elastomeric stamp, an
elastomeric layer, plurality of elastomeric layers and
an elastomeric layer coupled to a substrate such as a
glass, ceramic, metal or polymer substrate. [0128]
"Large area" refers to an area, such as the area of a
receiving surface of a substrate used for device
fabrication, greater than or equal to 36 square inches
.[0129] "Conformal contact" refers to contact
established between surfaces, coated surfaces, and/or
surfaces having materials deposited thereon which may
be useful for transferring, assembling, organizing and
integrating structures (such as printable
semiconductor elements) on a substrate surface. In one
aspect, conformal contact involves a macroscopic
adaptation of one or more contact surfaces of a
conformable transfer device to the overall shape of a
substrate surface or the surface of an object such as
a printable semiconductor element. In another aspect,
conformal contact involves a microscopic adaptation of
one or more contact surfaces of a conformable transfer
device to a substrate surface leading to an intimate
contact with out voids. The term conformal contact is
intended to be consistent with use of this term in the
art of soft lithography. Conformal contact may be
established between one or more bare contact surfaces
of a conformable transfer device and a substrate
surface. Alternatively, conformal contact may be
established between one or more coated contact
surfaces, for example contact surfaces having a
transfer material, printable semiconductor element,
device component, and/or device deposited thereon, of
a conformable transfer device and a substrate surface.
Alternatively, conformal contact may be established
between one or more bare or coated contact surfaces of
a conformable transfer device and a substrate surface
coated with a material such as a transfer material,
solid photoresist layer, prepolymer layer, liquid,
thin film or fluid. [01 30] "Placement accuracy"
refers to the ability of a transfer method or device
to transfer a printable element, such as a printable
semiconductor element, to a selected 



position, either relative to the position of other
device components, such as electrodes, or relative to
a selected region of a receiving surface. "Good
placement' accuracy refers to methods and devices
capable of transferring a printable element to a
selected position relative to another device or device
component or relative to a selected region of a
receiving surface with spatial deviations from the
absolutely correct position less than or equal to 50
microns, more preferably less than or equal to 20
microns for some applications and even more preferably
less than or equal to 5 microns for some applications.
The present invention provides devices comprising at
least one printable element transferred with good
placement accuracy. [01 3 1] "Optical communication"
refers to a configuration of two or more elements
wherein one or more beams of electromagnetic radiation
are capable of propagating from one element to the
other element. Elements in optical communication may
be in direct optical communication or indirect optical
communication. "Direct opticalcommunication" refers to
a configuration of two or more elements wherein one or
more beams of electromagnetic radiation propagate
directly from a first device element to another
without use of optical components for steering and/or
combining the beams. "Indirect optical communication"
on the other hand refers to a configuration of two or
more elements wherein one or more beams of
electromagnetic radiation propagate between two
elements via one or more device components including,
but not limited to, wave guides, fiber optic elements,
reflectors, filters, prisms, lenses, gratings and any
combination of these device components. [0132] The
present invention relates to the following fields:
collecting optics, diffusing optics, displays, pick
and place assembly, vertical cavity surface-emitting
lasers (VCSELS) and arrays thereof, LEDs and arrays
thereof, transparent electronics, photovoltaic arrays,
solar cells and arrays thereof, flexible electronics,
micromanipulation, plastic electronics, displays,
transfer printing, LEDs, transparent electronics,
stretchable electronics, and flexible electronics.
[0133] The present invention provides optical devices
and device arrays, for example LED arrays, laser
arrays, optical sensors and sensor arrays, and
photovoltaic arrays, comprising printable, high
quality inorganic semiconductor elements assembled and
integrated via transfer printing techniques. Assembly
and integration methods of the present invention
include dry contact printing of printable
semiconductor elements, 



replica molding for making device substrate such as
device substrates having integrated optical components
(e.g., lens arrays) and lamination processing steps.
[0134] In an embodiment, the invention provides a new
type of display that generates images by the
coordinated operation of assemblies of light-emitting
diodes (LEDs) or other light emitting or collecting
devices. The images may be high definition, as those
on a computer monitor or television, or they may
provide simple illumination in a way similar to
fluorescent lights. The invention is formed by the
assembly of small inorganic light emitting devices,
transistors, and electrically conductive
interconnects. Transfer printing and other novel
fabrication processes may be used to perform the
assembly of these components and to impart new
functionality to them, e.g. stretchability. [0135] The
invention may be built on a range of substrates,
including rigid materials (e.g. glass), flexible
materials (e.g. thin plastic), and even stretchable
materials (e.g. elastomers), imparting a number of
benefits to these display and illumination products,
including a high-degree of transparency, flexibility,
and/or stretchability, as well asmechanical toughness
and low weight. The invention is therefore useful for
a number of applications, including architectural
elements and devices that can dynamically conform to
complex contours of objects, for example in the
aerospace, transportation, medical, and fashion
industries. The light emitters (LEDs) used are capable
of high-speed operation and great brightness, enabling
effective display of images even in full sunlight
(e.g. for outdoor displays). [0136] The novel transfer
printing and other fabrication processes of the
present invention, in addition to imparting
functionality to the displays, enable the production
of systems of the invention at costs lower than those
required to produce other, less versatile types of
displays (e.g. conventional LED displays). The novel
transfer printing and other fabrication procedures
also enables systems of the invention to achieve
levels of brightness, large-area coverage,
transparency, mechanical properties, operating
lifetime, and/or resolution combinations that are not
available to other display technologies (liquid
crystal displays, organic LED displays, conventional
LED displays, cathode ray tube displays, etc.). [0137]
Figure 1 provides a schematic showing optical systems
provided by the present invention. As shown in Figure
1, the present invention provides a number of classes
of optical systems and related methods of making these
systems, including systems for 



light generation and systems for light harvesting,
comprising printed inorganic optical and
optoelectronic systems with integrated optical
components in registry. Light generation systems
include printed LED displays, micro LED devices,
passive matrix LED displays, active matrix LED
displays, printed VCSEL systems and printed
semiconductor laser arrays, optionally comprising
light diffusing optics, light focusing optics and/or
light filtering optics. Light harvesting systems
include sensors, such as artificial eye sensors,
sphere/plane convertible stamp sensors and sphere
confirmable stretchable semiconductor based sensors,
and photovoltaic systems, such as photovoltaic arrays,
microsolar cells, optionally comprising collecting
optics. Optical systems of the present invention
include stretchable devices and systems, flexible
devices and systems and rigid devices and systems.
[0138] Fig. 2 A- E provides schematic diagrams of
optical systems of the present invention comprising
printable semiconductor elements. Figure 2A shows a
printed LED array with integrated optical diffuser.
Figure 2B shows a VCSEL array on a silicon chip with
integrated optical fibers. Figure 2C shows a printed
photovoltaic array withintegrated optical collectors.
Figure 2D shows an artificial eye sensor comprising a
printed photodiode array on a collecting lens. Figure
2E shows a sheet scanner having both light sensing and
light generation functionality and comprising a
printed array LED and photodiode components and
integrated collection optics provided on a polymer or
other low cost substrate. [01 39] Fig. 3 provides a
process flow schematic for the fabrication of a single
pixel element of a printed inorganic active matrix LED
display of the present invention. Panel 1 illustrates
the step of preparing gate electrodes on substrate.
Panel 2 illustrates the step of spin-coat thin-film
adhesive on the patterned substrate. Panel 3
illustrates the step of printing a thin-film
transistor structure on the adhesive layer, for
example using contact printing. Panel 4 illustrates
the step of depositing (or printing) electrode lines
so as to interconnect the printed transistor
structure. Panel 5 illustrates the step of printing an
LED structure onto one or more electrodes. In some
embodiments, bonding of these elements is achieved by
cold-welding. Panel 6 illustrates the step of
encapsulating or planarizing the device components,
for example using a photocurable epoxy. Panel 7
illustrates the step of depositing or printing
electrical contacts to top the LED electrode
structure. 



[0140] Fig. 4 provides a schematic illustration (not
to scale) of a printed active matrix LED display on a
glass substrate. The display shown comprises 100
pixels and is an approximately 11 inch display. Thin
film transistor (TFT) elements, LED elements, gate
lines, anode lines and data lines of the device are
indicated in Figure 4. TFT and LED structures are
assembled via printing, for example using one or more
elastomeric stamps. Metal lines are patterned with
shadow masks. The bottom plate holds LED structures,
data and gate lines, and TFT structures. The top plate
holds the anode lines. [0141] Fig. 5 provides
photographs (Figure 5A) and operating current-voltage
characteristics (Figure 5B) of a single pixel of an
active matrix LED display on a (transparent) glass
substrate. As shown in Figure 5A the single pixel of
an active matrix LED display comprises a printed TFT
structure, a LED structure, gate electrode and
electrical interconnects. Figure 5B provides a plot of
current (A) verses drive bias (V) for the single pixel
of an active matrix LED display. [0142] Fig. 6
provides photographs of a 64 pixel active matrix LED
display on a (transparent) glass substrate. Fig. 6A
provides a photograph of a 64 pixel partial LED
display (Note: missing top contacts) comprising 1 mm
transistors printed on to thedevice substrate and
ILEDs manually placed on the substrate. In the device
shown in Figure 6A, pixels are provided at a 4 mm
pitch. Fig. 6B provides a photograph of a printed
silicon TFT with interdigitated channel (thin green
line) for high-current operation. Figure 6C provides a
photograph of two pixels illuminated by placing a
transparent common anode electrical contact against
the LEDs. [0143] Fig. 7A provides a process flow
schematic for the fabrication of a single pixel
element of a printed inorganic passive matrix LED
display. Panel 1 illustrates the step of spin coating
a layer of elastomer precursor onto a receiving
surface of the substrate. After spin casting the
elastomer precursor layer is at least partially cured.
Panel 2 illustrates the step of depositing an
electrode. Panel 3 illustrates the step of printing an
ILED structure onto the electrode, for example via
contact printing. Panel 4 illustrates the step of
laminating the top electrode, wherein the top
electrode is housed on a second substrate. This
processing steps achieves contacting of the printed
LED structure. [01 44] Fig. 7B provides a process flow
schematic for establishing electrical contact by
compression of a (soft) substrate/layer. Panel 1
illustrates the step of placing a 



component between 2 substrates (at least one soft -
e.g., elastomer) prepatterned with integrated
electrodes. Panel 2 illustrates the step of activating
the substrate surfaces for strong bonding upon
contact, for example via oxygen plasma treatment for
bonding PDMS to PDMS or PDMS to glass. Panel 3
illustrates the step of pressing the two substrates
together, for example by "sandwiching" the component.
In this processing step sufficient pressure is applied
to deform the soft layer and bring the two surfaces
into contact. After bonding, the electrical contact is
maintained by residual pressure. . Panel 4 illustrates
a similar process as shown in Panel 3, using optional
relief features to facilitate contact and engineer a
stronger bonding interface, for example via reduction
of stress concentration points. [0145] Fig. 8 provides
a schematic illustration (not to scale) of a printed
passive matrix printed inorganic LED display. As shown
in Figure 8, the display comprises a bottom substrate,
electrode network, printed ILED, PDMS layer and top
substrate. [0146] Fig. 9 provides photographs of
passively addressed printed inorganic LED
displays/arrays on glass and flexible PET
substrates.[0147] Fig. 10 provides a process flow
schematic for printing inorganic light emitters and
collectors via cold-weld bonding techniques. Panel 1
illustrates the step of evaporating metal (e.g. gold,
indium, silver, etc.) onto an inorganic element
disposed on a transfer device (e.g., an elastomeric
stamp). As shown in panel 1 metal is also evaporated
on the receiving surface of a substrate. Panel 2
illustrates the step of contacting the stamp and
inorganic element to receiving surface, and optionally
applying heat or pressure to induce cold-welding of
metal films. Panel 3 illustrates the step of removing
the stamp, thereby resulting in transfer and assembly
of the inorganic elements via contact printing. [0148]
Fig. 11 provides a process flow schematic for printing
techniques of the present invention using a donor
cartridge and cold-weld bonding technique. In this
method a cartridge is patterned with SU-8. ILED
structures are placed on the patterned surface of the
cartridge. A stamp is used to take up the ILED
structures and subsequently print the ILED structures
on a substrate prepatterned with electrodes via
transfer printing. The bottom panel of figure 11 shows
an example of a LED structure printed and assembled
using this method. [0149] Fig. 12 provides a schematic
of an optical system of the present invention 



wherein diffusing optics are integrated with printable
LED structures. In this embodiment, PDMS is molded on
rough polystyrene. A comparison of panels (a) and (b)
show the affect of incorporation of a diffuser in this
optical system. The diffuser can be a rough molded
PDMS structure. This figure demonstrates that
diffusers can effectively increase the size of the
luminous region. [0150] Fig. 13 provides a schematic
of diffusing optics comprising a plurality of radial
density gradient scattering centers useful for LED
lighting systems of the present invention. As shown in
this figure a printed LED structure under metal is
provided in optical communication with a plurality of
optical scattering centers. The bottom panel in Figure
13 shows a cross sectional view of scattering centers
comprising relief features in a transparent substrate.
[01 5 1] Fig. 14A provides an exemplary epilayer
structure for the fabrication of printable micro-LEDs.
As shown in this figure, the epilayer structure
comprises a series of device layers, sacrificial
layers and a handle wafer. Individual layers in the
epilayer structure are shown in the bottom panel of
Figure 14A. Fig. 14B provides an exemplary epilayer
structure for the fabrication of printable micro-LEDs
comprising quantum well emissivelayers. The epilayer
structure comprises a series of semiconductor layers
provided between p-cladding and n-cladding layers.
Specific compositions of each layer in the epilayer
structure are provided. Fig. 14C provides a table
indicating the composition, thickness, doping and
functionality of each layer in the epilayer structure
for the fabrication of printable micro-LEDs. [0152]
Figure 14D illustrates an example of a mother wafer
from which printable p-on-n GaAs solar cells may be
produced by photolithography and etching layers 9
through 4 and selectively removing layer 3 by a wet
chemical etch. [0153] Figure 14E illustrates provides
another example of a mother wafer from which printable
n-on-p GaAs solar cells may be produced by
photolithography and etching layers 9 through 4 and
selectively removing layer 3 by a wet chemical etch.
[0154] Fig. 15 provides schematic diagrams
illustrating the imperceptible pixilation/high degree
of transparency from low fill-factor, micro-sized
(<~100 micron footprint) LEDs. As shown in the top
panel of this figure, the optical system comprises:
(i) a first glass coated ITO or a low-fill factor
metal mesh layer ; (ii) printed micro LEDS structures;
and (iii) a second glass coated ITO or a low-fill
factor metal mesh layer. Top views are 



provided corresponding to the off state and the on
state. A magnification of the top view is also
provided showing the positioning of micro LED
structures. [0155] Fig. 16 provides schemes for the
release of printable light-emitting inorganic
semiconductor micro-elements: micro-LEDs or VCSELs.
Scheme 1 describes the release of such elements by
encapsulating them in a polymer, e.g. photoresist, and
releasing them from the wafer on which they were grown
by selectively etching an AlxGai -xAs (x>about 70%)
sacrificial layer using hydrofluoric acid. Scheme 2
describes release by encapsulating them in a conformal
dielectric (e.g. silicon nitride) and releasing them
from the wafer by selectively oxidizing the AIGaAs and
etching the oxidized material using aqueous potassium
hydroxide. Scheme 3 describes release by encapsulating
them with a polymer, e.g. photoresist, followed by
selective etching of a buried GaAs sacrificial layer
using an aqueous mixture of citric acid and hydrogen
peroxide. In Scheme 3, the AIGaAs protects the
underside of the light emitting element from the
citric acid-based etchant. [0156] Fig. 17A provides a
schematic process flow diagram illustrating
fabrication of integrated solar cell/collector arrays
by printing solar cells. As shown in this figure
solarmicrocells are fabricated in a dense array on a
wafer. A stamp is brought into contact with the dense
solar cell array and used to transfer the solar cells
from the wafer to a target assembly substrate. As
shown in Figure 17A, the solar microcells in the array
are transferred onto the back electrode of the target
assembly substrate via contact printing. Fig. 17B
provides a schematic process flow diagram illustrating
fabrication of integrated solar cell/collector arrays
via interconnection of registry of an optical array.
As shown in this figure solar microcells are printed
on a target substrate. The substrate is further
processed to provide front electrode and an insulating
layer. Next, a molded micro array of microlenses is
integrated into the optical system such that each lens
in the array is individually addressed to at least one
solar microcell. Fig. 17C provides a schematic process
flow diagram illustrating the operation of the
integrated solar cell/collector arrays. In this
embodiment, each microlens collector/concentrator is
individually addressed and optically aligned with a
single crystal solar cell, as shown in the top panel
of Figure 17C. Also shown in this figure are the front
electrode, insulating layer and back electrode. The
bottom panel of figure 17C schematically shows
interaction of sun light with the optical system. 



[01 57] Fig. 18A provides a schematic diagram (not to
scale) showing operation of the integrated
collecting/concentrating optics (lens) and solar-cell
arrays of an optical system of the present invention.
The collection and focusing of incident light is
provided by the ray diagrams provided in this figure,
which show light incident to the optical concentrator
is focused on the active area of a printed microsolar
cell addressed to the optical concentrator. A gold
layer provides a bonding layer to affix the microsolar
cell to the device substrate. Figure 18B shows an
expanded view of a microsolar cell of the present
invention assembled via printing. The solar cell is a
multilayer structure comprising an antireflection
layer, top contact, p-n junction and a bottom aluminum
layer. [01 58] Fig. 19 provides a schematic diagram
illustrating design and fabrication strategies of the
present invention for light harvesting via reduction
of semiconductor materials costs in a sheet-like form
factor. The collector size is approximately 2 mm, the
solar cell size is approximately 0.1 mm, and the area
multiplication (ratio of collector area and solar cell
area) is approximately 400. As demonstrated by the
calculation show in this figure 1ft2 of processed
semiconductor wafer results in approximately 400 ft2
of light-harvesting area. This calculation
demonstrates that the methods and opticalsystems of
the present invention provide a high efficiency and
low cost fabrication strategy for high performance
photovoltaic devices and systems. [0159] Fig. 20
provides a schematic diagram of a
collecting/concentrating optic and heterogenously
composed solar cell of a solar cell array
(sympevolent/diventegration) of the present invention.
As shown in this figure, collecting optics are
provided in optical communication with a
nitride/phosophide and/or arsenide solar cell and
silicon solar cell assembled on the device substrate
via contact printing. Figure 20 also provides ray
diagram of the incident light showing collection and
focus functionality of a concentrator and individually
addressed solar cells. Single crystal multilayer solar
cells (i.e. third generation solar cells) are
typically grown by MOCVD and are constrained by the
necessity of crystal lattice mismatch between layers.
In our system different absorbing layers can have
arbitrary lattices and the materials selected for
optimal spectrum absorption for each layer. [0160]
Fig. 2 1 provides a schematic process flow diagram for
fabrication of an integrated solar cell and lens array
using a combination of replica molding methods and 



contact printing. As shown in this figure a master
lens array is used to generate a negative replica
mold, for example via replica molding or imprinting
techniques. Next, the molded PDMS layer is used to
generate a plano-concave polymer lens array by casting
the polymer against the negative replica. As shown in
Figure 2 1, solar cells printed onto a device
substrate are provided in optical communication with
the lens array so as to generate an optical system of
the present invention. [0161] Fig. 22 demonstrates the
ability of Fresnel lenses, a type of
concentrating/collecting optic, to focus light to a
small area for use in light harvesting systems
described by the present invention. Fresnel lens
arrays can be used as optical concentrators due to
their advantageous features such as thin form factor
and light weight compared with conventional lenses.
Fig. 22 shows a focal area measurement for spherical
and cylindrical Fresnel lenses. [0162] Fig. 23
provides a schematic diagram illustrating an optical
system of the present invention wherein horizontal
light pipes and/or waveguides are provided for light
harvesting. This optical system uses transparent,
structured media of appropriate index of refraction to
capture normally- or obliguely-incident light and
guide it in the plane of the substrate to a solar cell
or solar cell array. As shown in this figure a
plurality of waveguide structures, such as light
pipes, are in optical communication and individually
Page 42 of 98addressed a solar cell such that the
light collected by each waveguide is directed to the
solar cell. [0163] Fig. 24 provides a schematic
showing an exemplary printable silicon solar cell
fabricated using a silicon on insulator SOI wafer. The
solar cell comprises a doped top surface with a P/As
mixture and is supported by a buried oxide layer of
the SOI wafer. Figure 24 shows the solar cell
multilayer structure comprising a n+-Si (P/As) layer
and p- Si(B) layer. In an embodiment, the silicon
solar cell is assembled into a photovoltaic system via
a method comprising the steps of: (i) patterning the
surface of the SOI wafer, for example using ICP-RIE,
so as to define the physical dimensions of one or more
printable solar cell structures; (ii) releasing
printable solar cell structures, for example via HF
undercut etch processing wherein the buried oxide
layer is selectively etched thereby releasing the
printable solar cell structures; (iii) retrieving the
silicon printable structures, for example using an
elastomeric (e.g., PDMS) stamp which is contacted 



with the released printable solar cell structures and
pulled away from the SOI substrate, thereby
transferring the printable solar cell structures from
the substrate to the elastomeric stamp ; (iv)
depositing back metallization of the printable solar
cell structures, for example using CVD, PVD or thermal
deposition methods; (v) transferring printable silicon
structures having back metallization from the
elastomeric stamp to a metallized device substrate via
contact printing, optionally in combination with a
coldwelding bond step; (vi) annealing the solar cell
structures printed onto the device substrate to
activate Al-doped p+ region; (vii) casting an
insulating/planarization layer on the printed solar
cell structures; (viii) depositing top electrical
contacts onto the printed solar cells, for example
using a combination of photolithography and
evaporation processing; (iv) depositing a Si3N4
antireflecting coating on the solar cell array and (v)
integrating the concentrator optics, such as a lens
array, to the top of the micro-solar cell array.
[0164] Fig 25 provides a schematic process flow
diagram illustrating a method of transferring a
printable solar cell to substrate using contact
printing and subsequent cold welding processing to
affix the solar cell to a device substrate. As shown
in the figure, the solar cell is contacted with an
elastomeric stamp (e.g. PDMS stamp). A thin gold layer
is provided to the external aluminum layer of the
printable solar cell. The surface of the solar cell
having the thin gold layer is contacted with a
metallized receiving surface of the device substrate.
The elastomeric stamp is subsequently moved awayfrom
the substrate resulting in transfer of the printable
solar cell to the device substrate. Finally the
transferred solar cell is annealed to activate the
aluminum doped p+ region. [0165] Fig 26 provides a
schematic diagram (not to scale) showing a top view
(in parallel) of an exemplary configuration for top
contacts to solar arrays of the present invention.
Microsolar cells (shown in gray) having widths of
approximately 100 microns and lengths of approximately
1 millimeter are provided in an array format on a
device substrate. Metal features are provided having
widths of about 60 microns and lengths on the order of
1 inch. The metal features provide the top contacts of
a solar cell device array of the present invention.
[0166] Fig 27 provides a schematic diagram of an
"artificial eye" sensor of the current invention. The
sensor comprises an inorganic photodiode array
distributed on a lens having spherical curvature.
Various lens shapes and angles are shown in Figure 27.



Fig 28 provides a schematic diagram illustrating the
process of wrapping a planar sheet around a spherical
surface demonstrating the necessity of stretchability
in an exemplary "artificial eye" sensor. As shown in
Figure 28, conformal positioning of the planar sheet
on a spherical receiving surface requires some degree
of stretchability to avoid failure. Example 1. Ultra
Thin Flexible Solar (UTFS) Devices and Methods [0167]
Photovoltaic (PV) energy conversion is the direct
conversion of sunlight into electricity using a
semiconductor device structure. The most common
technology in the PV industry is based on single
crystalline and polycrystalline silicon technology.
Presently, silicon PV technology has high materials
costs, due to the relatively inefficient use of the
bulk silicon material. In conventional methods, bulk
crystalline silicon is sawn into wafers, which are
then processed into solar cells and soldered together
to form the final module. Typical multicrystalline
efficiencies are on the order of 15%; highperformance,
single-crystal silicon has been produced with 20%
efficiency. For this type of solar cell, 57% of the
cost is in materials, and of that total material cost
42% comes from the crystalline Si. In addition, these
modules are rigid and heavy. [0168] There is currently
interest in thin-film PV technologies, since these
systems have the potential for lower cost (due to less
active material usage), and also have the ability to
be deposited onto polymer substrates for low weight
and flexibility. Presently,invesTigation is ongoing in
tnin tiim materials sucn as amorpnous silicon, caamium
telluride (CdTe) and copper indium gallium diselenide
(CIGS). CIGS-based PV cells have demonstrated cell
efficiencies of 19.2%, the highest of any
polycrystalline thin film material. These cells are
small, laboratory-scale devices; to date, the highest
large-area flexible module efficiencies are on the
order of 10%. Cheaper thin film semiconductors enable
material cost savings, but induce higher processing
costs as the cells need to be fabricated/processed on
large area substrates. Also, only low/moderate
temperature processes can be used on the final
assembly substrate [0169] Ideally, one would like to
combine the single crystalline technologies, which
have a high efficiency and large industrial knowledge
base, with the low-cost, lightweight and flexible
nature of the thin-film technologies. The present
Ultra Thin Flexible Solar (UTFS) technology provides
the means of achieving a lightweight, flexible solar
module with both high efficiency and lower materials
costs. Since we start with a pure silicon substrate,
it enables the use of high precision and
high-temperature wafer processing to 



fabricate state-of-the-art performance solar cells.
[0170] The present invention provides Ultra Thin
Flexible Solar (UTFS) Devices generated via a novel
fabrication platform combining : 1. An ultra-thin
(less than 20 microns thickness) crystalline silicon
solar cell, grown and etched on a single-crystal
silicon wafer. The size of this cell is much less
(e.g., two orders of magnitude) than those used in
previous silicon-transfer processes, for example the
solar cells have lengths and width that are on the
order of 100 microns in some embodiments; 2. An
innovative microstamping process which removes the
silicon solar cell from the mother wafer and transfers
it to a flexible polymer substrate; and 3. Automated
interconnect of the transferred cells to form the
final module, if required. [0171] Methods and systems
of the present invention utilize a microstamping
contact printing process that avoids certain problems
associated with past silicon transfer technologies;
namely, the cracking and defects formed by attempting
to transfer relatively large pieces of silicon. The
present microstamping contact printing process also
reduces the overall module assembly cost (compared to
conventional die pick-andplace techniques) as
thousands of micro-cells can be transfer-printed in
parallel.[0172] The solar cell devices and fabrication
methods of the present invention have several
advantages including its applicable to a wide variety
of high quality crystalline semiconductors including
but not limited to single crystalline silicon and
other higherefficiency materials, such as Gallium
Arsenide (GaAs). In addition, combination of an
ultra-thin solar cell and a polymer substrate provides
devices and systems having low weight and good
mechanical flexibility. Polypropylene is a polymer
useful for this aspect of the present systems and
methods. [0173] Figure 29 provides a schematic of a
process flow diagram showing a method for making a
microsolar cell array of the present invention. As
shown in Figure 29, a Si wafer is processed so as to
generate a plurality of silicon-based microsolar cell
ribbons. The silicon-based microsolar cell ribbons are
released from the substrate. The released ribbons are
lifted off and transferred to a polymer device
substrate via contact printing using an elastomeric
transfer device. Ribbons of silicon are assembled into
a photovoltaic device array via subsequent processing
including the step of providing 



device interconnects to the microsolar cells, and
optionally light collection and concentrating optics
such as a lens array. [0174] As shown in Figure 29,
thin (-1 0 mm) silicon solar cells are transferred to
polymer substrates and interconnected to form a module
in a manner that retains flexibility. Selection of the
thickness of the silicon component of the silicon
solar cell is an important parameter in the present
invention. In an embodiment, for example, the thin
silicon component is thick enough to achieve a desired
efficiency of -15%. The primary impact of thickness on
the cell performance is on the collected current; with
a thinner cell, less photons are absorbed and hence
less current is generated. Figure 30, provides a plot
of Si Layer thickness verses short circuit current
(Jsc) as calculated for a simulated Si cell exposed to
the AM1 .5 standard spectrum used for
terrestrial-based solar cells. For these calculations,
we assume that the light makes three total passes
through the Si layer (Once initially, once after
reflection off of the back, and again after subsequent
reflection off of the front side), and that the
quantum efficiency of the cell is relatively high
(90%). [0175] From the results of the calculation, a
silicon thickness on the order of 10-15 microns would
be required in some embodiments of the present
invention to achieve the desired AM1 .5 efficiency of
15%. It should be noted that this relatively thick
absorberlayer is due to the fact that silicon is an
indirect-bandgap material. A similar solar cell using
a direct-bandgap material, such as gallium arsenide,
can be thinner. ' [0176] Multilayer stacks of
printable silicon ribbons can be formed by using a
combination of RIE and wet etching. Figure 3 1
provides scanning electron micrographs showing
sequential formation of Si multilayer ribbon stacks
useful in some embodiments of the present invention.
These are high-quality, dimensionally-uniform ribbons.
By appropriate processing into p-n diodes, these can
be converted into silicon solar cells. [0177] Previous
silicon transfer techniques typically glue the liftoff
layer to a glass carrier, and also transfer relatively
large areas of silicon (~5 cm2) . One of the major
issues with these transfer techniques are cracks and
defects formed in the Si layer. [0178] By transferring
smaller pieces of Si, we avoid cracking the
transferred Si layer. We also use an innovative
'stamping' process using a poly-dimethylsiloxane
(PDMS) material to grip and transfer the silicon to a
polymer substrate. [0179] A polymer such PET or PEN is
useful for the substrate in terrestrial applications. 



For space-based applications, a space-rated polyamide
such as Kapton can be used as a substrate material.
Kapton is mechanically suitable for space
applications, although it is known to degrade in low
earth orbit due to the presence of atomic oxygen (AO).
[01 80] After transfer of the Si ribbons to the
polymer substrate, they are electrically
interconnected to form the final solar cell. In some
embodiments, individual Si ribbons are connected in a
series connection. Fig. 32 provides a schematic
diagram of a connection scheme where the Si ribbons
comprise p-type silicon with a thin n-type layer on
top to form the emitter. After transfer, connection
lines comprising conducting ink are printed onto the
ribbons, either via a direct-write process or via
screen-printing. The bottom panel shows the
as-transferred Si Ribbons and the top panel shows the
connection (direct-write or screen-printing). Only
four Si Ribbons are shown for clarity. [0181] One of
the attractions of the present technology is that it
is applicable to other absorber materials; for
example, the same microstamping process has been used
to transfer gallium arsenide. The use of these
materials has been demonstrated in concentrator solar
modules. Fig 33 provides a schematic of a solar cell
array of the present invention using a PDMS
concentrator array for concentrating solar
illumination.Ui j BuiK crystalline silicon is selling
tor over $t>u per Kilogram. resent iy, silicon plants
are coming online to meet the needs of both the PV and
microelectronic industries. It is anticipated that
even if bulk Si costs fall back to pre-2001 values of
$20/kg, as capacity catches up with demand, overall
costs will remain high. As mentioned previously,
present-day Si PV is formed by sawing a crystalline
ingot into wafers, then processing the wafers into
cells, and then soldering the cells together to form
the final module. The present industry trend is
towards thinner cells, since Si thicknesses beyond -50
microns (see Figure 30) do not absorb any more light.
Currently, the thinnest Si PV cells are on the order
of 250 microns thick (about 1 mm). Handling such thin
wafers in the 'normal' PV cell processing and
integration is a challenge. [0183] Conventional
wire-sawing techniques result in approximately 60%
waste; that is, 60% of the original silicon ingot
winds up as dust. For a 20% efficient module formed
out of 250-micron-thick wafers, the silicon materials
costs are estimated at $0.40/Watt. Considering that
the ultimate goal of the PV industry is to achieve
$1/Watt, the materials costs for such a module are
significant. 



[0184] For the present UTFS technology, the
semiconductor materials costs is much lower. Even
assuming a waste of 50%, with a 15% module with
15-micron thick silicon the materials costs are
estimated at ~$0.02/Watt. This cost savings is
primarily due to the better utilization of the
silicon; in effect, we are 'spreading' the silicon
over a greater area than in convention methods and
devices. [0185] The printing process involves the
liftoff of the device element from the mother
substrate onto the stamp, followed by the delivery of
these elements from the surface of the stamp to the
target substrate. By appropriate design of the
undercut etch and liftoff of these elements from their
mother substrate, it is possible to perform the
liftoff step with high yields. The transfer is
accomplished either by stronger van der Waals bonding
between the element and the target substrate than
between the element and the stamp or by the use of
strong adhesive layers on the target substrate. In
both cases, the area of contact between the element
and the coated or uncoated surface of the target
substrate must be sufficiently high to enable
efficient transfer. In most case, the dominant
requirement is for the bottom surfaces of the elements
and the top surfaces of the target substrate to be
sufficiently smooth to enable large contact areas.
This requirement can be satisfied for a wide range of
systems of interest. The systemsconsidered in this
example are extremely well situated to meet these
flatness requirements, since they involve elements
with polished back surface and target substrates that
will consist of polished semiconductor wafers. [0186]
Fig 34 provides images showing results of printing
single crystal silicon onto plastic, glass, Si wafers,
InP wafers and thin film a-Si. The microstamping
process of the present invention is compatible with a
wide range of substrates. [0187] In an embodiment, the
stamps used to pick-up and transfer the 'chiplets' are
typically made by casting and curing a ~ 1 cm thick
piece of rubber against a "master" substrate. The
patterns present on the surface of the "master" can be
replicated with extremely high fidelity (down to the
nanometer scale) when low modulus silicone such as
poly-dimethylsiloxane (PDMS) are used to fabricate the
stamps. However, single layer stamps made out of this
soft material can easily be deformed during the
printing process. As a result, coarse placement
accuracy is sometimes realized with these soft stamps.
The present invention includes, however, use of
composite stamps that provide excellent placement
accuracy and pattern fidelity. U.S. Patent Application
No. 



11/1 15,954, for "Composite Patterning Devices for
Soft Lithography" , issued as U.S. Patent No.
7,195,733, describes composite stamps designs and
methods useful in the present invention and is hereby
incorporated by reference in its entirety. [0188] A
low modulus material, such as PDMS, is used for the
first layer to allow conformal (i.e. with no air void)
contact with the top surface of the semiconductor
device components. Additional thin layers (such as
plastic films or glass fibers) having a high in-plane
modulus is used to prevent in-plane mechanical
deformations during the transfer. By using such
composite stamp designs, in-plane distortions (as
observed under a high magnification microscope) lower
than 5 microns over a -16x16 cm2 area are achievable
in soft lithography printing techniques. [0189] In an
embodiment, the printing systems comprise: ( 1) stamps
with designs optimized for efficient transfer and for
minimal distortions in the placement of the printed
elements, (2) physical mounting jigs for these stamps
and translation stages for moving the substrate and
the stamp with sub-micron precision, (3) load cells
interfaced to the stamps for force feedback control of
contact during the 'inking' and 'printing' steps, and
(4) vision systems that allow multilevel registration.
In some embodiments, printing systems useful in the
present invention can handle target device substrates
with sizes up to 300 x 400 mm and donor wafers with
diameters up to 4 inches. The registration
isaccomplished with a long working distance microscope
and CCD camera that allows alignment marks on the
surfaces of transparent stamps to be registered to
alignment marks on the donor wafers and the target
substrates. The accuracy with which the stamps can be
positioned and aligned is -0.5 mm. The registration
accuracy, when implemented with new types of
distortion-free composite stamps, is also in this
range. Example 2. Conformable Thin Film LED Lighting
Systems [0190] The present invention provides printing
based techniques that provide a means to integrate
inorganic light emitting diodes with thin flexible
substrates. This approach, as implemented with
automated high precision printer systems, is useful
for fabricating light-weight and mechanically
conformable interior lighting elements for automotive
and other applications, in a manner that is compatible
with low cost manufacturing. [0191] The present
methods and systems involve fabrication of conformable
ILEDbased thin film lighting devices followed by
application to surfaces using adhesive bonding.
Methods may also optionally include processing
involving incorporation of 



encapsulation and planarizing materials, coatings and
layers to enhance mechanical properties of the system.
The sizes of the thin film structures, the numbers and
spacings of the ILEDs and other aspects determine the
device designs for specific application. [0192]
Transfer printing of micro/nanoscale semiconductor
devices from source wafers to wide ranging classes of
target substrates, including thin plastic sheets, is
used in the present invention to fabricate conformable
LED lighting systems. Figure 35 shows a schematic
illustration of an exemplary process of the present
invention, as applied to the printing of printable
inorganic semiconductor-based LEDs. The transfer of
the ink to, and from, an elastomeric stamp is affected
by kinetically modulating the adhesion energy at the
stamp-'ink 1and 'ink'-substrate surfaces. In the case
of Fig. 35, printable inorganic semiconductor-based
LEDs play the role of the 'ink'. This type of process
is capable of manipulating semiconductor materials or
devices with lateral dimensions between 100 nm and
hundreds of microns, and with thicknesses between 20
nm and hundreds of microns. Electronic and
optoelectronic systems of various types have been
demonstrated with this approach, on substrates ranging
from rigid glass, polymer and semiconductor wafers to
thin flexible sheets of plastic. The printing itself
is performed with a fully automated printer that
provides both force and feedback control of
thetransfer process, together with microscope based
vision systems for alignment. Figure 36 provides an
image and a schematic illustration of a printer useful
in the present methods of fabricating conformable
ILED-based thin film lighting systems. [0193] Using
such an approach, a small passive matrix 8x8 lighting
pad has been assembled with blue inorganic LEDs
assembled on a polycarbonate substrate with
prepatterned metallic interconnects. Fig 37 provides
images of square (part a) and linear (part b) lighting
devices that comprise passively addressed blue
inorganic LEDs assembled on plastic substrates via
contact printing. The device in part (b) represents a
demonstration of a thin film lighting device
comprising a conformable ILED-based lighting system of
the present invention. A small version of a blue
ILED-based thin film lighting device is also shown in
Fig. 37. [0194] In some embodiments, conformable LED
lighting systems of the present invention have utility
for lighting applications for automobiles and other
vehicles. In some embodiments, for example, the
present invention provides reliable and low cost
ILED-based thin film lighting devices that can be
integrated in a conformal way with the 



relevant surfaces of an automobile or other vehicle.
[0195] Figure 39 provides a schematic process flow
diagram of a method of fabricating a conformable LED
lighting system of the present invention. As shown in
Figure 39, an adhesive material is (NOA) is used to
fix ILED and top/bottom substrate before injection of
PDMS. In some embodiments, external power lines are
installed before injection of PDMS to prevent
contamination of the external pad region, as shown in
Figure 39. In some embodiments, sample is installed
with tilted angle in a vacuum chamber to remove air in
injected PDMS, as shown in Figure 39. In some
embodiments, pressure is applied between two
substrates to keep a contact between the ILEDs and
electrodes, as shown in Figure 39. Injection of a PDMS
encapsulating layer is useful for improving the
bending characteristics of the device (particularly in
slow bending motion) and injection of PDMS achieves a
stable contact property. [0196] Figure 39 provides a
process flow diagram for fabricating a ILED light
device of the present invention comprising a flexible
strip. As shown in this figure, a thin PDMS layer is
provided on a PET film. Electrodes are defined and
deposited via evaporation of Ti/Au and shadow masking
technique. Printable ILED device elements are
transferred and assembled onto the substrate via
contact printing. As shown in Figure 39, an adhesive
(e.g., NOA) is provided to the bottom substrate, and
the top substrate isbonded to the device. The external
pad and wire is fixed and a PDMS adhesive is inject
and cured, optionally under vacuum conditions, so as
to encapsulate/planarize the ILED structures. [0197]
Figure 40 provides a cross sectional view of a
conformal ILED lighting system of the present
invention comprising top and bottom PET substrates
(approximately 175 microns thick), ILEDS structures
(approximately 100 microns thick), electrodes and a
PDMS encapsulating coating or layer (approximately 20
- 40 microns thick). [0198] Figure 4 1 provides images
of ILED lighting systems of the present invention in
an unbent state, a first bent state with a bending
radius of 7 cm, a second bent state with a bending
radius of 5 cm, third bent state with a bending radius
of 4.5 cm, a fourth bent state with a bending radius
of 3 cm and in a state upon release of the bending
stress. The images in Figure 4 1 confirm that
conformal ILED lighting systems of the present
invention provide useful optical properties in bent
configurations. [0199] Fig 42 provides an image of a
flexible strip light made of blue LEDs and thin 



kapton substrates with bending radius equal to 0.85
cm. [0200] In results of experiment, we observe that
operation of the present conformable ILED-based
lighting systems is improved in cases of thicker
electrode and PDMS coatings or encapsulating layers on
PET. However, it is difficult to fabricate a
strip-light with only thicker electrode because
alignment of ILED on electrode (by hand) is difficult.
In some embodiments, the process uses a by using an
aligner to provide more stableand accurate assembly.
An optimized system for some embodiments combines
thicker electrode, PDMS coating on PET and removing
tweezing process by hand. [0201] Figure 43 provides
schematics showing two methods for assembling ILED
structures on the device substrate. The lower panel
shows an assembly method using alignment by hand and
the upper panel show an assembly method using an
aligner. When we use an aligner to align ILED on
electrode, the number of operating ILED are greatly
increased because a damage of electrodes is reduced
compared to use tweezers. This method also enhances
alignment between the ILED and electrode structures.
Example 3: Printing-based assembly of solar cells and
solar cell arrays [0202] Fig 44 provides a schematic
for the formation of a micro single crystal silicon
solar cell with low-level concentrating lens. In the
first step (a) the micro structures are transferred
from PDMS onto an embedded electrode which serves as
the back electrical contact for the device. The
silicon is transferred by laminating the PDMS onto the
electrode surface and slowly peeling the PDMS back.
Next, in step (b), planarization followed by the
formation of the top metal contacts is performed. The
device is completed by integrating a low concentration
cylindrical lens array made from PDMS onto the device
(step c). In this final step it can be seen that the
device was designed such that the rows of silicon
cells align with the focal point of the lens array.
[0203] Fig 45 provides images of a silicon solar cell
transferred to a glass substrate, (a) Optical image of
a single cell on a glass substrate with both top and
bottom electrical contacts, (b) Typical I-V response
for a device shown in (a) under AM 1.5. [0204] Fig 46
provides images of a solar cell array joined to
cylindrical collecting optics, (a) Picture of the
final fully integrated device with cylindrical lens
array, (b) Picture of the same device without the
incorporation of the lens array. [0205] Fig 47
provides a schematic diagram for generating optical
concentrator arrays 



with integrated metal contacts onto mS-Silicon solar
cells. The process starts off with retrieval of a
metal mesh pattern from a substrate (shown dark blue)
via a PDMS molded lens array. In some embodiments, the
lens array/mesh pattern is laminated in registry onto
an array of silicon solar cells.[0206] Fig 48
describes the process flow for generating solar cells
and integrated concentrating optics. [0207] Fig 49
provides images of a micro solar cell array printed
onto gold bus lines on glass substrates via a thin
PDMS adhesive layer. [0208] Fig 50 provides a
schematic illustration of microcells of (a)
vertical-type, (b) transverse-type, (c) combination of
both types.The processing scheme for producing bulk
quantities of single crystal Si micro-ribbons from
bulk silicon wafers has been recently developed. The
approach begins with a controlled deep reactive ion
etching process to create well-defined ribbon
structures. Subsequent side-wall passivation either
from angled electron beam evaporation deposition of
metals or from chemical vapor deposition of Si(VSIsN 4
can function as a physical mask for highly anisotropic
wet chemical (e.g. KOH) etching. This single-step
etching process thus can produce microribbon arrays in
printing-ready forms. Both vertical and transverse
type pn-junctions are provided by the present
invention, which has its own advantages over the other
in microcell configurations. Vertical type
pn-junctions have been mainly pursued for photovoltaic
applications due to its easy processing with bulk
wafers and large junction area. On the other hand,
transverse type pn-junctions have more choices in
terms of transfer methods, usable substrates, and a
possibility of back-side illumination (i.e.
eliminating shadowing issues due to metal grids),
while they may exhibit limited performance on account
of their intrinsically small junction area. Another
design of the present invention is a combination of
vertical and transverse junctions, which may take
above-mentioned advantages . All of the junction
structures (n+-p-p+) can be readily fabricated by
selective doping process, in which thermal diffusion
of spin-on-dopant is conducted with PECVD-grown SiO2
doping mask of appropriate thickness and pattern. For
vertical type cells, n+-emitter doping is done first
before creating microcell patterns, while back
p+-doping as back-surface-field (BSF) is accomplished
after the microcell patterning process, by a transfer
of the patterned microcells onto a substrate covered
with dopants and a subsequent thermal diffusion. After
this BSF doping step, the 



microcells can be transferred again to any desired
substrate. For transverse type cells, process of
selective n+ and p+ doping is more straightforward
than vertical cells, simply by using patterned doping
masks repetitively. Microcells are created after
finishing these doping processes. For the combination
type cells, front side doping is obtained in a similar
manner with transverse type cells, while back side
doping is implemented by following the procedure of
BSF formation in vertical type cells.[0209] The
present invention also includes ILED displays with
matrix structure as well as strip-light without a
method using PDMS cassette. Example 4: Electrical
Interconnection Strategies for Printed Optical Systems
[0210] The present invention provides methods and
systems useful for establishing good electrical
connection of semiconductor-based optical systems
fabricated by contact printing methods. Processing
steps and device geometries of the present invention
provide efficient, mechanically robust and highly
conductive electrical connection between electronic
devices and/or device components assembled-via contact
printing. The present processing steps and device
geometries are compatible with a range of electrical
interconnect patterning and processing techniques
including photolithographic processing, deposition
techniques and/or soft lithographic (e.g., contact
printing) patterning. a. Planarizing Fabrication
Strategies and Device Geometries [0211] In an aspect,
the present invention provides planarizing processing
steps and planar device geometries that minimizes, or
completely avoids, degradation of electronic
performance of device electrical interconnects arising
from step edges of semiconductor elements, such as
semiconductor electronic devices and device
components, assembled on a device substrate via
contact printing. In the context of this description,
"planarizing" refers to a process wherein one or more
printable semiconductor elements are integrated with a
device substrate such that a surface structure is
formed having an exposed surface with a substantially
planar geometry. Preferably for some applications, the
exposed surface having a substantially planar geometry
includes one or more individual surfaces of the
printed semiconductor element(s) that can be patterned
with device electrical interconnect structures, for
example using optical lithography and deposition
techniques. A planar geometry generally refers to a
surface configuration wherein all points on the
surface occupy a common plane. In the context of this 



description, however, a substantially planar geometry
includes some deviation from an absolutely planar
configuration. In some embodiments, for example, a
substantially planar geometry includes deviations in
surface position from an absolutely planar
configuration of less than 2 microns, preferably for
some embodiments deviations in surface position from
an absolutely planar configuration of less than 1
micron, and more preferably for some embodiments
deviations in surface position from an absolutely
planar configuration of less than 500
nanometers.[0212] Planarization in the present
invention is achieved by providing materials, layers
and/or structures adjacent to printed semiconductor
elements such that the step edges of these structures
are reduced and/or minimized, thereby allowing for
effective patterning and integration of electrical
interconnection structures. In an embodiment, for
example, the space between adjacent printed
semiconductor elements is filled with or otherwise
occupying by portions of device substrate itself,
other materials, layers or structures provided to the
device substrate or a combination of these.
Planarizing may be achieved in the present invention
using a number of processing methods including
embedding one or more printable semiconductor elements
into a receiving surface of a device substrate or a
planarizing layer provided thereon. Alternatively,
planarizing in the present invention may be achieved
in the present invention may be achieved by assembling
printable semiconductor elements on a receiving
surface of a device substrate by contact printing and
subsequently providing materials or layers adjacent to
the printable semiconductor elements, and in some
embodiments between adjacent printed semiconductor
elements, so reduce or minimize the step edges of the
printed structures. [0213] In an embodiment of this
aspect, the present invention provides a method of
making a semiconductor-based optical system comprising
the steps of: (i) providing a device substrate having
a receiving surface; (ii) assembling one or more
printable semiconductor elements on the receiving
surface of the substrate via contact printing; and
(iii) planarizing the printable semiconductor
element(s) assembled on the receiving surface, thereby
making the semiconductor-based optical system. In an
embodiment, the planarizing step generates a
substantially planar and/or smooth top surface on the
device substrate including the printable semiconductor
element(s). In methods useful for device fabrication
applications, the substantially planar and/or smooth
top surface 



generates includes exposed surfaces of one or more
planarized printable semiconductor elements assembled
on the receiving surface. Methods and systems having a
planar and/or smooth top surface included exposed
surfaces of one or more planarized printable
semiconductor elements is beneficial for providing
electrical contact to the planarized printable
semiconductor elements via additional processing
steps, such as lithographic patterning of
electrodes/device interconnect structures. In a method
of the present invention, the printable semiconductor
element comprises a unitary inorganic semiconductor
structure. In a method of the present invention, the
printable semiconductor element comprises a single
crystalline semiconductor material.[0214] Optionally,
a method of the present invention further comprises
the step of curing, polymerizing or cross linking the
planarizing layer having the printable semiconductor
element embedded therein, thereby fixing the printable
semiconductor element in the planarizing layer.
Planarizing layers of the methods and systems of this
aspect of the present invention are also useful for
mechanical integrating printable semiconductor
elements with a device substrate. Optionally, a method
of the present invention further comprising the steps
of patterning one or more electrodes/electrical
interconnects to one or more exposed surfaces of the
planarized printable semiconductor element included in
the substantially planar and/or smooth top surface.
Patterning electrodes and interconnects can be
achieved by means known in the art including, but not
limited to, optical lithography, deposition techniques
(e.g., CVD, PVD, thermal deposition, sputtering
deposition, plasma deposition etc.), soft lithography
(e.g., contact printing) and combinations of these.
Optionally, a method of the present invention
comprising the steps: (i) assembling a plurality of
printable semiconductor elements on the receiving
surface of the substrate via contact printing; and
(ii) planarizing the plurality of printable
semiconductor elements assembled on the receiving
surface. [0215] In an embodiment, the planarizing step
generates a substantially planar top surface on the
device substrate having the printable semiconductor
element(s). Preferably for some application the
substantially planar top surface comprises an exposed
surface of each of the printed semiconductor elements
assembled on the receiving surface. Preferably for
some embodiments of this aspect, the planarized
semiconductor elements assembled on the receiving
surface exhibit step edge features 



that are less than 2 microns, preferably for some
applications less than 1 micron and more preferably
for some applications less than 500 nanometers. This
aspect of the invention is useful for generating
structure that can be effective electrically
interconnected, for example using lithographic
patterning and thin film deposition methods. [0216] In
an embodiment, the planarizing step of this method
comprises embedding the printable semiconductor
element(s) into the device substrate. Techniques for
embedding one or more printable semiconductor elements
directly into a device substrate include raising the
temperature of a polymer device substrate so as to
achieve a physical state (e.g. viscosity) capable of
displacement during contact printing. Alternatively,
planarizing may be achieved by direct integration of
printablesemiconductor elements into prepattemed
recessed features in the receiving surface of the
receiving substrate. [0217] In another embodiment, the
planarizing step of this method comprises embedding
the printable semiconductor element(s) in a
planarizing layer provided on the receiving surface of
the device substrate. In the context of this
description, a planarizing layer refers to a layer of
material supported by the receiving substrate such
that printed semiconductor elements can be embedded or
implanted into the planarizing layer. In some
embodiments, planarizing layers comprise materials,
such as low viscosity fluids, that are capable of
physical displacement or rearrangement so as to
accommodate printed semiconductor elements.
Optionally, planarizing layers of the present inventon
are capable of chemical or physical transformation
after receiving printable semiconductor elements to
harden, solidify or otherwise change phase or
viscosity such that the embedded printed semiconductor
elements are held in place. Optionally, the
planarizing layer is a prepolymer layer that is
polymerized after receiving the printable
semiconductor elements. Optionally, the planarizing
layer is a polymer layer that is cross linked after
receiving the printable semiconductor elements. [0218]
The present invention includes methods wherein the
planarizing layer is provided to the receiving surface
or structure thereon and subsequently contacted with
the printable semiconductor element(s). In this
embodiment, the planarizing layer receives the
printable semiconductor elements assembled on the
receiving surface. Alternatively, the present
invention includes methods wherein the planarizing
layer is 



provided to the receiving surface after the step of
assembling the printable semiconductor element(s) on
the receiving surface. In this embodiment, the
planarizing layer is provided so as to fill-in or
build up regions of the receiving substrate so as to
planarize the printed semiconductor elements. [0219]
Planarizing layers of the present invention may
comprise a range of materials including, but not
limited to, polymers, prepolymers, composite materials
having a polymer component, gels, adhesives and
combinations thereof. For some applications,
planarizing layers preferably comprise one or more low
viscosity materials capable of physical displacement
or rearrangement to accommodate and embed printable
semiconductor elements. In an embodiment, for example,
a planarizing layer comprises a material having a
viscosity selected over the range of 1-1000
centipoise. Planarizing layers for some device
fabrication applications have a thickness comparable
to theprintable semiconductor elements assembled on a
receiving surface. In an embodiment, a planarizing
layer of the present invention has a thickness
selected over the range of 10 nanometers to 10000
microns. In some embodiments, a planarizing layer of
the present invention has a thickness similar (e.g.,
within a factor of 1.5) to that of the printable.
semiconductor elements assembled on the receiving
surface. In an embodiment the thickness of the
planarizing layer is selected over the range of 0.0003
mm to 0.3 mm, preferably for some applications
selected over the range of 0.002 mm to 0.02 mm [0220]
The present invention also includes optical systems
comprising planarized printable semiconductor
elements. In an embodiment, a semiconductor-based
optical system of the present invention comprises: (i)
a device substrate having a receiving surface; and (i)
one more planarized printable semiconductor elements
supported by the receiving surface; wherein the device
substrate having the one or more printable
semiconductor elements has the substantially planar
top surface that includes at least a portion of the
printable semiconductor elements, wherein the
printable semiconductor elements comprise a unitary
inorganic semiconductor structure having a length
selected from the range of 0.0001 millimeters to 1000
millimeters, a width selected from the range of 0.0001
millimeters to 1000 millimeters and a thickness
selected from the range of 0.00001 millimeters to 3
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a length selected 



from the range of 0.02 millimeters to 30 millimeters,
and a width selected from the range of 0.02
millimeters to 30 millimeters, preferably for some
applications a length selected from the range of 0.1
millimeters to 1 millimeter, and a width selected from
the range of 0.1 millimeters to 1 millimeter,
preferably for some applications a length selected
from the range of 1 millimeters to 10 millimeters, and
a width selected from the range of 1 millimeter to 10
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a thickness selected from the range
of 0.0003 millimeters to 0.3 millimeters, preferably
for some applications a thickness selected from the
range of 0.002 millimeters to 0.02 millimeters. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 100 nanometers to 1000
microns, a width selected from the range of 100
nanometers to 1000 microns and a thickness selected
from the range of 10 nanometers to 1000 microns.[0221]
Optionally, the system of the present invention
further comprises a planarizing layer provided on the
receiving surface of the device substrate, wherein the
printable semiconductor elements are embedded in the
planarizing layer. In a system of the present
invention, the printable semiconductor elements are
printable electronic devices or electronic device
components, such as LEDs, solar cells, lasers,
sensors, transistors, diodes, p-n junctions,
integrated circuits, photovoltaic systems or a
component of these. [0222] Figures 54A and 54B
provides schematic diagrams of systems of the present
invention comprising planarized printable
semiconductor elements. Printable semiconductor
elements 5010 are embedded in the device substrate
5000 itself (See Figure 54A) or alternatively in a
planarizing layer 5020 (See Figure 54B)provided on a
receiving surface of device substrate 5000. As shown
in these Figures 54A and 54B the planarized
configuration results in a top exposed surface 5015
having a substantially planar geometry which includes
some deviation from an absolute planar configuration.
As shown in these figures, top exposed surface 5015
including exposed surfaces of the planarized printable
semiconductor elements 5010 in addition to exposed
surfaces of substrate 5000 or planarizing layer 5020.
Figure 55 provides a flow diagram illustrating
processing steps in methods of the present invention
for making semiconductor-based optical systems
comprising planarized printable semiconductor
elements, such as printable semiconductor-based
electronic devices and device components. 



[0223] A benefit of using planarized device
configurations and planarization methods of the
present invention is that it allows good electrical
contact with planarized printable semiconductor
elements to be established in further processing
steps, such as lithographic and deposition processing.
Figure 56 provides experimental results characterizing
the impact of step edges on establishing electrical
contact to and/or between printable semiconductor
elements. Experimental result corresponding to printed
semiconductor elements comprising silicon bars having
step edge dimensions of 290 nm, 700 nm, 1.25microns
and 2.5 microns. Inset of Figure 56 shows a micrograph
and schematic showing the device and electrical
contact geometries. As shown in this figure, good
conductivity (e.g., resistance less than 10 ohm) is
observed for step edge dimensions up to 1.25 microns.
For step edge dimensions equal to 2.5 microns,
however, a significant decrease in conductivity (e.g.,
resistance equal to 1.7 ohm) is observed. Planarizing
methods of the present invention, therefore, have
significant value in minimizing the magnitude of step
edges in assembled printable semiconductorelements,
thereby accessing planapzed device geometries capable
of effective implementation of device interconnects
and electrodes. [0224] In a system of this aspect, the
printable semiconductor element(s) comprises a
semiconductor structure having a length selected from
the range of 0.02 millimeters to 30 millimeters, and a
width selected from the range of 0.02 millimeters to
30 millimeters. In a system of this aspect, the
printable semiconductor element(s) comprises a
semiconductor structure having at least one
longitudinal physical dimension selected from the
range of 0.1 millimeters to 1 millimeter. In a system
of this aspect, the printable semiconductor element(s)
comprises a semiconductor structure having at least
one longitudinal physical dimension selected from the
range of 1 millimeters to 10 millimeters. In a system
of this aspect, the printable semiconductor element(s)
comprises a semiconductor structure having at least
one cross sectional dimension selected from the range
of 0.0003 millimeters to 0.3 millimeters. In a system
of this aspect, the printable semiconductor element(s)
comprises a semiconductor structure at least one cross
sectional dimension selected from the range of 0.002
millimeters to 0.02 millimeters. [0225] 142. The
system of claim 136 comprising: a plurality of
planarized printable semiconductor elements supported
by said receiving surface; wherein said device 



substrate having said printable semiconductor element
has said substantially planar top surface that
includes at least a portion of said planarized
printable semiconductor elements, wherein each of said
printable semiconductor element comprises a
semiconductor structure having a length selected from
the range of 0.0001 millimeters to 1000 millimeters, a
width selected from the range of 0.0001 millimeters to
1000 millimeters and a thickness selected from the
range of 0.00001 millimeters to 3 millimeters. [0226]
In an embodiment of this aspect, the system further
comprises a planarizing layer provided on said
receiving surface of said device substrate, wherein
said printable semiconductor element is embedded in
said planarizing layer. In an embodiment of this
aspect, system further comprises one or more
electrodes or electrical interconnects patterned on
said substantially planar top surface. In an
embodiment of this aspect, said printable
semiconductor element is a printable electronic device
or electronic device component. In an embodiment of
this aspect, the printable semiconductor element is a
LED, a solar cell, a laser, a sensor, diode, p-n
junction, transistor,integrated circuit or a component
thereof. In an embodiment of this aspect, the
printable semiconductor element comprises said
semiconductor structure integrated with at least one
additional structure selected from the group
consisting of: another semiconductor structure; a
dielectric structure; conductive structure, and an
optical structure. In an embodiment of this aspect,
the printable semiconductor element comprises said
semiconductor structure integrated with at least one
electronic device component selected from the group
consisting of: an electrode, a dielectric layer, an
optical coating, a metal contact pad and a
semiconductor channel. In an embodiment of this
aspect, the printable semiconductor element has a
thickness selected from the range of 100 nanometers to
100 microns. [0227] The present invention includes
other strategies for avoid or mitigating the effect of
step edges in establishing electrical connection
between to and/or between printable semiconductor
elements. In some embodiments, for example, the
printable semiconductor elements are fabricate such
that they have at least one side having a sloping or
otherwise gradually tapering edge. The sloping edge
provides a gradual change at the edge of the printable
semiconductor element, as opposed to an right angle
configuration where the change on the edge of the
printable semiconductor 



element is abrupt. In these embodiments, printable
semiconductor elements are assembled such that a side
having the sloping edge(s) is exposed upon contact
with the receiving surface. This geometry allows
access to, and subsequent processing on, the exposed
side having the sloping edges for integration of
electrical interconnects. The present of the sloping
edges of the printable semiconductor elements,
therefore, reduces the impact of step edges in
integrating electrical interconnection structures and
electrodes. b. Electrical Interconnection Using Mesh
and Grid Electrodes [0228] The present invention also
include device geometries and processing methods
wherein an electrically conducting mesh or grid
electrode is used to electrically interconnect
printable semiconductor elements assembled via contact
printing. Mesh and grid electrical internconnection
elements and/or electrodes are optionally assembled
via contact printing methods on a receiving surface of
a device substrate, optical systems or optical
component or assembled via contact printing methods on
exposed surfaces of printed semiconductor elements,
optionally using a conformable transfer device.
Advantages of the use of mesh and grid electrodes
include that factthat they can be effectively
patterned over large areas, thereby, allowing for
greater tolerance in the placement accuracy of
printable semiconductor elements assembled via contact
printing due. This processing and design advantage
results in a relaxation of processing constraints and
device geometry tolerances involved in contact
printingbased assembly of printable semiconductor
elements. For example, use of mesh and grid electrodes
and device interconnects significantly relaxes design
and placement constraints on the alignment and
positions of the printable semiconductor elements
assembled by contact printing. In addition, use of
mesh and grid electrodes allows a large number of
printable semiconductor elements to be effectively
electrically interconnected in a single (or small
number) of processing steps. Further, the thickness
and/or fill factor of mesh or grid electrodes can be
selected such that they are optically transparent,
which allows these components to be implemented in
optical systems requiring transmission of
electromagnetic radiation through the mesh or grid,
such as displays, photovoltaic systems, optical
sensing systems and multifunctional optical systems.
In some embodiments, the grid or mesh is more than 50%
optical transparent at a selected wavelength of
electromagnetic radiation. 



[0229] In an embodiment, methods of the present
invention comprise the step of providing an
electrically conducting grid or mesh in electrical
contact with at least a portion of the printable
semiconductor elements assembled on a receiving
surface of a device substrate, thereby establishing
electrical contact from the mesh to at least a portion
of the printable semiconductor elements. In an
embodiment, the electrical connection from the grid or
mesh to said printable semiconductor elements is
established by contact printing. The grid or mesh
provides one or more electrodes or electrical
interconnection structures in some of the optical
systems of the present invention. The step of
providing the grid or mesh in electrical contact with
at least a portion of the printable semiconductor
elements may be carried out via contact printingbased
processing, for example using a conformable transfer
device such as an elastomeric (e.g., PDMS) stamp. In
some embodiments, for example, this processing step
comprises the step of transferring the grid or mesh
onto the receiving surface of device substrate via
contact printing, and subsequently assembling
printable semiconductor elements on one or more
surfaces of the printed grid or mesh, thereby
establishing electrical connection between these
device elements. Alternatively, in another method this
processing step comprises the step of transferring via
contact printing the grid or mesh onto one or more
exposed surfaces of printable semiconductorelements
previously assembled onto the receiving surface of the
device substrate, thereby establishing electrical
connection between these device elements. [0230] In
another embodiment, the present invention provides a
method of making a semiconductor-based optical system
comprising the steps of: (i) providing an optical
component having an internal surface; (ii) providing a
electrically conducting grid or mesh on said internal
surface of said optical component; (iii) providing a
device substrate having a receiving surface; (iv)
assembling a plurality of printable semiconductor
elements on said receiving surface of said substrate
via contact printing; wherein each of said printable
semiconductor elements comprise a semiconductor
structure having a length selected from the range of
0.0001 millimeters to 1000 millimeters, a width
selected from the range of 0.0001 millimeters to 1000
millimeters and a thickness selected from the range of
0.00001 millimeters to 3 millimeters; and (v)
transferring said optical component having said grid
or mesh to said device substrate, wherein said optical
component is positioned on top of said semiconductor
elements 



assembled on said on said receiving surface of said
substrate, wherein said electrically conducting grid
or mesh is provided between said optical component and
said semiconductor elements, and wherein said metal
grid or mesh is provided in electrical contact with at
least a portion of said printable semiconductor
elements. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a length selected from the range of
0.02 millimeters to 30 millimeters, and a width
selected from the range of 0.02 millimeters to 30
millimeters, preferably for some applications a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter, preferably for some
applications a length selected from the range of 1
millimeters to 10 millimeters, and a width selected
from the range of 1 millimeter to 10 millimeters. In
an embodiment, the printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.0003 millimeters to 0.3
millimeters, preferably for some applications a
thickness selected from the range of 0.002 millimeters
to 0.02 millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a length selected from the range of
100 nanometers to 1000 microns, a width selected from
the range of 100 nanometers to 1000 microns and a
thickness selected from the range of 10 nanometers to
1000 microns. [0231] Optionally steps (i) and/or (v)
in the method recited above is carried out via contact
printing methods, for example using a conformable
transfer device such as anelastomeric stamp. In an
embodiment, the electrically conducting mesh or grid
comprises one or more metals. In an embodiment, the
electrically conducting mesh or grid comprises one or
more semiconductor materials. In a method of the
present invention, the printable semiconductor element
comprises a unitary inorganic semiconductor structure.
In a method of the present invention, the printable
semiconductor element comprises a single crystalline
semiconductor material. [0232] In some methods, said
step of transferring said optical component on top of
said semiconductor elements assembled on said on said
receiving surface of said substrate comprises printing
said optical component on top of said semiconductor
elements assembled on said on said receiving surface
of said substrate using contact printing. For example,
methods of the present invention include the step of
assembling the printable semiconductor element said
receiving surface via dry transfer contact printing, 



optionally using a conformable transfer device such as
an elastomeric transfer device. [0233] Mesh or grids
useful as electrical interconnect structures and/or
electrodes may comprise any conductive material
including metals and semiconductors (including doped
semiconductors). In some embodiments, mesh or grids
useful as electrical interconnect structures and/or
electrodes may have a thickness selected over the
range of 10 nanometers to 10000 microns. Use of thin
and/or low fill factor grid or mesh structures is
useful for some embodiments, as these structures can
be implemented such that they are optically
transparent, for example transmitting greater than
10%, 30% 50% or 70% of incident electromagnetic
radiation having a selected wavelength. Fill factors
of mesh or grid structures for some applications range
between 5% and 80%, preferably between 10-50%. In some
embodiments, use of mesh or grid structures having a
fill factor less than 30% is preferred. [0234] Mesh or
grid structures useful for electrical interconnect
structures and/or electrodes of the present invention
may optionally be a laminated, planarized and/or
encapsulated structure. In an embodiment, for example,
the mesh or grid structure is bonded to an elastomeric
layer, such as a PDMS layer, to facilitate handling,
transfer and/or integration, for example using contact
printing methods, optionally using a conformable
transfer device such as an elastomeric stamp. Useful
elastomeric layers for some applications have
thicknesses ranging from 1 micron to 1000 microns. Use
of an elastomeric layer in some embodiments allows the
grid or mesh electrode or interconnect structure to
deform and move so as to generate good electrical
connectwith printed semiconductor elements. In some
embodiments, the mesh or grid structure is also
coupled to a support, such as glass or polymer
substrate. In an embodiment, for example, the mesh or
grid structure is mechanically coupled to an
elastomeric layer coupled to and a glass or polymer
substrate. In some configurations, the elastomer layer
is positioned between the mesh or grid structure and
the glass or polymer substrate. Use of a support, such
as a glass or polymer substrate, facilitates
integration of grid or mesh electrode or interconnect
structures into optical systems of the present
invention. [0235] Use of grid and mesh electrode
and/or electrical interconnection structures is
beneficial for establishing electrical connection of a
range of printable semiconductor elements. Optionally,
the printable semiconductor element in these methods
is an 



electronic device or component of an electronic
device, such as an LED, a laser, a solar cell, a
sensor, a diode, a transistor, and a photodiode.
Optionally, the printable semiconductor element in
these methods has a thickness selected from the range
of 100 nanometers to 100 microns [0236] In an
embodiment, the present invention provides a
semiconductor-based optical system comprising: (i) a
device substrate having a receiving surface; (ii) a
plurality of printable semiconductor elements
supported by said receiving surface; wherein each of
said printable semiconductor element comprises a
semiconductor structure having a length selected from
the range of 0.0001 millimeters to 1000 millimeters, a
width selected from the range of 0.0001 millimeters to
1000 millimeters and a thickness selected from the
range of 0.00001 millimeters to 3 millimeters; and
(iii) a metal grid or mesh provided in electrical
contact with said plurality of printable semiconductor
elements supported by said receiving surface. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.02 millimeters to 30
millimeters, and a width selected from the range of
0.02 millimeters to 30 millimeters, preferably for
some applications a length selected from the range of
0.1 millimeters to 1 millimeter, and a width selected
from the range of 0.1 millimeters to 1 millimeter,
preferably for some applications a length selected
from the range of 1 millimeters to 10 millimeters, and
a width selected from the range of 1 millimeter to 10
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a thickness selected from the range
of 0.0003 millimeters to 0.3 millimeters, preferably
for some applications a thickness selected from the
range of 0.002 millimeters to 0.02millimeters. In an
embodiment, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 100 nanometers to 1000
microns, a width selected from the range of 100
nanometers to 1000 microns and a thickness selected
from the range of 10 nanometers to 1000 microns.
[0237] Optionally, the printable semiconductor
elements are assembled on said receiving surface by
contact printing. Optionally, said metal grid or mesh
is a laminated structure. Optionally, the metal grid
or mesh is bonded to an elastomeric layer, such as a
PDMS layer, and in some embodiments the elastomeric
layer is bonded to a glass substrate, wherein said
elastomeric layer is positioned between said metal
grid or mesh 



and said glass substrate. Optionally, the metal grid
or mesh is provided between said receiving surface and
said printable semiconductor elements. Optionally, the
metal grid or mesh is provided on one or more external
surfaces of the printable semiconductor elements.
Optionally metal grid or mesh is optically transparent
and/or has a fill factor less than 30%. Optionally,
the printable semiconductor element(s) comprise a
unitary, inorganic semiconductor structure. [0238] In
a system of this aspect, the printable semiconductor
element(s) comprises a semiconductor structure having
a length selected from the range of 0.02 millimeters
to 30 millimeters, and a width selected from the range
of 0.02 millimeters to 30 millimeters. In a system of
this aspect, the printable semiconductor element(s)
comprises a semiconductor structure having at least
one longitudinal physical dimension selected from the
range of 0.1 millimeters to 1 millimeter. In a system
of this aspect, the printable semiconductor element(s)
comprise a semiconductor structure having at least one
longitudinal physical dimension selected from the
range of 1 millimeters to 10 millimeters. In a system
of this aspect, the printable semiconductor element(s)
comprises a semiconductor structure having at least
one cross sectional dimension selected from the range
of 0.0003 millimeters to 0.3 millimeters. In a system
of this aspect, the printable semiconductor element(s)
comprises a semiconductor structure at least one cross
sectional dimension selected from the range of 0.002
millimeters to 0.02 millimeters. In a system of this
aspect, the printable semiconductor elements are
assembled on the receiving surface by contact
printing. In a system of this aspect, the grid or mesh
comprises one or more metals. In a system of this
aspect, the grid or mesh is a laminated structure. In
a system of this aspect, the grid or mesh is bonded to
an elastomeric layer, and optionally elastomeric layer
is bonded to a glass substrate, wherein the
elastomeric layer is positioned between the grid or
mesh and the glasssubstrate, and optionally the grid
or mesh is provided between the receiving surface and
the printable semiconductor elements. In a system of
this aspect, the grid or mesh is provided on external
surfaces of the printable semiconductor elements. In a
system of this aspect, the grid or mesh is more than
50% optically transparent. In a system of this aspect,
the grid or mesh has a fill factor less than 30%. c.
Electrode interconnect geometries for printable
semiconductor elements [0239] The present invention
also include electrode interconnect geometries for 



printable semiconductor elements, such as printable
semiconductor devices and device components, that
facilitate electrode patterning and electrical
interconnection as assembly via contact printing.
These interconnect geometries are applicable to a
range of printable electronic devices and components
thereof, including solar cells, LEDs, transistors,
diodes, lasers and sensors. [0240] In an embodiment, a
printable semiconductor element of the present
invention has a device geometry such that the contact
structures, such as contact pads or other electrical
interconnection structures, for making electrical
connection are provided on a single side of the
printable semiconductor element. Preferably for some
device fabrication applications, the side of the
printable semiconductor element that has the
electrical contacts is exposed or otherwise accessible
upon the step of assembling the printable
semiconductor element on a device substrate, optical
system or optical component. This design is
particularly attractive for printable semiconductor
elements comprising electronic devices require two or
more electrical contacts to different components of
the device such as a solar cell, LED or transistor. In
printable semiconductor devices and device components
of this aspect, the device geometry is selected to
allow two or more electrical interconnects to be
provided on a single side of the printable
semiconductor device and device component. In some
embodiments, for example, the doping and doped
components of a printable semiconductor devices and
device components is selected and or spatially
arranged to allow electrical interconnects to be
provided on a single side of the printable
semiconductor device and device comrJonent. Example 5:
Contact printing based assembly on optical components
. [0241] An advantage of the contact printing-based
processing methods of the present invention is that
they are compatible with device assembly and
integration directly on arange of optical systems and
optical components thereof. This allows for a range of
useful structures and device geometries to be
efficiently accessed using the present fabrication
methods. [0242] In an embodiment of this aspect, the
present invention provides a method of making a
semiconductor-based optical system comprising the
steps of: (i) providing an optical system or optical
component having a receiving surface; and (ii)
assembling one or more printable semiconductor
elements on said receiving surface of said optical 



system or optical component via contact printing;
wherein each of said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.0001 millimeters to 1000
millimeters, a width selected from the range of 0.0001
millimeters to 1000 millimeters and a thickness
selected from the range of 0.00001 millimeters to 3
millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a length selected from the range of
0.02 millimeters to 30 millimeters, and a width
selected from the range of 0.02 millimeters to 30
millimeters, preferably for some applications a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter, preferably for some
applications a length selected from the range of 1
millimeters to 10 millimeters, and a width selected
from the range of 1 millimeter to 10 millimeters. In
an embodiment, the printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.0003 millimeters to 0.3
millimeters, preferably for some applications a
thickness selected from the range of 0.002 millimeters
to 0.02 millimeters. In an embodiment, the printable
semiconductor element comprises a semiconductor
structure having a length selected from the range of
100 nanometers to 1000 microns, a width selected from
the range of 100 nanometers to 1000 microns and a
thickness selected from the range of 10 nanometers to
1000 microns. [0243] In some embodiments, the
printable semiconductor elements are assembled on a
contoured receiving surface of said optical component,
such as the curved surface(s) of a lens, lens array,
waveguide or array of waveguides. Alternatively, the
printable semiconductor elements are assembled are
assembled on a planar receiving surface(s) of said
optical component. [0244] The contact printing based
fabrication platform of the present methods is highly
versatile and, hence compatible with a range of
optical components including lightcollecting optical
components, light concentrating optical components,
light diffusing optical components, light dispersing
optical components, light filtering optical components
and arrays thereof. In an embodiment, for example,
printable semiconductor elements, such as printable
semiconductor based electronic devices and/or device
components, are assemble on a receiving surface of an
optical systems or component selected from the group
consisting of a lens, a lens array, a reflector, an 



array of reflectors, a waveguide, an array of
waveguides, an optical coating, an array of optical
coatings, an optical filter, an array of optical
filters, a fiber optic element and an array of fiber
optic elements. In an embodiment, printable
semiconductor elements are assembled on an optical
component or system fabricated by replica molding,
such as a lens or lens array fabricated by replica
molding. In an embodiment, printable semiconductor
elements are assembled on a PDMS molded optical
structure, such as such as a PDMS molded lens or lens
array. [0245] Printing based assembly allows the
assembled printable semiconductor elements to
accurately and/or precisely spatially aligned and/or
individually addressed to features and parts of an
optical system or optical component. In an embodiment,
for example, contact printing allows each of the
components in an array of optical components to be
spatially aligned with respect to at least one of said
printable semiconductor elements, for example aligned
to within 100 microns or preferably to within 10
microns. In an embodiment, for example, contact
printing allows each of the components in an array of
optical components to be individually addressed to at
least one of said printable semiconductor elements.
[0246] Direct contact printing onto surfaces of
optical systems and components enables fabrication of
range of systems including display systems,
photovoltaic systems, sensors, and multifunctional
optical systems. The type and functionality of the
optical system generated will depend at least in part
on the type of printable element printed and the type
of optical system or component that receives the
printable semiconductor elements. In some embodiments,
the printable semiconductor element assembled on the
surface of optical systems and components are
electronic devices or components of electronic
devices, such as LEDs, lasers, solar cells, sensors,
diodes, transistors, and photodiodes. In some
embodiments, the printable semiconductor element
assembled on the surface of optical systems and
components have thicknesses selected from the range of
100 nanometers to 100 microns.[0247] Use of contact
printing in the present invention provides the capable
of direct integration of printable semiconductor
elements with a range of optical systems. In an
embodiment, for example, printable semiconductor
elements are assembled on said receiving surface of an
optical system or optical component via dry transfer
contact printing. Optionally, printable semiconductor
elements are assembled on said receiving 



surface of an optical system or optical component
using a conformable transfer device, such as an
elastomeric transfer device (e.g., PDMS stamp). In a
method of this aspect of the present comprises the
steps of: (i) providing said conformable transfer
device having a contact surface; (ii) establishing
conformal contact between an external surface of said
printable semiconductor element and said contact
surface of said conformable transfer device, wherein
said conformal contact bonds said printable
semiconductor element to said contact surface; (iii)
contacting said printable semiconductor element bonded
to said contact surface and said receiving surface of
said optical component; and (iv) separating said
printable semiconductor element and said contact
surface of said conformable transfer device, thereby
assembling said printable semiconductor element on
said receiving surface of said optical component.
Example 6: Fabrication of solar cell arrays via
contact printing [0248] The present methods provide an
effective processing platform for the fabrication of
high performance photovoltaic systems including solar
cell arrays. [0249] Figure 57 provides a process flow
diagram for making printable semiconductor elements
comprising vertical solar cells that can be
subsequently assembled and interconnected to fabricate
a solar cell array. Steps A - E in figure 57
demonstrate various processes and conditions for
making printable solar cell ribbons from a Si ( 111)
p-type wafer. [0250] Process step A in figure 57
demonstrates processing steps and conditions for the
back surface field formation. In this processing step,
a 3 inch p-type Si 111 wafer is cleaved into 6 equal
parts. Next, the processed wafer is cleaned using
Ace/IPA and Piranha clean. Boron ( B219) SOD is spun
on and the wafer. The wafer with boron is annealed at
250 0C. The boron is driven in, for example, at 1150
0C for 45 mins. Any glass residue is removed. These
processing steps result a junction that is about 1.5
mm thick.[0251] Process steps B and C in Figure 57
demonstrate processing steps and conditions for ribbon
formation. A 300 nm PECVD oxide is use to make the
resist pattern. The PR is patterned to define the
ribbon spatial dimensions and wet etch exposed oxide
with BOE. Then, ICP-DRIE ~ 25- 30 mm is used to
generate deep trenches ( 12 min etch time) into the
exposed silicon. Exemplary ribbon dimensions and
trench dimensions are shown in Figure 57. The
processed wafer is cleaned in RCA 1 



and KOH refining for about 4 mins to remove some of
the sidewall roughness. Next, PECVD 100 nm SiO2 and
600 nm Si3N4 is deposited everywhere. Angled
evaporation ( 60 degree stage) of Ti / Au 3 / 50 nm is
used in this processing step. The wafer is exposed to
RIE etching of the exposed oxide and nitride layers.
Wet etching using KOH is next used to undercut the
ribbons, for example, using a ~ 35 % KOH solution. The
metal mask layers are subsequently removed. The oxide
and nitride layers are maintained for subsequent
doping processing. [0252] Process steps D and E in
Figure 57 demonstrate processing steps and conditions
for emitter formation. In an embodiment, a n-type
dopant, such as P509, is spin coated onto the fully
undercut ribbon chip. The n-type dopant (e.g., P509)
is driven, for example, at 950 0C for 15 mins. This
creates a Junction that is about 500 nm thick. Next,
the layers are removed and transfer printed onto
receiving substrates with meshes or NOA. [0253] Figure
58 provides SEM images of microsolar cells of
different thicknesses fabricated from bulk wafers.
(Top to bottom: 8 microns, 16 microns, 22 microns
thick). [0254] Figure 59 provides a plot showing IV
characteristics of an individual solar cell device
fabricated using the present processing platform. This
example device shows efficiency of 9%. The inset to
Figure 59 shows the Si solar cells with a vertical
geometry printed onto a bottom bus electrode. [0255]
Figure 60 shows processing for generating top contacts
for the vertical solar cells and related electronic
performance data. First, the vertical solar cells are
printed onto a Au or Cu mesh structure as shown in
panels A and B. Next, a second Au mesh is printed
(laminated) on top of the cells and serves as the top
contact. Panel C shows a plot of the IV curve of
printed contacts, modules fabricated in this way show
total efficiency of 6%. The Inset in panel C shows the
top and bottom printed mesh electrodes onto the
silicon solar cells.[0256] Figure 6 1 provides a
schematic showing a solar cell layout of transverse
type solar cells to be patterned on a < 111> p-type Si
wafer and capable of subsequent assembly and
integration via contact printing. The physical
dimensions of solar cell ribbons, bridge elements,
trenches and a mother wafer are provided in Figure 6
1. After the patterning of cell layout via
photolithography and dry etching process, doping
process is conducted. Figure 62 provides a schematic
showing the doping scheme 



wherein boron (P+) and phosphorous (n+) doped regions
are patterned on the external surface of the patterned
semiconductor ribbons. The top boron doping is for
making top p+ contact while the top phosphorous doping
for making pn junctions. The sidewall doping strategy
is implemented purposefully to increase a junction
area and to prevent possible short-circuit formation
during the metallization step. The bottom p+ doping is
done for creating back-surface-field (BSF) after
undercut of bottom surface with KOH etching process.
[0257] Figure 63 provides an overview schematic
showing the process flow for cell patterning and
doping steps. As shown in Figure 63, first the solar
cell patterns are formed on the wafer using
photolithography and dry etching. Next, spatially
localized boron doping is carried out for window
formation and diffusion. Next, spatially localized
phosphor doping is carried out for window formation
and diffusion. Next the patterned solar cells are
undercut employing top and side wall passivation and
KOH etching. Finally, bottom boron doping is carried
out. [0258] Figure 64 provides a schematic diagram
showing processing steps for patterning solar cell
ribbons illustrating photolithography and STS deep RIE
etching process steps. As shown in this figure, the
first step in the process flow is to make cell
patterns through photolithography and deep reactive
ion etching (Bosch process) on bulk < 111> Si wafer.
As an etching mask, PECVD SiO2 and positive
photoresist are used. In the dry etching, SF6 and O2
are used for etching and C4H8 for passivation. As a
result of alternating etching and passivation
processes in Bosch process, the etched structure has
sidewall ripples, which are smoothen out subsequently
with KOH. Also shown in Figure 64 are micrographs of
process wafer after removal of photoresist and SiO2
masking layers. Figure 65 shows results from KOH
refining processing of the sidewalls of the patterned
ribbons. To remove the sidewall ripples, a short time
KOH refining process is conducted. During the process,
the top surface is protected with PECVD SiO2.I.0259J
Figure 66 provides a schematic diagram for boron
doping processing. After the KOH refining step, boron
doping for formation of top p+ contact is conducted.
PECVD SiO2 (900 nm) is deposited as a doping mask
layer and a doping window is created by
photolithography and BOE wet etching. As a doping
agent, either spin-on-dopant or solid state doping
source can be used. The diffusion process is conducted
at 1000- 



1150C under nitrogen (solid state source) or
nitrogen/oxygen (75/25, spin-on-dopant) atmosphere.
Also shown in Figure 66 is a micrograph of the masked
ribbon structures having a doping window for localized
boron doping. Also shown in Figure 66 is a plot of
current versus voltage indicating a 400 ohm
resistance. [0260] Figure 67 provides a schematic
diagram for phosphorous doping processing. Phosphorous
doping is followed after the boron doping in order to
create a shallow junction (100-300 nm). In a similar
way to boron doping process, phosphorous doping window
is made with PECVD SiO deposition, photolithography,
and BOE wet-etching process. As a doping source,
spin-on-dopant is used and applied by spin-coating.
The diffusion is conducted at 950C under N2/O2 (75/25)
atmosphere. Also shown in Figure 67 is a micrograph of
the masked ribbon structures for localized phosphorous
doping. Also shown in Figure 67 is a plot of current
versus voltage indicating a 80 ohm resistance. [0261]
Figure 68 provides a schematic diagram showing
sidewall passivation processing. After top doping
processes are finished, PECVD Si3N4 is deposited as a
protecting layer in KOH undercut process. To make an
etching window where KOH etching starts, first, Cr and
Au are deposited with a 60 angle from the sample
surface, in order to make metal protecting layers on
top and sidewalls except the bottom surface. The metal
cover surface is protected from subsequent dry etch
processing, and thus functions as a passivation layer
for the KOH wet-etching step. The thickness of the
cells can be readily controlled by adjusting metal
deposition angle. Secondly, RIE with CHF3/O2 and SF6
will expose Si at the bottom surface, where KOH
etching can be initiated. Figure 69 provides a
schematic diagram showing processing for the formation
of a KOH etching window. [0262] Figure 70 provides
micrographs showing KOH etching processing and bottom
boron doping processing. As shown in this figure, the
bottom surface is etched with KOH at 9OC for 30 min,
which results in print-ready cell structure capable of
assembly via contact printing, for example using an
elastomeric conformable transfer device. Afterthe KOH
etching, only the bottom Si surface is exposed and the
Si3N4 protecting layer can be still used as a barrier
for boron doping. Boron doping is conducted at 100OC
for 10 min subsequently. [0263] After the bottom boron
doping, passivation layers and remaining dopants are 



cleaned out with HF, Piranha, and BOE. Before the PDMS
pick-up, PECVD SiO2 can be deposited as a top-surface
passivation from NOA contamination. Figure 7 1
provides images showing transfer of the solar cell
ribbons from the source wafer using a PDMS transfer
device. [0264] Figure 72 provides a schematic diagram
illustrating contact printing and planarization
processing steps. Also shown in figure 72 are images
of print assembled solar cells. After microcells are
picked up by PDMS stamp, they are printed onto
receiving substrates such as glass, PET, or Kapton
using NOA as an adhesive. This printing technique by
itself also completes the planarization of cells,
which are important to make metal interconnections.
First, NOA61 is coated onto a UVO treated substrate,
then microcells on PDMS are placed on top of the NOA.
Due to the weight of the stamp and cells, the
microcells are fully embedded in the NOA except the
top surface where PDMS stamp is covered. After the
partial curing under UV light, the PDMS stamp can be
retrieved and the microcells are embedded and form a
planar surface for following metallization steps.
[0265] Figure 73 provides an imaging showing the
results of metallization processing. Figure 74
provides a schematic diagram of the metallization
process showing an Al metal layer, SiO2 dielectric
layer, Cr/Au layer, solar cell, planarizing layer and
device substrate. As shown in Figure 73, to form metal
interconnects, metals are deposited on the entire cell
surface and selective areas are etched back with metal
etchant using a photoresist or NOA as a etching
protecting layer. After the metallization is
implemented, those metal lines are isolated and
encapsulated with SiO2 and Al is deposited over the
surface to form a reflective layer. In this way, we
can essentially eliminate the metal shadowing, which
normally happens with conventional cell geometry.
Anti-reflection coating can be further added either
the bottom surface of the substrate or at the bottom
of the cells before the transfer. With this cell
configuration and printing strategy, we can also use
the roughness of the bottom cell surface from KOH
etching step as a surface texturization.Example 7:
Physical dimensions of printable semiconductor
elements [0266] The methods and systems of the present
invention are capable of implementation with printable
semiconductor elements, including printable
semiconductor based devices and device components,
having a wide range of physical 



dimensions and shapes. The versatility of the present
invention with respect to the physical dimensions and
shapes of printable semiconductor elements assembled
via contact printing enables a wide range of device
fabrication applications and accesses a wide range of
electronic, optical, opto-electronic device
configurations and layouts. [0267] Figures 75A and 75B
provide schematic diagrams exemplifying the
expressions "lateral dimensions" and "cross sectional
dimensions" as used in the present description. Figure
75A provides a top plan view of printable
semiconductor elements comprising 4 semiconductor
ribbons 6005. In the context of this description the
expression "lateral dimension" is exemplified by the
length 6000 and width 6010 of the semiconductor
ribbons 6005. Figure 75B provides a cross sectional
view of the printable semiconductor elements
comprising 4 semiconductor ribbons 6005. In the
context of this description the expression "cross
sectional dimension" is exemplified by the thickness
6015 of the semiconductor ribbons 6005. [0268] In some
embodiments, one or more of the lateral dimensions,
such as lengths and widths, of the printable
semiconductor elements, including printable
semiconductor based devices and device components, are
selected over the range of 0.1 mm to 10 mm. One or
more of the lateral dimensions are selected over the
range of 0.1 mm to 1 mm for some applications, and
selected over the range of 1 mm to 10 mm for some
applications. Use of printable semiconductor elements
having these lateral dimensions include, but are not
limited to, membrane solar cells and photovoltaic
systems thereof. [0269] In some embodiments, one or
more of the lateral dimensions, such as lengths and
widths, of the printable semiconductor elements,
including printable semiconductor based devices and
device components, are selected over the range of 0.02
mm to 30 mm. Use of printable semiconductor elements
having these lateral dimensions include, but are not
limited to, optoelectronic semiconductor elements and
systems thereof. [0270] In some embodiments, one or
more of the lateral dimensions, such as lengths and
widths, of the printable semiconductor elements,
including printable semiconductor based devices and
device components, are selected over the range of
0.0001 mm to1000 mm. One or more of the lateral
dimensions, such as lengths and widths, are preferably
selected over the range of 0.0001 mm to 300 mm for
some applications [0271] In some embodiments, one or
more of the cross sectional dimensions, such as
thicknesses, of the printable semiconductor elements,
including printable semiconductor 



based devices and device components, are selected over
the range of 0.002 mm to 0.02 mm. One or more of the
cross sectional dimensions, such as thicknesses, of
the printable semiconductor elements, including
printable semiconductor based devices and device
components are selected over the range of 0.0003 mm to
0.3 mm for some applications. One or more of the cross
sectional dimensions, such as thicknesses, of the
printable semiconductor elements, including printable
semiconductor based devices and device components are
selected over the range of 0.00001 mm to 3 mm for some
applications. [0272] In an optical system of the
present invention, the printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.02 millimeters to 30
millimeters, and a width selected from the range of
0.02 millimeters to 30 millimeters. In an optical
system of the present invention, the printable
semiconductor element comprises a semiconductor
structure having a length selected from the range of
0.1 millimeters to 1 millimeter, and a width selected
from the range of 0.1 millimeters to 1 millimeter. In
an optical system of the present invention, the
printable semiconductor element comprises a
semiconductor structure having a length selected from
the range of 1 millimeters to 10 millimeters, and a
width selected from the range of 1 millimeter to 10
millimeters. In an optical system of the present
invention, the printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.0003 millimeters to 0.3
millimeters. In an optical system of the present
invention, the printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.002 millimeters to 0.02
millimeters. In an optical system of the present
invention, the printable semiconductor element has at
least one longitudinal physical dimension less than or
equal to 200 microns. In an optical system of the
present invention, the printable semiconductor element
has at least one cross-sectional physical dimension
selected over the range of 10 nanometers to 10
microns. [0273] The present invention includes optical
system comprising a plurality of printable
semiconductor elements, such as printable electronic
devices or device components,assembled via contact
printing. In embodiment present invention, for
example, the optical system further comprises a
plurality of printable semiconductor elements on said
receiving surface of said substrate via contact
printing; wherein each of said printable 



semiconductor elements comprises a semiconductor
structure having a length selected from the range of
0.0001 millimeters to 1000 millimeters, a width
selected from the range of 0.0001 millimeters to 1000
millimeters and a thickness selected from the range of
0.00001 millimeters to 3 millimeters. Example 8:
Printable GaAs/lnGaAIP red LEDs printed on PET
substrates [0274] Figure 76 shows an array of
printable GaAs/lnGaAIP red LEDs printed on PET
substrates. To form the device, PET substrates are
coated with a thin (1-2 micron) layer of PDMS, the
PDMS is cured thermally, and an array of sparse gold
meshes is printed onto the substrate via contact
printing. 1 mm x 1 mm x -0.3 mm LEDs are then contact
printed onto the mesh electrodes. After printing the
LEDs, a thin PDMS substrate housing another array of
meshes is laminated against the substrate to form
electrical contact to the top of the LEDs and allow
operation at ~5 V (top left and right). The thin PDMS
substrate also serves as mechanical encapsulation of
the LED array STATEMENTS REGARDING INCORPORATION BY
REFERENCE AND VARIATIONS [0275] U.S. Patent
Application Nos. 11/1 15,954, 11/145,574, 11/145,542,
60/863,248, 11/465,317, 11/423,287, 11/423,192, and
11/421 ,654 are hereby incorporated by reference to
the extent not inconsistent with the present
description. [0276] All references throughout this
application, for example patent documents including
issued or granted patents or equivalents; patent
application publications; and non-patent literature
documents or other source material; are hereby
incorporated by reference herein in their entireties,
as though individually incorporated by reference, to
the extent each reference is at least partially not
inconsistent with the disclosure in this application
(for example, a reference that is partially
inconsistent is incorporated by reference except for
the partially inconsistent portion of the reference).
[0277] The terms and expressions which have been
employed herein are used as terms of description and
not of limitation, and there is no intention in the
use of suchterms and expressions of excluding any
equivalents of the features shown and described or
portions thereof, but it is recognized that various
modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically
disclosed by preferred embodiments, exemplary
embodiments and optional features, modification and
variation of the 



concepts herein disclosed may be resorted to by those
skilled in the art, and that such modifications and
variations are considered to be within the scope of
this invention as defined by the appended claims. The
specific embodiments provided herein are examples of
useful embodiments of the present invention and it
will be apparent to one skilled in the art that the
present invention may be carried out using a large
number of variations of the devices, device
components, methods steps set forth in the present
description. As will be obvious to one of skill in the
art, methods and devices useful for the present
methods can include a large number of optional
composition and processing elements and steps. [0278]
Every formulation or combination of components
described or exemplified herein can be used to
practice the invention, unless otherwise stated.
[0279] Whenever a range is given in the specification,
for example, a temperature range, a time range, or a
composition or concentration range, all intermediate
ranges and subranges, as well as all individual values
included in the ranges given are intended to be
included in the disclosure. It will be understood that
any subranges or individual values in a range or
subrange that are included in the description herein
can be excluded from the claims herein. [0280] All
patents and publications mentioned in the
specification are indicative of the levels of skill of
those skilled in the art to which the invention
pertains. References cited herein are incorporated by
reference herein in their entirety to indicate the
state of the art as of their publication or filing
date and it is intended that this information can be
employed herein, if needed, to exclude specific
embodiments that are in the prior art. For example,
when composition of matter are claimed, it should be
understood that compounds known and available in the
art prior to Applicant's invention, including
compounds for which an enabling disclosure is provided
in the references cited herein, are not intended to be
included in the composition of matter claims herein.
[0281] As used herein, "comprising" is synonymous with
"including," "containing," or "characterized by," and
is inclusive or open-ended and does not exclude
additional,unrecited elements or method steps. As used
herein, "consisting of" excludes any element, step, or
ingredient not specified in the claim element. As used
herein, "consisting essentially of" does not exclude
materials or steps that do not materially affect the
basic and novel characteristics of the claim. In each
instance herein any of 



the terms "comprising", "consisting essentially of"
and "consisting of" may be replaced with either of the
other two terms. The invention illustratively
described herein suitably may be practiced in the
absence of any element or elements, limitation or
limitations which is not specifically disclosed
herein. [0282] One of ordinary skill in the art will
appreciate that starting materials, biological
materials, reagents, synthetic methods, purification
methods, analytical methods, assay methods, and
biological methods other than those specifically
exemplified can be employed in the practice of the
invention without resort to undue experimentation. All
art-known functional equivalents, of any such
materials and methods are intended to be included in
this invention. The terms and expressions which have
been employed are used as terms of description and not
of limitation, and there is no intention that in the
use of such terms and expressions of excluding any
equivalents of the features shown and described or
portions thereof, but it is recognized that various
modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically
disclosed by preferred embodiments and optional
features, modification and variation of the concepts
herein disclosed may be resorted to by those skilled
in the art, and that such modifications and variations
are considered to be within the scope of this
invention as defined by the appended claims.WE CLAIM:
1. A method of making a semiconductor-based optical
system, said method comprising the steps of: providing
a device substrate having a receiving surface; and
assembling a printable semiconductor element on said
receiving surface of said substrate via contact
printing; wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.0001 millimeters to 1000
millimeters, a width selected from the range of 0.0001
millimeters to 1000 millimeters and a thickness
selected from the range of 0.00001 millimeters to 3
millimeters. 2. The method of claim 1 wherein said
printable semiconductor element comprises a
semiconductor structure having a length selected from
the range of 0.02 millimeters to 30 millimeters, and a
width selected from the range of 0.02 



millimeters to 30 millimeters. 3. The method of claim
1 wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter. 4. The method of claim 1
wherein said printable semiconductor element comprises
a semiconductor structure having a length selected
from the range of 1 millimeters to 10 millimeters, and
a width selected from the range of 1 millimeter to 10
millimeters. 5. The method of claim 1 wherein said
printable semiconductor element comprises a
semiconductor structure having a thickness selected
from the range of 0.0003 millimeters to 0.3
millimeters.6. The method of claim 1 wherein said
printable semiconductor element comprises a
semiconductor structure having a thickness selected
from the range of 0.002 millimeters to 0.02
millimeters. 7. The method of claim 1 comprising
assembling a plurality of printable semiconductor
elements on said receiving surface of said substrate
via contact printing; wherein each of said printable
semiconductor elements comprise a semiconductor
structure having a length selected from the range of
0.0001 millimeters to 1000 millimeters, a width
selected from the range of 0.0001 millimeters to 1000
millimeters and a thickness selected from the range of
0.00001 millimeters to 3 millimeters. 8. The method of
claim 1 further comprising the step of prepatterning
said receiving surface of said device substrate with
one or more device components. 9 The method of claim 1
further comprising providing one or more optical
components in optical communication with said
printable semiconductor element. 10. The method of
claim 7 further comprising the step of providing an
array of optical components selected from the group
consisting of diffusing optics, dispersive optics,
collecting optics, concentrating optics, and optical
fiber, wherein said array of optical components is
provided in optical communication with at least a
portion of said printable semiconductor elements. 11.
The method of claim 10 wherein an optical component of
said array is individually 



addressed to each of said printable semiconductor
elements. 12. The method of claim 10 wherein said
array of optical components is fabricated via replica
molding; wherein said printable semiconductor elements
are assembled on a receiving surface of said array of
optical components via contact printing. 13. The
method of claim 1 further comprising patterning first
and second electrodes in electrical contact with an
exposed surface of said printable semiconductor
element.14. The method of claim 1 wherein said
printable semiconductor element is assembled on said
receiving surface via dry transfer contact printing.
15. The method of claim 1 wherein said printable
semiconductor element is assembled on said receiving
surface using a conformable transfer device. 16. The
method of claim 15 wherein said assembling step
comprises: providing said conformable transfer device
having a contact surface; establishing conformal
contact between an external surface of said printable
semiconductor element and said contact surface of said
conformable transfer device, wherein said conformal
contact bonds said printable semiconductor element to
said contact surface; contacting said printable
semiconductor element bonded to said contact surface
and said receiving surface of said device substrate;
and separating said printable semiconductor element
and said contact surface of said conformable transfer
device, thereby assembling said printable
semiconductor element on said receiving surface of
said device substrate. 17. The method of claim 1
wherein said printable semiconductor element is
assembled on said receiving surface using an
elastomeric transfer device. 18. The method of claim 1
wherein said printable semiconductor element is
assembled on said receiving surface using an
elastomeric stamp. 19. The method of claim 1 wherein
said printable semiconductor element is an electronic
device or component of an electronic device. 20. The
method of claim 1 wherein said printable semiconductor
element is an electronic device selected from the
group consisting of: an LED, a laser, a solar cell, a
sensor, a diode, a transistor, a p-n junction, an
integrated circuit, and a photodiode.2 1. The method
of claim 1 wherein said printable semiconductor
element comprises 



said semiconductor structure integrated with at least
one additional structure selected from the group
consisting of: another semiconductor structure; a
dielectric structure; conductive structure, and an
optical structure. 22. The method of claim 1 wherein
said printable semiconductor element comprises said
semiconductor structure integrated with at least one
electronic device component selected from the group
consisting of: an electrode, a dielectric layer, an
optical coating, a metal contact pad and a
semiconductor channel. 23. The method of claim 7
wherein said printable semiconductor elements include
at least two electronic devices selected from the
group consisting of: an LED, a laser, a solar cell, a
sensor, a diode, a transistor, a p-n junction, an
integrated circuit, and a photodiode. 24. The method
of claim 1 wherein said printable semiconductor
element has a thickness selected from the range of 100
nanometers to 100 microns 25. The method of claim 1
further comprising the steps of: providing an adhesive
layer on said receiving surface; and contacting said
printable semiconductor element with said adhesive
layer, thereby bonding said printable semiconductor
element to said receiving surface of said substrate.
26. The method of claim 25 wherein said adhesive layer
is one or more polymer layers, prepolymer layers,
elastomer layers, metal layers, or a combination
thereof. 27. The method of claim 1 further comprising
the step of providing a laminating or encapsulating
layer in contact with said printable semiconductor
element; said laminating or encapsulating layer
capable of at least partially encapsulating or
laminating said printable semiconductor element
assembled on said receiving surface.28. The method of
claim 7 wherein said printable semiconductor elements
are assembled over an area of said receiving substrate
selected over the range of 10000 microns2 to 1 meter2.
29. The method of claim 7 wherein said printable
semiconductor elements are assembled on said receiving
surface of said substrate with a density equal to or
greater than 5 semiconductor elements mm 1. 30 The
method of claim 1 wherein said printable semiconductor
element has at least 



one longitudinal physical dimension less than or equal
to 200 microns. 3 1. The method of claim 1 wherein
said printable semiconductor element has a
cross-sectional physical dimension selected over the
range of 10 nanometers to 10 microns. 32. The method
of claim 7 wherein the positions of said printable
semiconductor elements assembled on said receiving
surface relative to each other are selected to within
10,000 nanometers. 33. The method of claim 7 wherein
said printable semiconductor elements on said
receiving surface are longitudinally aligned with
respect to each other; wherein said longitudinally
aligned semiconductor elements extend lengths that are
parallel to within 3 degrees of each other. 34. The
method of claim 1 wherein said optical system is
selected from the group consisting of: a array of
light emitting diodes, an array of lasers, an array of
VCSELs, a passive matrix LED display, an active matrix
LED display, an optical sensor and an array of optical
sensors; a sheet scanner and an array of solar cells.
35. The method of claim 1 wherein said printable
semiconductor element comprises a unitary inorganic
semiconductor structure. 36. The method of claim 1
wherein said printable semiconductor element comprises
a single crystalline semiconductor material.37. The
method of claim 7 further comprising the step of
providing a electrically conducting grid or mesh in
electrical contact with at least a portion of said
printable semiconductor elements, said grid or mesh
providing one or more electrodes or electrical
interconnection structures in said optical system. 38.
The method of claim 37 wherein said mesh or grid
comprise one or more metals. 39. The method of claim
37 wherein said electrically conducting grid or mesh
is more than 50% optically transparent. 40. The method
of claim 37 wherein said electrically conducting grid
or mesh is a laminated structure. 4 1. The method of
claim 37 wherein said electrically conducting grid or
mesh is bonded to an elastomer layer. 42. The method
of claim 37 further comprising the step of assembling
said grid or 



mesh on the receiving surface of said device substrate
or on external surfaces surface of at least a portion
of said printable semiconductor elements, thereby
establishing electrical contact between said grid or
mesh and said at least a portion of said printable
semiconductor elements. 43. The method of claim 42
wherein electrical connection from said metal grid or
mesh to said printable semiconductor elements is
established by assembling said grid or mesh on the
receiving surface of said device substrate or on
external surfaces surface of at least a portion of
said printable semiconductor elements by contact
printing. 44. A method of making a semiconductor-based
optical system, said method comprising the steps of:
providing an optical component having an internal
surface; providing an electrically conducting grid or
mesh on said internal surface of said optical
component;providing a device substrate having a
receiving surface; assembling a plurality of printable
semiconductor elements on said receiving surface of
said substrate via contact printing; wherein each of
said printable semiconductor elements comprise a
semiconductor structure having a length selected from
the range of 0.0001 millimeters to 1000 millimeters, a
width selected from the range of 0.0001 millimeters to
1000 millimeters and a thickness selected from the
range of 0.00001 millimeters to 3 millimeters; and
transferring said optical component having said grid
or mesh to said device substrate, wherein said optical
component is positioned on top of said semiconductor
elements assembled on said on said receiving surface
of said substrate, wherein said grid or mesh is
provided between said optical component and said
semiconductor elements, and wherein said grid or mesh
is provided in electrical contact with at least a
portion of said printable semiconductor elements. 45.
The method of claim 44 wherein each of said printable
semiconductor elements comprises a semiconductor
structure having a length selected from the range of
0.02 millimeters to 30 millimeters, and a width
selected from the range of 0.02 millimeters to 30
millimeters. 46. The method of claim 44 wherein each
of said printable semiconductor elements 



comprises a semiconductor structure having a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter. 47. The method of claim
44 wherein each of said printable semiconductor
elements comprises a semiconductor structure having a
length selected from the range of 1 millimeters to 10
millimeters, and a width selected from the range of 1
millimeter to 10 millimeters. 48. The method of claim
44 wherein each of said printable semiconductor
elements comprises a semiconductor structure having a
thickness selected from the range of 0.0003
millimeters to 0.3 millimeters.49. The method of claim
44 wherein each of said printable semiconductor
elements comprises a semiconductor structure having a
thickness selected from the range of 0.002 millimeters
to 0.02 millimeters. 50. The method of claim 44
wherein said mesh or grid comprise one or more metals.
5 1. The method of claim 44 wherein said grid or mesh
is more than 50% optically transparent. 52. The method
of claim 44 wherein said grid or mesh is a laminated
structure. 53. The method of claim 44 wherein said
grid or mesh is bonded to an elastomer layer. 54. The
method of claim 53 wherein said elastomer layer is
coupled to a glass substrate, wherein said elastomer
layer is position between said grid or mesh and said
glass substrate. 55. The method of claim 44 wherein
said grid or mesh has a fill factor less than 30%. 56.
The method of claim 44 wherein said step of
transferring said optical component on top of said
semiconductor elements assembled on said on said
receiving surface of said substrate comprises
assembling said optical component on top of said
semiconductor elements assembled on said on said
receiving surface of said substrate using contact
printing. 57. The method of claim 44 wherein said grid
or mesh is assembled on said internal surface of said
optical component via contact printing. 58. The method
of claim 44 wherein said grid or mesh is assembled on
said internal surface of said optical component using
a conformable transfer device.59. The method of claim
44 wherein said grid or mesh is assembled on said
internal 



surface of said optical component using an elastomeric
transfer device. 60. The method of claim 44 wherein
said printable semiconductor elements are assembled on
said receiving surface using dry transfer contact
printing. 6 1. The method of claim 44 wherein said
optical component is a light collecting optical
component, a light concentrating optical component, a
light diffusing optical component, a dispersing
optical component or a light filtering optical
component. 62. The method of claim 44 wherein said
optical component is a lens or lens array. 63. The
method of claim 44 wherein said optical component is a
PDMS molded lens or a PDMS molded lens array. 64. The
method of claim 44 wherein said printable
semiconductor elements are an electronic device or
component of an electronic device. 65. The method of
claim 44 wherein said printable semiconductor element
are one or more electronic device selected from the
group consisting of: an LED, a laser, a solar cell, a
sensor, a diode, a transistor, a p-n junction, an
integrated circuit, and a photodiode. 66. The method
of claim 44 wherein said printable semiconductor
element comprises said semiconductor structure
integrated with at least one additional structure
selected from the group consisting of: another
semiconductor structure; a dielectric structure;
conductive structure, and an optical structure. 67.
The method of claim 44 wherein said printable
semiconductor element comprises said semiconductor
structure integrated with at least one electronic
device component selected from the group consisting
of: an electrode, a dielectric layer, an optical
coating, a metal contact pad and a semiconductor
channel.68. The method of claim 44 wherein said
printable semiconductor element has a thickness
selected from the range of 100 nanometers to 100
microns 69. A method of making a semiconductor-based
optical system, said method comprising the steps of:
providing a device substrate having a receiving
surface; assembling a printable semiconductor element
on said receiving surface of said substrate via
contact printing; and planarizing said printable
semiconductor element assembled on said receiving 



surface, thereby making said semiconductor-based
optical system. 70. The method of claim 69 wherein
said planarizing step comprises embedding said
printable semiconductor element into said device
substrate. 7 1. The method of claim 69 further
comprising the step of providing a planarizing layer
on said receiving surface of said substrate, wherein
said planarizing step comprises embedding said
printable semiconductor element in said planarizing
layer provided on said receiving surface of said
device substrate. 72. The method of claim 7 1 wherein
said planarizing layer is provided to said receiving
surface prior to said step of assembling said
printable semiconductor element on said receiving
surface. 73. The method of claim 7 1 wherein said
planarizing layer is provided to said receiving
surface after said step of assembling said printable
semiconductor element on said receiving surface. 74.
The method of claim 7 1 wherein said planarizing layer
has a thickness selected from the range of 10
nanometers to 1000 microns. 75. The method of claim 7
1 wherein said planarizing layer comprises a
prepolymer or a polymer.76. The method of claim 7 1
further comprising the step of curing, polymerizing or
cross linking said planarizing layer having said
printable semiconductor element embedded therein,
thereby fixing said printable semiconductor element in
said planarizing layer. 77. The method of claim 69
wherein said planarizing step generates a
substantially planar top surface on said device
substrate having said printable semiconductor element.
78. The method of claim 77 further comprising the
steps of patterning one or more electrical
interconnects to an exposed surface of said planarized
printable semiconductor element of said substantially
planar top surface. 79. The method of claim 69 wherein
said printable semiconductor element is a printable
electronic device or electronic device component. 80.
The method of claim 69 wherein said printable
semiconductor element is an LED, a laser, a solar
cell, a sensor, a diode, a transistor, a p-n junction,
an integrated circuit, or a photodiode. 



8 1. The method of claim 69 wherein said printable
semiconductor element comprises said semiconductor
structure integrated with at least one additional
structure selected from the group consisting of:
another semiconductor structure; a dielectric
structure; conductive structure, and an optical
structure. 82. The method of claim 69 wherein said
printable semiconductor element comprises said
semiconductor structure integrated with at least one
electronic device component selected from the group
consisting of: an electrode, a dielectric layer, an
optical coating, a metal contact pad and a
semiconductor channel. 83. The method of claim 69
wherein said printable semiconductor element has a
length selected from the range of 0.0001 millimeters
to 1000 millimeters, a width selected from the range
of 0.0001 millimeters to 1000 millimeters and a
thickness selected from the range of 0.00001
millimeters to 3 millimeters.84. The method of claim
69 wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.02 millimeters to 30
millimeters, and a width selected from the range of
0.02 millimeters to 30 millimeters. 85. The method of
claim 69 wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter. 86. The method of claim
69 wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 1 millimeters to 10
millimeters, and a width selected from the range of 1
millimeter to 10 millimeters. 87. The method of claim
69 wherein said printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.0003 millimeters to 0.3
millimeters. 88. The method of claim 69 wherein said
printable semiconductor element comprises a
semiconductor structure having a thickness selected
from the range of 0.002 millimeters to 0.02
millimeters. 89. The method of claim 69 comprising the
steps: assembling a plurality of printable
semiconductor elements on said receiving 



surface of said substrate via contact printing; and
planarizing said plurality of printable semiconductor
elements assembled on said receiving surface. 90. The
method of claim 89 wherein said plurality of printable
semiconductor elements comprises one or more
electronic devices selected from the group consisting
of: a LED, a laser, a solar cell, a sensor, a diode, a
transistor, a p-n junction, an integrated circuit, and
a photodiode.9 1. A method of making a
semiconductor-based optical system, said method
comprising the steps of: providing an optical
component having a receiving surface; and assembling a
printable semiconductor element on said receiving
surface of said optical component via contact
printing; wherein said printable semiconductor
elements comprises a semiconductor structure having a
length selected from the range of 0.0001 millimeters
to 1000 millimeters, a width selected from the range
of 0.0001 millimeters to 1000 millimeters and a
thickness selected from the range of 0.00001
millimeters to 3 millimeters. 92. The method of claim
9 1 wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.02 millimeters to 30
millimeters, and a width selected from the range of
0.02 millimeters to 30 millimeters. 93. The method of
claim 9 1wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.1 millimeters to 1
millimeter, and a width selected from the range of 0.1
millimeters to 1 millimeter. 94. The method of claim 9
1 wherein said printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 1 millimeters to 10
millimeters, and a width selected from the range of 1
millimeter to 10 millimeters. 95. The method of claim
9 1 wherein said printable semiconductor element
comprises a semiconductor structure having a thickness
selected from the range of 0.0003 millimeters to 0.3
millimeters. 96. The method of claim 9 1 wherein said
printable semiconductor element comprises 



a semiconductor structure having a thickness selected
from the range of 0.002 millimeters to 0.02
millimeters.97. The method of claim 9 1 comprising
assembling a plurality of printable semiconductor
elements on said receiving surface of said optical
component via contact printing; wherein each of said
printable semiconductor element comprises a
semiconductor structure having a length selected from
the range of 0.0001 millimeters to 1000 millimeters, a
width selected from the range of 0.0001 millimeters to
1000 millimeters and a thickness selected from the
range of 0.00001 millimeters to 3 millimeters. 98. The
method of claim 9 1 wherein said optical component is
a light collecting optical component, a light
concentrating optical component, a light diffusing
optical component, a light dispersing optical
component or a light filtering optical component. 99.
The method of claim 9 1 wherein said optical component
is selected from the group consisting of a lens, a
lens array, a reflector, an array of reflectors, a
waveguide, an array of waveguides, an optical coating,
an array of optical coatings, an optical filter, an
array of optical filters, a fiber optic element and an
array of fiber optic elements. 100. The method of
claim 9 1 wherein said optical component is a lens
array fabricated by replica molding. 101 . The method
of claim 9 1 wherein said optical component is an
array of light collecting optical components, light
concentrating optical components, light diffusing
optical components, dispersing optical components or
light filtering optical components. 102. The method of
claim 101 wherein each of said components in said
array is spatially aligned with respect to at least
one of said printable semiconductor elements. 103. The
method of claim 101 wherein each of said components in
said array is individually addressed to at least one
of said printable semiconductor elements.104. The
method of claim 9 1 wherein said printable
semiconductor element are electronic devices or
components of electronic devices. 105. The method of
claim 9 1 wherein said printable semiconductor
elements are one or more electronic device selected
from the group consisting of: an LED, a laser, 



a solar cell, a sensor, a diode, a transistor, a p-n
junction, an integrated circuit, and a photodiode.
106. The method of claim 9 1 wherein said printable
semiconductor element comprises said semiconductor
structure integrated with at least one additional
structure selected from the group consisting of:
another semiconductor structure; a dielectric
structure; conductive structure, and an optical
structure. 107. The method of claim 9 1 wherein said
printable semiconductor element comprises said
semiconductor structure integrated with at least one
electronic device component selected from the group
consisting of: an electrode, a dielectric layer, an
optical coating, a metal contact pad and a
semiconductor channel. 108. The method of claim 9 1
wherein each of said printable semiconductor element
has a thickness selected from the range of 100
nanometers to 100 microns. 109. The method of claim 9
1 wherein said printable semiconductor element is
assembled on said receiving surface via dry transfer
contact printing. 110. The method of claim 9 1 wherein
said printable semiconductor element is assembled on
said receiving surface using a conformable transfer
device. 111. The method of claim 110 wherein said
assembling step comprises: providing said conformable
transfer device having a contact surface; establishing
conformal contact between an external surface of said
printable semiconductor element and said contact
surface of said conformable transfer device, wherein
said conformal contact bonds said printable
semiconductor element to said contact surface;
contacting said printable semiconductor element bonded
to said contact surface and said receiving surface of
said optical component; and separating said printable
semiconductor element and said contact surface of said
conformable transfer device, thereby assembling said
printable semiconductor element on said receiving
surface of said optical component. 112. The method of
claim 9 1 wherein said printable semiconductor element
is assembled on said receiving surface using an
elastomeric transfer device. 113. The method of claim
9 1 wherein said printable semiconductor element is
assembled on said receiving surface using an
elastomeric stamp. 114. The method of claim 9 1
further comprising the step of providing an adhesive 



layer or planarizing layer to said receiving surface
of said optical component. 115. A semiconductor-based
optical system comprising a device made by a method
comprising the steps of: providing a device substrate
having a receiving surface; and assembling a printable
semiconductor element on said receiving surface of
said substrate via contact printing; wherein said
printable semiconductor element comprises a
semiconductor structure having a length selected from
the range of 0.0001 millimeters to 1000 millimeters, a
width selected from the range of 0.0001 millimeters to
1000 millimeters and a thickness selected from the
range of 0.00001 millimeters to 3 millimeters. 116. A
semiconductor-based optical system comprising: a
device substrate having a receiving surface; and a
planarized printable semiconductor element supported
by said receiving surface; wherein said device
substrate having said printable semiconductor element
has said substantially planar top surface that
includes said printablesemiconductor element, wherein
said planarized printable semiconductor element
comprises a semiconductor structure having a length
selected from the range of 0.0001 millimeters to 1000
millimeters, a width selected from the range of 0.0001
millimeters to 1000 millimeters and a thickness
selected from the range of 0.00001 millimeters to 3
millimeters. 117. A semiconductor-based optical system
comprising: a device substrate having a receiving
surface; a plurality of printable semiconductor
elements supported by said receiving surface; wherein
each of said printable semiconductor element comprises
a semiconductor structure having a length selected
from the range of 0.0001 millimeters to 1000
millimeters, a width selected from the range of 0.0001
millimeters to 1000 millimeters and a thickness
selected from the range of 0.00001 millimeters to 3
millimeters; and a grid or mesh provided in electrical
contact with at least a portion of said plurality of
printable semiconductor elements supported by said
receiving surface, said grid or mesh comprising an
electrically conductive material, wherein said grid or
mesh provides an electrical interconnect structure or
electrode of said optical 



system. 






