PRINTABLE SEMICONDUCTOR STRUCTURES AND RELATED METHODS OF
MAKING AND ASSEMBLING

CROSS REFERENCE TO RELATED APPLICATION
[001] This application claims the benefit of U.S. Patent Application No. 11/145,542,
filed June 2, 2005, U.S. Patent Application No. 11/145,574, filed June 2, 2005 and
International PCT Application No. PCT/US05/19354, filed June 2, 2005, all of which are
hereby incorporated by reference In their enfireties to the extent not inconsistent with the

disclosure hereln.

BACKGROUND OF INVENTION
[002] Since the first demonstration of a printed, all polymer transistor in 1994, a great
deal of interest has been directed at a potential new class of electronic systems
comprising flexible integrated electronic devices on plastic substrates. [Gamier, F.,
Haijlaoui, R., Yassar, A, and Srivastava, P., Science, Vol. 265, pgs 1684 ~ 1686]
Recently, substantial research has been directed toward developing new solution
processable materiais for conductors, dielectrics and semiconductors elements for
fiexible plastic electronic devices. Progress in the field of flexible electronics, however,
is not only driven by the development of new solution processable materials but also by
new device component geometries, efficient device and device component processing
methods and high resolution patterning techniques applicable to plastic substrates. Itis
expected that such matertals, device configurations and fabrication methods will play an
essential role in the rapidly emerging new class of flexible integrated electronic devicés,

systems and circuits.

[603] Interestin the field of flexible slectronics arises out of several important
advantages provided by this technology. First, the mechanical ruggedness of plastic
substrate materials provides electronic devices less susceptibie to damage and/or
electronic performance degradation caused by mechanical stress. Second, the inherent
flexibility of these substrate materials allows them to be integrated into many shapes
praviding for a large number of useful device configurations not possible with brittle
conventional silicon based electronic devices. For example, bendable flexible electronic
devices are expected to enable fabrication of new devices, such as electronic paper,
wearable computers and large-area high resolution displays, that are not easily
achieved with established silicon based technologies, Finally, the combination of
solution processable component materials and plastic substrates enables fabrication by



continuous, high speed, printing techniques capable of generating electronic devices

over large substrate areas at low cost.

[004] The design and fabrication of flexible electronic devices exhibiting good
electronic performance, however, present a number of significant challenges. First, the
well developed methods of making conventionatl silicon based slectronic devices are
incompatible with most plastic materials. For example, traditional high quatlity inorganic
* semiconductor components, such as single crystalline silicon or germanium
semlconductors, are typically processed by growing thin films at temperatures (> 1000
degrees Celsius) that significantly exceed the melting or decomposition temperatures of
most plastic substrates. In addition, most inorganic semiconductors are not intrinsically
soluble In convenient solvents that would allow for solutlon based processing and
delivery. Second, although many amorphous silicon, organic or hybrid organic-inorganic
semiconductors are compatible with incorporation into plastic substrates and can be
processed at relatively low temperatures, these materials do not have electronic
propetties capable of providing integrated electronic devices capable of good electronic
performance. For example, thin film transistors having semiconductor elements made
of these materials exhibit field effect mobilities approximately three orders of magnitude
less than complemeantary single crystalline silicon based devices. As a result of these
limitations, flexible electronic devices 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 tight emitting diodes,

[005] Progress has recently been made in extending the slectronic performance
capabilities of integrated electronic devices on plastic substrates to expand their
applicability to a wider range of electronics applications. For example, several new thin
film transistor (TFT) designs have emerged that are compatible with processing on
plastic substrate materials and exhibit significanfly higher device performance
characteristics than thin fitm transistors having amorphous silicon, organic or hybrid
organic-inorganic semiconductor elements. One class of higher performing flexible
electronic devices is based on polycrystalline silicon thin film semiconductor elements
fabricated by puise laser annealing of amorphous silicon thin films. While this class of
flexible electronic devices provides enhanced device electronic performance
characteristics, use of pulsed laser annealing limits the ease and flexibility of fabrication
of such devices, thereby significantly increasing costs. Another promising new class of
higher patforming flexible electronic devices is devices that employ solution processable
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nanoscale materials, such as nanowires, nanotibbans, nanoparticles and carbon
nanotubes, as active functional components in a number of macroelectronic and

microelectronic devices.

[006] Use of discrete single crystalline nanowires or nanoribbons has been evaluated
as a possible means of providing printable electronic devices on plastic substrates that
exhibit enhanced device performance characteristics. Duan ef al. describe thin film
transistor designs having a plurality of selectively oriented single crystalline silicon
nanowires or CdS nanoribbons as semiconducting channels [Duan, X, Niu, C., Sahl, V.,
Chen, J., Parce, J., Empedocles, S. and Goldman, J., Nature, Vol. 425, pgs, 274 -278].
The authors report a fabrication process allegedly compatible with solution processing
on plastic substrates in which single crystalline silicon nanowires or CdS nanoribbons
having thicknesses less than or equal to 150 nanometers are dispersed info solution
and assembled onto the surface of a subsirate using flow-directed alignment methods to
produce the semiconducting element of at thin film transistor. An optical micrograph
provided by the authors suggests that the disclosed fabrication process prepares a
monolayer of nanowires or nanoribbons in a substantially paraliel orientation and
spacéd apart by about 500 nanometers to about 1,000 nanometers. Although the
authors report relatively high intrinsic field affect mobilities for individual nanowires or
naneribbons (= 119 cm? V™ %), the overall device field effect mobility has recentiy been
determined to be "approximately two orders of magnitude smaller” than the intrinsic field
affect mobility value reported by Duan et al. [Mitzi, D.B, Kosbar, L.L., Murray, C.E.,
Copel, M. Afzali, A., Nature, Vol. 428, pgs. 299-303]. This device fleld effect mobility is
several orders of magnitude lower than the device fisld effect mobilities of conventional
single crystalline inorganic thin film transistors, and is likely due to practical challenges
in aligning, densely packing and electrically contacting discrete nanowires or
nanoribbons using the methods and device conﬁéurations disclosed in Duan et al.

[o07] Use of nanccrystal solutions as precursors to polycrystalline inorganic
semiconductor thin films has also been explored as a possible means of providing
printable electronic devices on plastic substrates that exhibit higher device performance
characteristics, Ridley et al. disclose a solution processing fabrication method wherein
a solution cadmium selenide nanocrystais having dimensions of about 2 nanometers is
processed at plastic compatible temperatures to pravide a semiconductor element for a
field effect transistor, [Ridiey, B.A., Nivi, B. and Jacobson, J.M., Science, Vo. 286, 746
— 749 (1999)] The authors report a method wherein low temperature grain growth in a
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nanocrystal solution of cadmium selenide provides single crystal areas encompassing
hundreds of nanocrystals. Although Ridley et al. report improved electrical properties
relative to comparable devices having organic semiconductor elements, the device
mobifities achieved by these techniques (= 1 em® V™ s} are several orders of
magnitude lower than the device field effect mobilities of conventional single crystailine
inorganic thin film transistors. Limits on the fleld effect mobilities achieved by the
device configurations and fabrication methods of Ridley et al. are likely to arise from the
electrical contact established betwean individual nanoparticles. Particularly, the use of
organic end groups to stabilize nanocrystal solutions and prevent agglomeration may
impede establishing good electrical contact between adjacent nanoparticles that is
necessary for providing high device field effect mobilities.

[008] Aithough Duan et al. and Ridley et al. provide methods for fabricating thin film
transistors on plastic substrates, the device configurations described employ transistors
comprising mechanically rigid device components, such as electrodes, semiconduciors
and/or dislectrics. Selection of a plastic substrate with good mechanical properties may
provide electronic devices capable of performing in flexed or distorted orientations.
However, such motion is expected to generate mechanical strain on the individual rigid
transistor device components. This mechanical strain may induce damage to individual
components, for example by cracking, and also may degrade or disrupt electrical
contact between device components.

[009} U.S. Patents 11/-145,574 and 11/145,542, both fited 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
andfor nanosized semiconductor structures 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 rénge of useful substrate materials,
including flexible plastic substrates. Flexible thin film transistors fabricated using
printable semiconductor materlals exhibit good electronic performance characteristics,
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such as device field effect mobilities greater than 300 cm? V™! s and onloff ratios
greater than 10°, when in flexed and non-flexed conformations.

[010] !t will be appreciated from the foregoing that methods of making high quality
printable semiconductor elements from low cost, bulk stariing materials will enhance the
commercial attractiveness of printing technologies for generating large area, flexible
electronic and optoelectronic devices and device arrays. Further, printable
semiconductor compositions and printing-based assembly methods enabling a high
degree of control over the physical dimensions, spatial orientations and registration of
semiconductor elements printed onto substrates will also enhance the applicability of

' these methods for fabricating a broad range of functional devices.

SUMMARY OF INVENTION
[011] The present invention provides a high yi'eld pathway for the fabrication, transfer
and assembly of high quality printable semiconductor elements having selected physical
dimensions, shapes, compositions and spatial orfentations. The compositions and
methods of the present invention provide high precision registered transfer and
integration of arrays of microsized and/or ranosized semiconductor structures onto
substrates, including large area substrates and/ér flexible substrates. in addition, the
present invention provides methods of making printable semiconductor elements from
low cost bulk materials, such as bulk silicon wafers, and smart-materials processing
strategies that enable a versatile and commercially attractive printing-based fabrication
platform for making a broad range of functional semiconductor devices. The present
semiconductor fabrication, transfer and integration platform provides a number of
advantages including a very high degree of control over the geometry, relative spatial
orientation and organization, doping leveis and materials purity of the printable

semiconductor structures.

{012] The present methods and compositions enable fabrication of range of complex
integrated elecironic or optoelectronic devices or device arrays, including large area,
flexible, high performance macroelectronic devices, exhibiting performance
characteristics comparable to single crystalline semiconductor based devices fabricated
using conventional high temperature processing methods. The present compositions
and related methods of assembling, positioning, organizing, transferring, patterning
and/or integrating printable semiconductor elements onfo or into substrates may be



used to fabricate virtually any structure comprising one or more semiconductor
elements. These methods are particularly useful, however, for fabricating complex
integrated electronic or optoelectronic devices or device arrays, such as arrays of
diodes, light emitting diodes, solar celis, and transistors (e.g. thin film fransistors
(TFTs), metat-semiconductor field effectiransistors (MESFETs) FET and bipolar). The
present compositions and related methodé are also useful for making systems level
integrated electrical circuits, such as NOA and NAND logic gates and complementary

' logic circuits, wherein printable semiconductor elements are printed onto a substrate in
well defined spatial orlentations and interconnected fo form a desired circuit design.

[013] In one aspect, the present invention provides processing methods using bulk
silicon wafer starting materials that may be repeatedly processed to provide high vields
of printable semiconductor elements having physical dimensions, shapes and spatial
orientations selected with great accuracy. In one embodiment of this aspect of the
present invention a silicon wafer having a (111) orientation and having an external
surface is provided. In a commercially attractivé embodiment, the wafer is a low cost,
bulk (111) silicon wafer. A plurality of recessed features is generated on the external
surface of the {(111) silicon wafer, wherein each of the recessed features comprises a
botiom surface and side surfaces of exposed silicon wafer. At least'a poriion of the side
surfaces of the recessed features are masked., n the context of this description the
expression “masked” refers to providing & mask material, such as an eich resistant
mask material, capable of preventing or inhibiting etching or capable of decreasing the
rate of etching of masked surfaces. Regions between the recessed features are etched
such that etching occurs along <110> directions of the (111) silicon wafer, thereby
fabricating one or more printable semiconductor element(s) comprising a partiaily or
entirely undercut silicon structure(s). Ina useful embodiment, reglons between
adjacently positioned recessed features are undercut by etching along <110> directions
of the silicon wafer, thereby generating the printable semiconductor element(s).
Optionally, the position, shape and spatial orientation of recessed features is selected to
form alignment maintenance elements, such as bridge elements connecting the

printable semiconductor etement fo the wafer.

[014] Inone embodiment, a portion, but not all, of the side surfaces of the recessed
seatures are masked thereby generating masked and unmasked regions of the side
surfaces. The unmasked regions of the side surfaces are eiched, for example via
anisotropic etching methods, which resuits in undercutting of regions of the (111) silicon

6



wafer positioned between recessed features. In this embodiment of the present
invention, etching occurs between the recessed features along <110> directions of the
siticon wafer, thereby fabricating printable semiconductor elemeni(s) comprising a

partlally or entirely undercut silicon structure.

{015] In another embodiment, the side surfaces of the recessed features are
completely masked and regions between the recessed features are etched such that
efching occurs along <110> directions of the silicon wafer, for example by etching the
material under the masked regions which results in undercutting of regions of the {111)
silicon wafer positioried hetween recessed features. This processing fabricates
printable semiconductor element(s} comprising a partially or entirely undercut silicon
structures. In some embodiments, material under the floor of the recessed features is
removed, for example, by anisotropic etching methods. Optionally, the floors of the
recessed feature are partially masked, thereby (eaving inlets for etchant, wherein the
inlets are positioned on the floors of recessed features. Fabrication methods wherein
side surfaces of the recessed features are completely masked allow the thicknesses of
the printable elements to be defined and selected more precisely than in some methods

employing partial masking of the side surfaces.

[016] Optionally, the preseht methods may further comprise the step of refining the
geomelry, physicat dimensions and morphology of the recessed feafures, prior to
fabrication of the printable semiconductor elements. Refining in this context refers to
material removal processing of surfaces of the recessed features, such as the side -
surfaces and floors of recessed features. Refining includes processing resuiting in
smoother recessed feature surfaces and/or processing resulting In recessed features
having more uniform physical dimensions and surface morphologies, thereby resulting
in printable semiconductor elements having smoother surfaces and features and/or
having mare uniform physical dimensions and morphologies. In one embodiment, the
geometry, physical dimensicfns andfor morphology is refined via anisotropic etching
techniques, for example etching uéing hot KOH éo!ution. Methods of the present
invention including processing steps involving refining the geometry, physical
dimensions and morphology of the recessed features are useful for fabrication pathways
for making microelectromechanical systems (MEMS) and nanoglectromechanical

systems (NEMS),



[017] Patteming of the external surface of the (111} wafer with a plurality of recessed
features having selected physical ditmensions, positions and relative spatiat orientations
is useful in this aspect of the present methods for simultaneously fabricating arrays of a
large number of {e.g., about 1 x 10%to about 1.0.x 10'%) printable semiconductor
elements provided in positions and spatial orientations selected with high accuracy to
facilitate their eventual assembly and Integration into device systems. Methods of the
present invention are capable of generating arrays of printable semiconductor elements
corresponding to a large portion {(e.g., about 75% - about 85%) of the external surface of

the silicon wafer.

[018] The present invention includes methods wherein etching along <110> directions
of the (111) silicon wafer praceeds to completion between adjacent recessed features,
thereby entirely undercutting the regions of the (111) silicon wafer between recessed
features, thereby making the printable semiconductor element{s). Altematively, the
present invention includes methods wherein etching along <110> directions of the
silicon wafer between adjacent recessed features does not go to complstion, thereby '
partially undercutting the regions of the (111) silicon wafer between recessed features
and, thus generating a pariially undercut printable semiconductor element(s). in some
methods wherain the printable semiconductor element is entirely undercut by this ‘
etching processing step, the spatial oﬁentation and physical dimensions of recessed
features on the external surface of the wafer are selected such that the printable.
semiconductor element(s) fabricated remain connected, optionally integrally connected,
to the silicon wafer at one or more ends of the printable semiconductor element. In
some embodiments, the printable semiconductor element is directly connected to the
silicon wafer and in other embodiment the printable semiconductor elementis
connected fo the sificon wafer via one or more afignment maintenance elements, such

as bridge elements.

[019] Use of a silicon wafer having a (111} orientation in combination with etching
systems of the present Invention provides an intrinsic etch stop useful for at least
partially or completely undercutting printable semiconductor elements and optionally
alignment maintenance elements such as bridge elements. In some embodiments, for
example, an anisotropic efching system is selected that provides for preferential etching
along the <110> directions of the silicon wafer. In these embodiments, etching
proceeds at a faster rate along the <110> directions of the silicon wafer than <111>
directions of the silicon wafer, and preferentially for some applications etching proceeds
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at an at least 100 times faster rate along the <110> directions of the silicon wafer than
<111> directions of the silicon wafer and in some embodiments etching proceeds at an
at least 800 times faster rate along the <110> directions of the silicon wafer than <111>
directions of the silicon wafer. Under some processing conditions an anisotropic etching
system is used such that etching does not substantially proceed along the <111>
directions of the silicon wafer. In the context of this description the expresston “etching
does not substantially proceed along the <111> directions” refers to an extent of etching
that is less than about a few percent for a typical printable semiconductor element
fabrication process. Useful etching systems for this undercutting processing step
generate printable semiconductor elements having a smooth, undercut bottom surface,
for example a undercut bottom surface with a surface rotighness less than or equal to
0.5 nanometers. Anisotropic etchant systems useful in the present methods inciude, but
are not limited o, wet chemical etching using a basic solution, such as KOH, alkali
hydroxide solutions, EDP (ethylene diamine pyrocﬁatechoi). TMAH
(tetramethylammonium hydroxide), amine gallate (gallic acid, ethanolamine, pyrazine,
surfactant aqueous solution), and hydrazine, at reom temperature or af a temperature
greater than 208K,

[020] Useful methods for masking side surfaces of recessed features include angled
electron beam deposition of mask material, such as a metal or combination of metals,
chemical vapor deposition, thermal oxidation, and solution deposition of mask materials,
Exemplary methods include two metal angled electron beam deposition of Ti/Au
providing partial coverage of the side surface of the recessed features. The "shadows”
cast during angle evaporations, in this embodiment, at feast in part define the thickness
of the printable semiconductor elements. The present methods include processing
steps that completely mask the side surfaces of the recessed features and, altem'atively
processing steps that only partially mask the side surfaces of the recessed features, for
example process steps that mask selected portions, regions, areas or depths of the side

surfaces.

10211 In one embodiment of this aspect of the present invention, a pattermn of recessed
features having selected physical dimensions, orientations and positions is provided to
the external surface. In this embodiment, recessed features on the external surface
have physical dimensions (i.e., lengths, widths and depths), shapes, positions and
relative spatial orientations selected to at least partially define the physical dimensions,
shapes, positions and spatial orientations of the printable semiconductor elements, and
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optionally bridge elements. The relative positions (e.g. spacing), shapes and spatial
orientations of adjacent recessed features are selected to define the shape, width or
length of the printable semiconductor element(s). For example, the spacing between
adjacent recessed features defines the widih or length of the of the printable
semiconductor element, and the depth of the recessed features may be selected fo, at
least partiatly, determine the thickness of the printable semiconductor element. In some
embodiments, recessed features having one or more substantially uniform (i.e., within
about 5%) physical dimensions are preferred so as to generate printable semiconductor
elements having one or maore uniform physical dimensions, such as uniform thickness,
width or Ieingths. Recessed features may be fabricated by any means known in the art,
including but not timited to, photolithographic processing such as near-field phase shift
photolithography, soft lithographic processing, (ift-off methods, dry chemical etching,
plasma eiching, wet chemical etching, micromachining, electron beam writing, and

" reactive jon etching. In one useful embodiment capable of providing pattermns of
-recessed features having selected physical dimensions and relative spatial orientations,.
the step of generating one or more recessed features on the external surface of the
siticon wafer comprises the steps of: {§) masking one or more regions of the aexternal
surface by applying a mask, thereby generating masked regions and unmasked regions
of the external surface; and (i1} etching, for example anisotropic dry etching or isotropic
dry etching techniques, at least a portion of the unmasked regions of the external
suiface of the wafer.

- 1022] In one embodiment of this aspect of the present invention, recessed features
comprises a plurality of channels in the external surface of the wafer having selected
physical dimensions, positions and relative spatial orientations. For example, recessed
features comprising first and second channels may be patterned onto the silicon wafer
such that they that are physically separated from each other. The step of etching
between recessed features in this embodiment proceeds from the first channel to the
second channel along the <110> directions of the silicon wafer, thereby undercutting at
least a portion of the region of the silicon wafer positioned between adjacent channeis
so as to fabricate printable semiconductor element(s), and optional bridge efements,
between first and second channels from the (111) silicon wafer. This processing
generates a printable serniconductor element(s) comptising a partially or entirely
undercut silicon structure positioned between the first and second channels. In useful
embodiments for making an array of printabte semiconductor elements, a pattern
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comprising a large number of channels having well defined positions and dimensions is
generated on the extemal surface of the silicon wafer, thereby enabling simuitaneous
fabrication of a large number of printable semiconductor elements in a shngle processing

protocol.

[023] in one embodiment, first and second channels on the external surface of the
wafer are longitudinally oriented in a substantially parallel configuration. In this
embodiment, the step of etching between the recessed features generates a partially or
entirely undercut printable semiconductor ribbon positioned between the first and
second channels. Preferably for some embodiments, the position and physical
dimensions of first and second channels are selected such that the printable
semiconductor ribbon remains integrally connected to the silicon wafer, until further
processing such as processing steps involving contact with a transfer device, including
but not limited to, an elastomeric stamp. in one embodiment, for example, the first
channel terminates at a first end and the second channel terminates at a second end,
and the printable semiconductor ribbon remains connected, directly or via an alignment
maintenance element such as a bridge element, to the silicon wafer at a region between
the first end of the first channel and at the second end of the channel. Additionally, ihe
ﬂrst channel and second channel may terminate at third and fourth ends, respectively,
and optionally the printable semiconductor ribbon may also be connected, divectly or via
an alignment maintenance element such as a bridge element, to the silicon wafer at a

region between the third and fourth ends.

[024] The methods of this aspect of the present invention may further comprise a
number of optional processing steps including, but not limited o, material deposition
and/or patterning for generating electrically conductlve structures such as electrical
contacts, insulating structures and/or additional semiconductor structures onto the
printable semiconductor efement; annealing steps; wafer cleaning; surface processing
for example surface polishing to decrease the roughness of the external surface;
material doping precessing; transfer, patterning, assembly and/or integration of printable
semiconductor elements using a transfer device such as an elastomeric stamp or
solution printing techniques; wafer surface refinishing; functionalizing the surface of the
printabte semiconductor elements for example by making hydrophilic or hydrophobic
groups;.material removal for example by efching; growth and/or removal of a thermal
oxide layers on the printable semiconductor element and any combination of these

optional processing steps.
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[025] The method of making printable semiconductor elements of the present
Invention may further comprise the step of refeasing the printable semiconductor
element(s) from the silicon wafer. in the context of this description, “release” refers fo a
process wherein the printable semiconductor element is separated from the silicon
wafer. Release processing in the present invention may involve breaking one or more
alignment maintaining elements, such as bridge elements, that connects one or more
ends of the printable semiconductor element to a mother substrate. Retease of the
printable semiconductor element(s) from the silicon wafer may be carried out by
contaciing the printable semiconductor element v'\"/ith a transfer device, such as an
elastomeric stamp useful for contact printing transfer processing, such as dry transfer
contact printing. In some embodiments, an external surface of the semiconductor
element is contacted, optionally conformally contacted, with a contact surface of a
transfor device, such as a conformable elastomeric stamp, such that the semiconductor
element binds to the contact surface. Optionally, the methods of this aspect of the
present invention further include the step of registered transfer of printable
semiconductor element(s) to a fransfer device. Optionally, methods of this aspect of the
present invention further include use of kinetically controlied separation rates to facilitate
registered transfer of printable semiconductor elements to an elastomeric stamp,

[026] An advantage of the present method for fabricating printable semiconductor
elements is that it is capable of being carried out more than once using a given (111)
silicon wafer starting material, such as a bulk (111) silicon wafer. The repeat processing
capability of the present methods is beneficial because it makes possible mulliple
repetitions of the present methods using a single starting wafer possible, thereby
enabling production of tens or even hundreds of square feet of printable semiconductor
elements from one square foot of bulk silicon wafer starting material. inone
embodiment, the methods further comprise the step of refinishing the external surface of
the silicon wafer after release and transfer of the printable semiconductor element(s}. In
the context of this description, the expression *refinishing the silicon wafer” refers to
processing steps that generate a flat, and optionally smooth, extemal surface of the
silicon wafer, for example after the release and/or transfer of one or more printable
semiconductor elements. Refinishing may be carried out by any technique known in the
art, including, but not limited to, polishing, etching, grinding, micromachining, chemical-
mechanical polishing; anisotropic wet etching. In a useful embodiment, the processing
steps of (i) generating a plurality of recessed features on the extemnal surface of the
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silicon wafer, (i) masking at least a portion of the side surfaces, and optionally the
entirety of the side, of the recessed features, and (iii) etching between the side surfaces,
thereby generating additional printable semiconductor elements, are repeated after
refinishing the external surface. Methods of the.present invention including release and
refinishing processing steps may be repeatedly carried out a large number of times
using a single silicon wafer starting material.

[027] In another aspect, the present invention provides printable semiconductor
compositions and structures enabling high precision registered transfer, registered
assembly and/or registered integration onto a receiving substrate. In the context of this
description, the expressions "registered transfer’, “registered assembly” and “registered
integration” refer to concerted processes that maintatn the refative spatiai orientation of
transferrad elements, preferably to with about 5 microns and more preferably for some
application to within about 0.1 microns. Registered processes of the present invention
may also refer to the ability of methods of the present invention to transfer, assemble
andior Integrate printable semiconductor elements to specific regions of a recelving
substrate preselected to with 5 microns and preferably for some embodiment to with 500
nanometers. The printable semiconductor compositions and structures of this aspect of
the present invention enhance the precision, accuracy and reproducibility of transfer
printing assembly and integration techniques, thereby providing a robust and
commercial practicable fabrication platform for making high performance slectronic and
electro-optical devices. Registered processing in the present invention may be carried
out using a variety of fransfer devices including, but not limited to, stamping fransfer
devices such as elastomeric and non-elastomeric stamps useful for contact printing

transfer processing, such as dry transfer contact printing.

[028] In one embodiment of this aspect, the present invention provides a printable
semiconductor structure comprising a printable semiconductor element; and one or
more bridge elements that are connected, optionally integralty connected, fo the
printable semiconductor structure and to a mother wafer. The physical dimensions,
composition, shape and geometries of the printable semiconductor element, and bridge
element(s) are selected so that contacting the printable semiconductor with é transfer
device, such as an elastomeric stamp, is capable of fracturing the bridge element(s),
thereby releasing the printable semiconductor structure from the mother waferin a

controlled manner.
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[029] In one embodiment, the bridge element(s), the printable semiconductor element
and the mother wafer are integrally connected so as fo comprise a unitary structure. In
the context of the present description, a “unitaty structure” refers to a composition
wherein the mother wafer, bridge element(s) and printable semiconductor element
comprise a monolithic structure. In an embodiment, for example, a unitary structure
comprises a single, continuous semiconductor structure wherein one or more bridge
slements are integrally connected to the mother wafer and to the printable
semiconductor element. The present invention also includes, however, printable
semiconductor structures whereln the bridge element(s), printable semiconductor
element and mother wafer do not comprise a unitary structure, but, rather, are
connected o each other via bonding mechanisrﬁs. such as covalent bonding,
adhesives, and/or intermolecular forces (e.g., van der Waals forces, hydrogen bonding,

dipole — dipole interactions, London dispersion forces).

[030] Printable semiconductor structures of this aspect of the present invention may
comprise a single or plurality of bridge elements connected, optionally integrally
connected, to the printable semiconductor element and the mother wafer. Bridge
elements of the present invention include structures that connect surfaces of the
printable semiconductor element to the mother wafer. In one embodiment, one or more
bridge elements connect the ends and/for bottom of the printable semiconductor element
1o the mother wafer. . In an embodiment, bridge elements connect one or both ends
terminating the 'length of a printable semiconductor ribbon to the mother wafer. in some-
embodiments, the printable semiconductor element and the bridge element(s) are at
Jeast partially undercut from the mother wafer. Inan embodiment enabling high
precision registered transfer, the printable semiconductor element and the bridge
element are entirely undercut from the mother wafer. The present invention also
includes, however, bridge elements that are not undercut structures that connect the
printable semiconductor element to the mother wafer. An example of such a non-
undercut configuration is a bridge element that connects and/or anchors the bottom of a

printable semiconductor element to a mother wafer.

[031] The present invention includes embodiments wherein bridge elements connect
at least two different ends or surfaces of a printéble semiconductor element to a mother
wafer. Printable semiconductor structures having a plurality of bridge elements are
useful for applications requiring enhanced, high precision registered transfer because
they provide greater stabllity of the alignment, spatial otientation and position of
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semiconductor slements during contact and transfer to the contact surface of a transfer

device and/or a receiving substrate.

[032] Bridge elements of this aspect of the present invention are alignment
maintaining elements which connect and/or anchor the printable semiconductor element
to a mother substrate, such as a semiconductor wafer. Bridge elements are useful for
maintaining selected orfentations and/or positions of printable semiconductor elements
during transfer, assembly and/or integration processing steps. Bridge elements are also
useful for maintaining relative positions and orientations of a pattern or array of
semiconductor elements during transfer, assembly and/or integration processing steps.
In methods of the present invention, bridge elements preserve the positions and spatial
orientations of printable semiconductor elements during contact, bonding, transfer and
integration processes involving a contact surface of a transfer device, such as a
conformable elastomeric stamp, thereby enabling registered transfer from a mother

wafer to the transfer device.

[033] Bridge elements in this aspect of the present invention are capable of
disengaging from the printable semiconductor elements without significantly changing
the positions and orientations of the printable semiconductor elements upon contact
and/or movement of the transfer device. Disengagemént may be achleved by fracture
“and/or disconnection of the bridge elements during contact and/or movement of the
transfer device, for example during dry transfer contact printing. Fracture driven
disengagement may be enhance by used of conformable transfer devices, such as
elastomeric stamps, and/or kinetically controlled separation rates that facilitate transfer

to the contact surface of a transfer device.

[034] In one embodiment of this aspect of the present invention, the spatial
arrangement, geometry, compositions and physical dimensions of bridge elements are
selected to provide high precision registered transfer. In the context of this description,
the expression “high precision registered transfer” refers fo the transfer of printable
semiconductor elements with changes in their relative spatially orientations and relative
positions of less than about 10%. High precision registered transfer also refers to
transfer of a printable semiconductor element from a mother substrate to a transfer
device and/or recelving substrate with good placement accuracy. High precision
registered transfer also refers to transfer of a pattern of printable semiconductor
elements to a transfer device andfor recelving substrate with good pattam' fidelity.
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[035] Bridge elements of the present invention may comptise partially or entirety
undercut structures. Bridge elements useful in the present invention may have a
uniform width or a systematically variable width, such as & width that tapers to a narrow
neck that facilitates release via fracture. In some embodiments, the bridge elements
have an average width selected from the range of about 100 nanometers to about 1000
microns, an average thickness selected from the range of about 1 nanometers to about
1000 microns and an average Eength' selected from the range of about 100 nanometers
to about 1000 microns. In some embodiments the physical dimensions and shape of
the bridge element are defined relative o the physical dimensions of the printable
semiconductor element it connects to the mother wafer. Registered transfer may be
achieved, for example, using of a bridge element having an average width that is at
least 2 times smaller, and preferably for some applications 10 times smaller, than the
aVerage width of the printable semiconductor element and/or an average thickness that
is 1.5 times smaller than the average thickness of the printable semiconductor element.
Bridge elements may also be provided with sharp features io facilitate their fracture and
the registered transfer of the printable semiconductor element from the mother wafer to

the transfer device and/or receiving substrate.

1036] In one embodiment of this aspect, the p'rintabte' semiconductor element
comprises a printable semiconductor ribbon extending a fength along a principle
longitudinal axis terminating in a first end and a second end. A first bridge element
connects the first end of the printable semiconductor ribbon to the mother waferand a
second bridge element connects the second end of the semiconductor ribbon to the
mother wafer. Optionally, the printable semiconductor ribbon, first bridge element and
second bridge element are entirely undercut structures. In an embodiment, the first
bridge element, second bridge element, printable semiconductor ribbon and mother
wafer comprise a unitary semjiconducior structure. In an embodiment, first and second
bridge element have average widths that are about 1 to about 20 times less than the
average width of the printable semiconductor ribbon. In an embadiment, the first and
second bridge e[ements are each connected to less than 1 to about 100 % of the Cross
sectional areas of the first end and second ends, respectively, of the printable
semiconductor ribbon. The present invention includes embodiments wherein first and
second bridge elements have a spatial configuration proximal to or distal to each other..

[037] inthe present invention, the external surfaces of printable semiconductor
elements and/or bridge element may be functionalized to enhance registered transfer to
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a transfer device, such as an elastomeric stamp. Functionalization schemes useful for
registered transfer include adding hydrdphiﬁc and/for hydrophobic groups to the suriace
of the printable semiconductor element to enhance bonding to the contact surface of a
transfer device. An alternate chemistry strategy is to coat one or more of the contacting
surfaces (the surfaces on the printable elements and/or on the receiving surface) with
metals, including but not limited to gold. These metals may be treated with self
assembled monolayers that may chemically bridge the receiving éun‘ace to the printable
elements. In addition two nominally bare gold surfaces may form a metallic welded

bond upon contact (e.g., via cold welding)

[038] Printable semiconductor elements of the present invention may be fabricated
from a wide range of materials. Useful precursor materials for fabricating printable
semiconductor elements include semiconductor wafer sources, including bulk
semiconductor wafers such as single crystalline.silicon wafers, polycrystaliine silicon
wafers, germanium wafers; ultra thin semiconductor wafers stich as ultra thin silicon
wafers; doped semiconductor wafers such as P-typs or N-type doped wafers and wafers
with selected spatial distributions of dopants (semiconductor on insulator wafers such as
silicon on Insulator (e.g. Si-SiQ,, SiGe); and semiconductor on substrate wafers such as
shicon on substrate wafers and silicon on insulator. Further, printable semiconductor
elements of the present invention may be fabricated from scrape or unused high quality
or reprocessed semiconductor materials that are left over from semiconductor device
processing using conventional methods. In addition, printable semiconductor elements
of the present invention may be fabricated from a variety of nonwafer sources, such as a
thin films of amorphous, polycrystalline and single crystal semiconductor materials {(e.g.
polycrystalline silicon, amorphous silicon, polycrystalline GaAs and amorphous GaAs)
that is deposited on a sacrificlal layer or substrate (e.g. SiN or SiOz) and subsequently
annealed, and other bulk crystals, including, but not limited to, graphite, MoSe; and
other transition metal chalcogenides, and yttrium barium copper oxide.

[039] An exemplary transfer device of the present invention comprises a dry transfer
stamp, such as an elastomeric transfer stamp, a composite transfer stamp, a
conformable transfer device such as a conformable elastomeric stamp, and multi-layer
transfer devices such as a multilayer elastomeric stamp. Transfer devices, such as an
elastomeric stamp, are useful for contact printing processing, such as dry transfer
contact printing. Transfer devices of the present invention are optionally conformable.
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Transfer devices useful for the present invention include transfer devices comprising a
pluraiity of polymer layers as described in U.S. Patent Application Serial No.

11/115,954, entitled “Composite Patterning Devices for Soft Lithography”, filed with the
U.S. Patent and Trademark Office on April 27, 2008, which is hereby incorporated by
reference in'its entirety. An exemplary patterning device useable in the methods of the
present invention comprises a polymer layer having a low Young's Moduius, such as a
poly(dimethylsifoxane) (PDMS) layer, preferably for some applications having a
thickness selected from the range of about 1 micron to about 100 microns. Use of a low
modulus polymer layer is beneficlal because it provides transfer devices capable of
establishing good conformal contact with one or more printable semiconductor
elements, particularly printable semiconductor elements having curved, rough, flat,
smooth andfor contoured exposed surfaces, and capable of establishing good conformal
contact with substrate surfaces having a wide range of surface morphologies, such as
curved, rough, flat, smooth and/or contoured substrate surfaces.

[040] The present invention also includes methods transferring, Including high
precision register transfer, of printable semiconductor elements to a transfer device,
such as an slastomeric stamp, and/or methods of assembling and/or integrating
‘printabie semiconductor elements, including high precision registered assembly and/or
integration, on a recsiving substrate. An advantage of the printing methods and
compositions of the present invention is that paﬁérns of printable semiconductors
elements may be transferred and assembled onto substrate surfaces in a mari_ner
preserving selected spatial orientations of semiconductor elements which define the
patterﬁ. This aspect of the present invention is particularly beneficial for applications
wherein a plurality of printable semiconductor elements are fabricateﬂ in well defined
positions and relative spatial orfentations which directly correspond to a selected device
configuration or array of device configurations. Transfer printing methods of the present
invention are capable of transferring, positioning and assembling printable
semiconductor elements and/or printable functional devices including, but not limited to,
transistors, optical waveguides, microetectromechanical systems,
nanoelectromechanical systems, laser diodes, or fully formed circuits.

[041] The present processing methods and composition are applicable to bulk semi-
metal materials in addition to semiconducting materials. For example, the present
methods, compositions and structure may be used with carbonaceous materials, such
as graphite and graphene, and other layered materials such as mica.
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[042] In one embodiment, the present invention provides a method of fransferring a
printable semiconductor element to a transfer device comprising the steps of: (i)
providing a printable semiconductor structure comprising a printable semiconductor
element; and af least one bridge element connected to the printable semiconductor
structure and connected to a mother wafer, wherein the printable semiconductor
element and the bridge element(s) are at least partially undercut from the mother wafer;
(il} contacting the printable semiconductor element with a transfer device having a
contact surface, wherein contact between the contact surface and the printable
semiconductor element binds the printable semiconductor element to the contact
surface; and (i) moving the transfer device in a manner resuiting in the fracture the
bridge element(s), thereby transferring the printable semiconductor structure from the

mother wafer to the fransfer device.

[0431 In one embodiment, the present invention provides a method for assembling a
printable semiconductor element on a receiving surface of a substrate comprising the
steps of: (i) providing a printable semiconductor element; and at least one bridge
element connected to said printable semiconductor structure and connected to a mother
wafer, wherein said printable semiconductor element and said bridge element(s) are at
least partially undercut from said mother wafer; (i) contacting said printable :
semiconductor element with a transfer device having a contact surface, wherein contact
between said contact surface and said printable semiconductor element binds said
printable semiconductor element to said contact surface; (iif) moving said transfer device
in a manner resulting in the fracture said bridge element(s), thereby transferring said
printable semiconductor structure from said mother wafer to said transfer device,
thereby forming said contact surface having said printable semicondugctor element
disposed thereon; (iv) contacting said printable semiconductor element disposed on said
contact surface with said recelving surface of said substrate; and (v) separating said
contact surface of said conformable transfer device and said printable semiconductor
element, wherein said printable semiconductor element is transferred onta said
receiving surface, thereby assemblfing said printable semiconductor element on said

receiving surface of said substrate.

In one embodiment, the present invention provides a method for fabricating a
printable.semiconductor element comprising the steps oft (1) providing a sificon wafer
having a (111) orientation and having an external surface; (2} generating a piurality of
recessed features on said external surface of said silicon wafer, wherein each of said
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recessed features comprises a bottom surface and side surfaces of exposed silicon
wafer; (3) masking at least a portion of said side surfaces of said recessed features; and
(4) etching between said recessed features, wherein etching ocours along <110>
directions of said silicon wafer, thereby fabricating said printable semiconductor

element.

BRIEF DESCRIPTION OF THE DRAWINGS
[044] Fig. 1A provides a schematic cross section view diagram illustrating exemplary
methods of the present invention for making printable semiconductor elements
comprlsing ribbons of single crystailine silicon from a bulk silicon wafer having a (111)
ofientation. Fig. 1B provides a flow diagram setting forth processing steps in the
present methods for generating printable semiconductor elements from bulk silicon

wafers.

[045] Figure 1C provides a cross sectional view schematic processing diagram
ilustrating fabrication methods wherein the side surfaces of recessed features are
partially, but not completely, masked. Figure 1D provides a cross sectional view
schematic processing diagram illustrating fabrication methods wherein the side surfaces

of recessed features are completely masked.

[046] Figure 1E provides an image of recessed features in Si (111) having a trench
configuration generated without side suiface refining. The recessed features shown in
Figure 1E were defined by phase shift photolithography, metal fift-off and reactive ion
efching, and subsequent removal of metal etch mask. Figure 1F provides an image of
recessed features In Si (111) having a trench configuration generated with side surface

refining.

[047] Figs. 2A and 2B provide schematic top plan view diagrams of printable
semiconductor structures of the present invention comprising a printable semiconductor
element and two bridge elements. Bridge elements are positioned distal to each other
in the structure shown in Figure 2A, and bridge elements are positioned proximal to

each other in the structure shown in Figure 2B.

[048] Figures 2C and 2D provide images of bridge elements connecting a printable

semiconductor element to a mother wafer.

[048] Fig. 3. (a) Schematic illustration of the process for fabricating transistors, diodes
and logic circuits on plastic using transfer printed GaAs wires integrated with ohmic
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stripes, prepared from a single-crystalline GaAs wafer, (b) SEM image of an array of
GaAs wires (with ohmic stripes) with their ends connecting to the mother wafer. The
partial wire Indicated by the arrow lies undemeath the arrayed wires, indicating that the
GaAs wires are separated from the bulk wafer. The inset presents a free-standing
individual wire, clearly showing its triangular cross section. (¢} SEM image of an
individual MESFET with channel length of 50 pm and gate length of 5 pm, formed with
the GaAs wire array shown in {b) transfer printed on a PET substrate. (d) Optical
micrograph of a Ti/n-GaAs Schottky diode on a PET sheet. The insets show that one
electrode pad connects the ohimic stripes on one end of the wires while the other
electrode (150 nm Ti¥150 nm Au) pad directly connects to the GaAs wires for forming
Schottky contacts. (e, f) Optical images of PET substrates with various logic gates and
individual MESFETs mounted on a flat surface (e) and on the curved shaft of a white

marker {f}.

[050] Fig. 4. Characterization of GaAs-wire MESFETs with a gate length of 5 pm and
different channel lengths: (a, b) 50 um and {c) 25 pm on PU/PET substrates. (a)
Current—voltage (i.e., Ips versus Vpsg) curves of the transistor shown in Fig. 3¢ at
different gate voltage (Vgs). From top to bottomn, the Vas decreases from 0.5t0 -3.0 V at
a step of 0.5 V. (b} Transfer curve of the same transistor in the saturation region of Vpg
= 4V, The Inset shows the derivative of the transfer curve, revealing the dependence of
the transconductance on the gate voltage. {c) Source-drain current at different Vigg for a
transistor with channe! length of 25 pm. From top to bottom, the Vgs decreases from 0.5
to -5.0 V at a step of 0.5 V. (d) -V characteristics of the as-fabricated Au/Ti-GaAs

Schottky diodes, showing good rectifying capabilities.

[051] Fig. 5. Circuit diagram (a), optical image (b), and output-input characteristics
(c) of an inverter. All MESFETs have a gate length of § um. The Vqq was biased to 5V
versus ground (GND). )

[052] Fig. 6: Circuit diagrams, optical images, and output-input characteristics of
different logic gates: (a, b, ¢) NOR gate; {d, e, ff NAND gate. All MESFETs have a gate
length of 5 pm. The scale bars represent 100 pm. Vi applied to these logic gates was 5
V versus ground (GND). The logic “0” and “1” input signals of the NOR and NAND gates
were driven by -5 and 2 V, respectively. The logic “0” and “1” outputs of the NOR gate
are 1.58-1 87V and 4.1 V, respectively. The logic “0” and “1" outputs of the NAND gate
are 2.90 V and 4.83-4.98 V, respectively.

21



[053] FIG, 7: (a) SEM image of an individual GaAs-wire MESFET with channel length
of 50 pm and gate tength of 2 um on PU/PET substrate, showing each transistor is
formed with ten aligned GaAs wires. (b) Current-voltage (i.e., Ips versus Vps) curves of
a transistor shown in (a). From top to bottom, the Vis decreases from 0.5 to -3.0 Vata
step of 0.5 V. The inset shows the transfer curve of this transistor in the saturation

region of Vpg =4 V.

[054] FIG. 8: (a, b) Experimental (blus) and simulated (red) results of RF responses of
GaAs-wire MESFETs with different gate lengths: 2 ym (a) and § ym (b). The
measurements are conducted with probing configuration shown in the inset of (a). {c)
Dependence of f; on gate length. The different symbols represent measurements on
different devices; the dashed line corresponds to simulation.

[055] FIG. 9: Characterization of the mechanical flexibility of high speed GaAs-wire
MESFETs (with gate length of 2 um) on PU/PET substrates. (a) Optical image of the
éetup for the measurements. The effects of surface strain (positive and negative values
correspond fo tensile and compressive strains, respectively) on (b) the saturated current
flow through source to drain at Vps = 4V and Vs = 0 V; and (c) the ON/OFF cument
ratio in the saturation region of Vps =4 V.

[056] FIG.10: Schematic process flow of single-crystal silicon ribbon fabrication. (a)
An SFg plasma etches trenches in a (111) Si surface. (b) Thermal oxidation and angled
evaporation of Ti/Au layers passivate the side surfaces. (c) Finally, a hot KOHAPA/H,0O
solution undercuts the Si ribbons. {(d} Cross-sectional SEM image of partially undercut

ribbons. (e) Released, flexible ribbons.

[057] FIG.11: Atomic force microscopy of microstructured silicon generated by
anisotropic wet etch undercut. (2) AFM height image of ribbons on a PDMS stamp, with
the underside exposed. Ribbons are 115 to 130 nm thick, as measured at their edges,
and bow downward in the middle. (b) AFM image of the underside of a 550 nm-thick
ribbon revealing nanoscale roughness introduced by the KOH/IIPA/H:0O undercut.

[058] FIG. 12: Schematic process flow for transferring microstructured silicon from a
“donor” wafer to a plastic substrate. (a) A PDMS stamp laminates against a chip with
undercut ribbons that are anchored to the wafer. (b) Ribbons bond to the stamp and can
be removed from the wafer by peeling away the stamp. (¢) Ribbons are then printed
from the stamp fo a plastic substrate, (d) SEM image of near-completely-undercut
ribbons anchored to the donor wafer. (@) Optical micrograph of ribbons removed from
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the donor and adhered to the stamp. (f} Photograph of a flexible plastic “chip” that
houses TFTs made from transferred silicon ribbons.

[059] FIG. 13: Electrical characterization of a single-crystalline silicon bottom-gate
transistor on a PET/ITO substrate; L=100 um, W=100 um, linear mobility 360 cm*V"'s™;
saturation mobility 100 cm?V-ls™ {a) transfer characteristics (VD=0.1 V) showing ~4000
on/off ratio with inset top-view of a device. (b) current-voitage (I-V} characteristics.

[060] Fig. 14: Schematic llustration of (a) heterostructure GaN wafer for fabricating
high electron mability transistors (MEMTs, two dimensional electron gas (2 DEG) formed
between AlGaN and GaN interface); (b) HEMTs geometry on plastic substrate; (c) the
Ws-GaN design that is supposted by two ‘narrow bridges’ at the end of Ws-GaN ribbon.
Smart anisotropic etching orientation Is used to make freestanding Ws-GaN elements.

[061] Fig. 15: Schematic illustration of steps for fabrication of Ws-GaN HEMTs onto
plastic substrate,

[062] Fig. 16: (a) GaN wafer before TMAH wet etching of underlying Si. (b)
Freestanding GaN ribbon after TMAH etching. Note the color difference between the
etched and non etched area of sacrificial Si layer. (c~d) SEM images of intermediate
step of TMAH anisotropic etc'ﬁing of underlying Si. (e} An SEM image of PDMS slab
inked with p1s-GaN objects by a van der waals force. (f) An SEM image of ys-GaN
transferred to PU coated PET. The metal and polymer areas are artificially colorized for
ease of viewing.

[063] Fig. 17: High performance HEMTs formed from the Ws-GaN on piastic
substrate. (a-b) Optical micrographs of actual flexible Ws-GaN devices. Schematic
illustration of cross saction device geometry is shown in Fig. 14B:. (¢} I-V curves of Ws-
. GaN based HEMTSs at a range of gate voitage (ng -4V to 1 V). The channel length, the
channel width and gate width of the device were 20 Wm, 170 Wm, and 5 Wm
respectively. (d) The transfer characteristics, measured at a constant source-drain
voltage (Vas=2V), indicated the transconductance of 1.5 mS

[064] Fig. 18 (a) An optical image of the actual bending stage and plastic device. (b)
Transfer curves obtained at different bending radii (and its corresponding strains}. {e) I-
V curves obtained when the plastic sheet is bent at maximum bending radius {orange}

and flattened after bending cycles (blue).
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[065) Fig. 19 provides a process flow schematic illustrating a method of the present
invention for making multilayer arrays of printable semiconductor elements.

[066] Fig. 20 provides SEM images of Si (111) in angled-view (a, ¢, & g) and cross-
sectional view (b, d, f, h): (a and b} after STS-ICPRIE and BOE etching, {c and d) after
metal protection on tha side surfaces, (e through h) after KOH etching for 2 min (e and f)
and 5 min (g and h) followed by metal cleaning.

[067) Fig. 21 provides () provides a photograph of a large-scale aligned array of
four-layered Si {111) ribbons. (b and ¢} Top-view and (¢ and &) angled-view SEM
images of the four-layered Si (111} shown in (a).

IOBB] Fig. 22 provides (a) Photograph and (b and ¢) OM images of released flexible Si
(111) ribbons. (d to f) SEM Images of the ribbons shown in (a).

[069] Fig. 23 provides (a) Optical images of aligned Si (111) ribbons transferred on
PDMS substrate. (b) AFM image of four ribbons from the array shown in (a). (c)
Photograph of a flexible polyester film that houses four pattemns of Si (111) arrays from

four cycles of transferring from a single Si chip.

DETAILED DESCRIPTION OF THE INVENTION
[070] Referring to the drawings, like numerals indicate like elements and the same
number appearing in more than one drawing refers fo the same element. In addition,

hereinafter, the following definitions apply:

[071] “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 iransfer, assembly, patterning, organizing
and/or integrating onto or into substrates via solution printing or dry transfer contact
printing.

[072] “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 printing
methods. In one embodiment, printable semiconductor elements of the present
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invention are unitary single crystalline, polycrystaifine or microcrystalline inorganic
semiconductor structures. In one embodiment, iarlntable semiconductor elements are
connected 1o 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 typs
dopants. The present invention includes microstructured printable semiconductor
elements having at least one cross sectional dimension greater than or equal to about 1
micron and nanostructured printable semiconductor elements having at least one cross
sectional dimension fess than or equal to about 1 micron. Printable semiconductor
elements useful in many applications comprises-elements derived from "top down”
processing of high purity butk materlals, such as high purity crystalline semiconductor
wafers generated using conventional high temperature processing techniques. Inone
embodiment, printable semiconductor elements of the present invention comprise
composite structures having a semiconductor operational comected to 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 one
embodiment, printable semiconductor elements of the present invention comprise
stretchable semiconducior elements and/or heterogeneous semiconductor elements.

[073] “Cross sectional dimension” refers to the dimensions of a cross section of
device, device component or material. Cross sectional dimensions include width,
thickness, radius, and diameter. For example, printable semiconductor elements having
a ribbon shape are characterized by a length and two cross sectional dimensions;
thickness and width. For example, printable semiconductor elements having a
oylindrical shape are characterized by a length and the cross sectional dimension

diameter (alternatively radius).

[074] “Longitudinally oriented in a substantialty paraliel configuration” refers to an
orientation such that the longitudinal axes of a population of elements, such as printable
semiconductor elements, are oriented substantially pa:-'a!lei to a selected alignment axis.
in the context of this definition, substantially paraliel to a selected axis refers to an
orientation within 10 degrees of an absolutely paraliel orientation, more preferably within

5 degrees of an absolutely paralie! orientation.
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[075] The terms “flexible” and “bendable” are used synonymously in the present
description and refer to the ability of a material, _stmcture, 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 equaito about 6 %, preferably for some applications
larger than or equal to about 1 %, and more preferably for some applications larger than

or equal to about 0.5 %.

[076] “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 'u‘se of this term in the art of
microelectronics and electrical devices. Semiconductors useful in the present invention
may comprise element semiconductors, such as siticon, germanium and diamond, and
compound semiconductors, such as group 1V compound semiconductors such as SiC
and SiGe, group 1ii-V semiconductors such as AlSb, AlAs, Aln, AP, BN, GaSb, GaAs,
GaN, GaP, InSb, InAs, InN, and InP, group lll-V ternary semiconductors alloys such as
AlGaiAs, group Vi semiconductors such as CsSe, CdS, CdTe, Zn0, ZnSs, ZnS,
and ZnTe, group -Vl semiconductors CuCl, group IV — VI semiconductors such as
PbS, PbTe and SnS, layer semiconductors such as Pbly, MoS; and GaSe, oxide
semiconductors such as CuO and Cu0. The term semiconductor includes iritn'n’sic
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
serniconductors andfor dopants. Specific semiconductor materials useful for in some
applications of the present invention include, but are not limited to, 8i, Ge, SiC, AP,
AlAs, AlSh, GaN, GaP, GaAs, GaSh, InP, InAs, GaSb, InP, InAs, InSb, ZnO, ZnSe,
ZnTe, CdS, CdSe, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, PbS, PbSe, PbTe, AlGaAs,
AllnAs, AlinP, GaAsP, GalnAs, GalnP, AlGaAsSbh, AlGalnP, and GalnAsP. Porous
silicon semiconductor materials are useful for applications of the present invention in the
field of sensors and light emitting materials, such as fight emitting diodes (LEDs) and
solid state lasers. Impurities of semiconguctor materials are atoms, elements, ions
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and/or molecules other than the semiconductor material(s) themseives or any dopants
provided {o the semiconductor material, Impurities are undesirable materials presentin
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 1o, the group
of elements between copper and lead on the periodic table, calicum, sodium, and all

ions, compounds and/or complexes thereof.

[077] "Good electronic performance” and “high performance” are used synonymously
in the present description and refer to devices and device components have electronic
characteristics, such as field effect mobilities, threshold voltages and on — off ratios,
providing a desired functionality, such as electronic signal switching and/or amplification.
Exemplary printable semiconductor elements of the present invention exhibiting good
electronic performance may have intrinsic field effect mobilities greater than or equal
100 om? V' s, preferably for some applications greater than or equat to about 300 om?
v 571, Exemplary transistots of the present invention exhibiting good efectronic
performance may have device field effect mobilities great than or equal to about 100
cm? V' s, preferably for some applications greater than or equal to about 300 cm? V™!
s™!. and more preferably for some applications greater than or equal to about 800 em? V*
1 g1, Exemplary transistors of the present invention exhibiting good electronic
performance may have threshold voltages less than about 5 voits and/or on —~ off ratlos

greater than about 1 x 10°,

[078] “Plastic” refers to any synthetic or naturally oceurring 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
inventlon 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.

[079] “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
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mixtures of polymers and copolymers. Elastomeric layer refers to a layer comprising at
least one elastomer. Elastomeric layers may also include dopants and other non-
elastomeric 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, polyiscbutylene, poly(styrene-butadiene-styrene), polyurethanes,
polychloroprene and silicones. Elastomers provide elastomeric stamps useful in the

present methods.

[080] “Transfer device” refers to a device or device component capable of receiving
and/or relocating an element or array of elements, such as 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 use in oonnéction with a fransfer device comprising an
elastomeric stamp useful for contract printing processing.

[081] “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 about 36 square inches .

[082] “Device field effect mobility" refers to the field effect mobility of an electrical
device, such as a transistor, as computed using output current data corresponding to

the electrica! device.

[083] “Conformal contact" refers to contact established between sutfaces, 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 aspedt, conformal contact
involves a macroscopic adaptation of one or more contact surfaces of a conformablo
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 of 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 _consistént 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
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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.

[084] “Placement accuracy” refers to the ability of a fransfer 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 1o 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 fo 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.

[085] “Fidelity” refers to a measure of how well a selected pattern of elements, such
as a pattern of prinfable semiconductor elements, is transferred to a recelving surface of
a substrate. Good fidelity refers to transfer of a selected pattern of elements wherein
tﬁe relative positions and orientations of individual elements are preserved during
transfer, for example wherein spatial deviations of individual elements from their

. positions in the selected pattern are less than or equal to 500 nanometers, more

preferably less than or equal to 100 nanometers.

[086] “Undercut” refers to a structural configuration wherein the bottom surfaces of an
element, such as printable semiconductor element, bridge element or both, are at least
partially detached or not fixed from another structure, such as a mother wafer or bulk
material. Entirely undercut refers to a refers to a structural configuration wherein the
bottom surfaces of an element, such as printable semiconductor element, bridge
element or both, is completely detached from another structure, such as a mother wafer
or butk material. Undercut structures may be partlally or entirely free standing
structures. Undercut structures may be partially or fully supported by another structure,
such as a mother wafer or bulk material, that they are detached from. Undercut
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struciures may be attached, affixed andfor connected to another structure, such as a
wafer or other bulk material, at surfaces other than the bottom surfaces. For example,
the present invention includes methods and con;lpositions wherein printable
semiconductor slements and/or bridge elements are connected to a wafer at ends
positioned on surfaces other than thelr bottom surfaces (e.g., See Figs. 2A and 2B).

[087] In the following description, numerous specific detalls of the devices, device
components and methods of the present invention are set forth in order fo provide a
thorough explanation of the precisé nature of the invention. It will be apparent, however,
to those of skill in the art that the invention can be practiced without these specific

details.

[088] This invention provides methods and devices for fabricating printable
semiconductor elements and assembling printable semiconductor elements and
patterns of printable semiconductor elements onto substrate surfaces. Methods for
fabricating high quality printable semiconductor elements from fow cost bulk
semiconductor materials are provided. The present invention also provides
semiconductor structures and methods providing high precision registered transfer of
printable semiconductor elements from a mother wafer fo a transfer device and/or
receiving substrate. The methods, devices and ﬁevice com}aonents of the present
invention are capable of generating high performance electronic and optoelectronic

devices and amrays of devices on flexible plastic substirates.

[089] Figure 1A provides a schematic cross section view diagram illusirating
exemplary methods of the present invention for making printable semiconductor
elements comprising printable semiconductor ribbons of single crystalline silicon from a
‘bulk silicon wafer having a (111) orientation. Figure 1B provides a flow diagram setting
forth processing steps, including repeatable processing steps, in the present methods
for generating printable semiconductor elements from bulk silicon wafers.

[090) As shown in Figures 1A (panel 1) and 1B, a silicon wafer having a (111)
orientation 100 is provided. Silicon wafer 100 having a (111) orientation may be a bulk
silicon wafer. A plurality of channels 110 having preselected physical dimensions,
spacing and spatial orientatlons is etched into external surface 120 of silicon wafer 100,
for example using a combination near field photolithography, fift-off and dry etching
technigues. In this embodiment, the spacing 130 between channels defines the width of
the printable semiconductor ribbons fabricate us-ing this method.
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[091] As shown in Figures 1A (panel 2) and 1B, optionally a thermal oxide layer 140 is
grown on channels 110 and external surface 120, for example by heating the (111)
silicon wafer 100. Next, a mask 150 is deposited on the side surfaces of channels 110
and external surface 120, for example using angled electron beam evaporation of one or
more mask materials such as a metal or combination of metals, thereby generating
masked and unmasked regions the silicon wafer 100, This masking step generates
masked regions 160 of the side surfaces and unmasked regions 170 of the side
surfaces of channels 110. The present invention includes embodiments wherein the
entire side surfaces of channels 110 along deptﬁ 135 are masked (See e.g., Fig. 1D).
The extent that masked region extend down the side surfaces, in some embodiments, is
coniroiled by angle of evapdration of mask materials, the “shadows” cast by the surface

' features on external surface 120 of wafer 100 and the degree of coflimation of the fiux of
mask materials . The depth 135 of the trenches 110 and the extent of masked regions
160 of the side surfaces, at least in part, define the thickness of the printable
semiconductor ribbon generated by these methods. Optionally, exposed regions of
thermal oxide layer 140 is removed prior to additional processing, for example using dry

chemical efching techniques.

£092] As shown in Figures 1A (panel 3) and 18, unmasked regions 170 of the side
surfaces of channels 110 are etched. In an exemplary embodiment, unmasked regions
170 of the side surfaces of channels 110 are anisotropically etched such that etching
between channels occurs preferentially along <110> directions of the silicon wafer 100,
~ thereby undercutting regions of (111) siflcon wafer 100 between adjacent channels 110,
The direction of the etch front <110> directions is schematically shown by the dashed
arrows in panél 3of Figuré 1B. In one embodiment, an anisotropic etching system is
chosen so that etching does not substantially occur along <111> directions of the silicon
wafer 100. The selectivity of the anisotropic etching system and the (111) orientation of
silicon wafer 100 provides an infrinsic etch stop thatis schematically represented as
dotted line 175. Useful anisotropic etching systems for this aspect of the present
invention include a wet chemical etching system using a hot basic salution. {n some
embodiments, an efching system is chosen for this processing step that generates a
printable semiconductor ribbon having a relatively smooth underside (e.g. roughness

(ess than 1 nanometer).

(093] As shown in Figures 1A (panel 4) and 1B, etching between channels generates
printable semiconductor ribbons 200 that are entire undercut from the silicon wafer 100.
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In che embodiment, the physical dimensions, shapes and spatial orientations of
channels 110 are selected such that the etching processing steps generates printable
semiconductor ribbons 200 that are connected at one or more ends to the silicon wafer
100. Printable semiconductor ribhons 200 generated by the present methods may be
flat, thin and mechanically flexible. Optionally, the mask 150 is removed, for example

via wet chemical etching techniques.

[094] Referring to the flow diagram in Figure 1B, optionally the present method
includes the step of releasing printable semiconductor elements from the silicon wafer,
for example by contact with an elastomeric stamp. In exemplary methods, contacting
the printable semiconductor elements with an elastomeric stamp fractures one or more
bridge elements connecting the printable semiconductor elements to the silicon wafer
100, thereby resulting in registered transfer of the printable semiconductor element(s)
from sificon wafer 100 to the elastorneric stamp. Methods of the present invention
include use of kinetically controlled peel rates to facilitate register transfer from silicon

wafer 100 to an elastomeric stamp transfer device.

[0985] Optionally, the present Invention includes high yield fabrication methods, further
comprising the step of refinishing the external surface of the silicon wafel_f, for example
by surface processing steps (e.g., polishing, grinding, etching, micromaéhining etc.) that
generate a flat and/or smooth external surface of sificon wafer 100. As shown in Figure
- 1B, refinishing silicon wafer 100, enables the fabrication process fo be repeated multiple
times, thereby providing high yields of printable semiconductor ribbons from a single

silicon wafer starting material.

[096] Figure 1C provides a cross sectional view schematic processing diagram
iltustrating fabrication methods wherein the side surfaces of recessed features are
partially, but not completely, rasked. Figure 1D provides a cross sectional view
schematic processing diagram illustrating fabrication methods wherein the side surfaces
of recessed features are completely masked. As shown in Figure 1D, a portion, but not
all, of the floors of the recessed features are also masked. In this embodiment, the
methad includes the processing step of etching material underneath the masked side
surfaces of the recessed feature. The partially masked floor configuration provides an
inlet for etchant such that etching may occur between recessed features, such as
adjacent recessed features. Methods of the present invention employing complete
masking of the side surfaces of recessed feature are beneficial for providing enhariced
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aceuracy and precision in the definiion and selection of the thickness of the printable
semiconductor elements. In one embodiment the side surfaces are completely masked
such that the boundary of the passivation happens on the floors of the recessed
features. In these methods, the thickness of the ribbon is not defined by the boundary
of the passivation, but instead by the height floor the floor of the trenches aAnd the fop

surface of the wafer.

[097] The methods of fabricating printable semiconductor elements of the present
invention may further comprise the step of refining the geometry, physical dimensions
and morphology of the recessed features. Refining of the recessed features may be
carried out at any point in the fabrication process after generation of the recessed
feaiures and prior to formation andfor release of the printable semiconductor elements.
In a usefu! embodiment, refining of the recessed features is carried out prior to
processing steps involving masking, partially or completely, the side surfaces of the
recessed features. Figure 1E provides an image of recessed features in Si (111) having
a trench configuration generated without side surface refining. The recessed features
shown in Figure 1E were defined by phase shift photolithography, metal lift-off and
reactive ion etching, and subsequent removal of metal etch mask. Figure 1F provides
an'image of recessed features in Si (111) having a trench conﬁguration generated with
side surface refining. The recessed features shown in Figure 1F were defined by phase
shift photolithography, metal lift-off and reactive ion etching, refining by anisotropic
etching in hot KOH solution, and subsequent remaval of metal etch mask, This sample
is also freated by angled metal evaporation. As shown by a comparison of these
figures, the floors and side surfaces of the trenches in Figure 1F are more smoothly
def;ned than the floors and side surfaces of the trenches in Figure 1E.

[098] Refining in this context refers to material removal processing of surfaces of the
recessed feature, such as the side surfaces and floors of recessed features. Refining
includes processing resulting in smoother recessed feature surfaces and/or processing
resulting in recessed features having more uniform physical dimensions and surface
morphologies. In one embodiment, the geometry, physical dimensions and/or
morphology Is refined via anisotropic etching techniques, for example efching using hot
KOH solution. Anisotropic wet etch refining of trenches is particularly useful for
generation of (111) silicon ribbons capable of register transfer. The advantages of the
refining processing steps include: (i) providing improved definition of the trench floors
determined from the crystaliographic axes of the mother wafer, and {2} providing
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improved definition of the side surfaces of the trench by the crystallographic axes of the

mother wafer.

[099] Figures 2A and 2B provide schematic top plan view diagrams of printable
semiconductor structures of the present invention comprising a printable semiconductor
element and two bridge elements. Bridge elements are positioned distal to each other
in the structure shown in Figure 2A and bridge elements are positioned proximal {o each
other in the structure shown in Figure 2B. A shown in Figures 2A and 2B, printable
semiconducior structures 280 comprise printable semiconductor element 300 and
bridge elements 310. Bridge elements 310 are alignment maintenance elements that
connect, optionally integrally connect, semiconductor element 300 to mother wafer 320.
In one embodiment, printable semiconductor element 300 and bridge elements 310 are
partially or entirely undercut from mother wafer 320. In one embodiment, printable
semiconducior element 300, bridge clements 316 and mother wafer 320 are a unitary

structure, such as a single, continuous semiconductor structure.

10100} Printable semiconductor elements 300 longitudinal extend length 330 along
longitudinat axis 340 and extend width 350. Length 330 terminates in first and second
ends 400 that are connected to bridge elements 310. Bridgs elements 310 extend
lengths 360 and extend widths 370. In the embodiment shown in Figures 1A and 1B,
bridge elements connect to less than the entire width and/or cross sectienal area of the
ends 400 of priﬁtable semiconductor elements 300. As shown in Figures 2A and 2B,
width 370 of bridge elements 310 is smaller than width 350 of prinfable semiconductor
elements 300 fo facilitate registered transfer. In'addition, semiconductor elements 300
have surface areas of exposed external surfaces that are larger than the surface areas
of exposed external surfaces of bridge elements 310. For some processing and transfer
methods of the present invention, these dimensional atiributes of bridge elements 310
and printable semiconductor elements 300 facilitate high precision registered transfer,
assembly and/or integration of printable semiconductor elements 300

[0101] The structural support provided by bridge elements 310 holds semiconductor
element 300 in a preselected spatial orientation before and/or during transfer from wafer
320, for example using an elastomeric stamp transfer device. The anchoring
functionality of bridge elements 310 is desirable in many fabrication appiications wherein
the relative position, spacing and spatial orientation of one or printable semiconductor
elements corresponds to a desired functional device and/or circuit design. The physical
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dimensions, spatial orientation and geometry of bridge elements is salected such that
semiconductor elements 300 are capable of release upon contact with a transfer device.
in some embodiments release is achieved by fracture, for example along the dotted
lines shown in Figures 2B and 2B. It is important for some applications that the force
required to fracture the bridge elements 310 is Iot'v enough so that the positions and
spatial orientations of semiconductor elements 300 are not substantially disrupted

during transfer.

[0102] The spatial arrangement, geometry, compositions and physical dimensions of
bridge elements or any combinafion of these are selected in the present invention to
provide high precision registered transfer. Figures 2C and 2D provide images of bridge
elements connecting a printable semiconductor element to a mother wafer. Printable
silicon elements and {narrow) bridge elements connecting printable elements to the
mother (SOI) wafer are shown in Figure 2C. The geometry of the printable
semiconductor element and bridge element is defined by SF6 etching. As shown in
Figure 2C, the printable semiconductor element and bridge element confirmation has
rounded comers. The roundness of these corners and the overall geometry of these
elements decrease the ability to release the printable semiconductor element with a
PDMS transfer device. Printable silicon elements and (narmow) bridge elements
connecting printable elements to the mother (SOI) wafer are also shown in Figure 2D.
Geometry was defined by hot KOH anisotropic etching.” As shown in Figure 2D, the
printable semiconductor element and bridge element confirmation has sharp corners.
The sharpness of those corners concentrates the stress at well defined breaking points
and, thus, enhance the abiiity to release these elements be with a PDMS transfer

device.

EXAMPLE 1: Printed Arrays of Aligned GaAs Wires for Flexible Transistors,
Diodes, and Circufis on Plastic Substrates

[0103] Aligned arrays of GaAs wires with integrated chmic contacts generated

from high-quality, single-crystalline wafers by the use of photolithography and
anisotropic chemical etching provide a promising class of material for transistors,
Schottky diodes, logic gates and even more complex circuits on flexible plastic
substrates. These devices exhibit excellent electronic and mechanical characteristics,
which are both important to the emerging area of low cost, large area fiexible
electronics, often referred fo as macroelectronics.
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[0104] Micron and nanascale wires, ribbons, platelets, etc. of single crystal inorganic
semiconductors are attractive building blocks for functional devices (e.g., optics,
optoelectronics, electronics, sensing, efc.) that can be used in many applications. For
example, Si nanowires synthesized by "bottom—l}p” approaches can be assermbled using
Langmuir/Blodgett techniques (or microfluidics} into aligned arrays and used as
transport channels for flexible thin-film transistors (TETs) on plastic substrates. Ina
different approach, micro/nanoscale elements of Si (microstructured silicon; us-Si) in the
form of ribbons with thicknesses of ~100 nm and widths ranging from several microns to
hundreds of microns, can be generated from high-quality, single-crystalline bulk sources
{e.g., silicon-on-insulator, SO! wafers, or bulk wafers) though “top-down” approaches.
This type of material can be used to fabricate flexible TFTs on plastic with device

mobilities as high as 300 em?-Vs", The high quality of the wafer based source
materlal (in terms of well-defined doping levels, uniformity in doping, low surface
roughness, and density of surface defects) leads to a silicon based semiconductor
materiat with similarly good properties, which are beneficial for refiable, high
performance device operation. The “top-down” fabrication process is attractive also
because it offers the possibility of preserving the highly ardered arganization
nanofmicrostructures defined at the wafer level, during “dry transfer printing” to the final
(e.g. plastic, or other) device substrate. Although high performance is possible with Si,
even hetter characteristics (e.g. operating speed) is achieved with GaAs, for example,

due to its high intrinsic electron mobility of ~8500 em?-V1.s7, Previous studies
demonstrate techniques for generating, using anisotropic chemical etching steps,
nano/microwires with friangular cross sections from GaAs wafers with “top-down"
fabrication steps. By forming ohmic contacts on'these GaAs wires while they are still
tethered to the wafer, and then transfer printing them fo plastic substrates, mechanically
fiexible metal-semiconductor field-effect transistors (MESFETSs) are built with excellent
properties. These transistors show unity small signal gains in the gigahertz regime. This
example demonstrates the ability to build, with transfer printing as the
assemblyfintegration strategy, various elemental units of functional circuits, such as
inverters and logic gates, on plastic substrates using these types of MESFETs as well
as GaAs wire based diodes as active components. These types of systems are
important in large area electronic circuits for steerable antennas, structural health
monitors and other devices that have demanding requirements for high speed, high
performance flexible devices on lightweight plastic substrates.
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[0105] Fig. 3A depicts the major steps for fabricating GaAs transistors, diodes and

logic gates on plastic. The basic approach relies on “top-down” fabrication techniques to
generate micro/nanowires with high purity and well-known doping profiles from bulk
single crystal GaAs wafers. Ohmic contacts, formed on the wafer before fabricating the
wires, consist of 120 nm AuGe/20 nm Ni/120 nm Au deposited and annealed (450 °C for
1 min in a quartz tube with flowing N,) on an epitaxial layer of 160-nm n-GaAs on a
(100) semi-insulating GaAs (SI-GaAs) substrate. The contact stripes lie along the (0 71)
crystatlographic orientation, and have widths of 2 ym. In the case of transistors, the
gaps between the ohmic stripes define the channel lengths. Photolithography and
anisotropic chemical etching generates arrays of GaAs wires with triangular cross
sections (inset of Fig. 3B) and widths of ~2 um, with ends that connect to the wafer (Fig.
3B). These connections act as ‘anchors’ to maintain the well defined orientation and
spatial location of the wires, as defined by the layout of eich mask (i.e., photoresist
pattern), Removing the etching mask and depositing a bitayer of Ti(2 nm)/SiO2(50 nm) -
via electron-beam evaporation prepares the surigaces of the wires for transfer printing.
The triangular cross section ensures that the TifSiOaz films on the sufaces of wires do
not connect to those on the mother wafer, thus facilitating the yleld of transfer printing.
Laminating a slightly oxidized poly{dimethyisiloxane) (PDMS) stamp on the surface of
the wafer leads to chemical bonding between the surface of the PDMS stamp and the
fresh SiO- film by a condensation reaction. See top frame of Fig. 3A. Pesling back the
PDMS stamp pulls the wires off of the wéfer and leaves them bound to the stamp.
Contacting this ‘inked’ stamp to a poly(ethylene terephthalate) (PET) sheet coated with
a thin layer of fiquid polyurethane (PU), curing the PU, peeling off the stamp and then
removing the THSIOz layer In 1:10 HF solution leaves ordered arrays of GaAs wires on
the PU/PET substrate, as illustrated in the middle frame.of Fig. 3A. The Ti/SiO. film not
only serves as an adhesive layer to bond the GaAs wires to the PDMS but it also
protects the surface of GaAs wires from possible contamination (e.g., by solvents and

PU) during the processing.

{0106]' in this format, the pristine, bare surfaces of the wires and ohmic stripes are
exposed for further lithographic processing and metallization to define source and drain
electrodes (250 nm Au) that connect the ohmic contacts integrated on the wires. For
transistors, these elecirodes define the source and drain; for the diodes, they represent
the ohmic electrode. Contacts (150 nm Ti/150 nm Au) formed by photolithography and
fiftoff on the bare parts of the wires while they are integrated with the plastic substrates
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define Schottky contacts for the diodes and gate electrodes for the MESFETS. All of the
processing on the plastic substrate occurs at temperatures below 110 °C. We did not
observe any debonding of GaAs wires from the substrates, due to mismatches in
thermal expansion coefficients or other possible effects. In the transistors, the width of
the gate electrode represents the critical dimension for controliing the operation speed.
The position of this electrode between the source and drain is relatively unimportant in
this work. This tolerance to poor registration, which is not present in non-self aligned
high speed MOSFET (metal-oxide-semiconductor field-effect transistor) type devices, is
critically important for reliably achieving high speed operation on plastic substrates
where precise registration is often challenging or impossible due to slight uncontrolled
deformations that can occur in the plastic during. processing. Connecting multiple
transistors and diodes together in appropriate geometries generates functional logic
circuité. The scheme of Fig. 3A shows a NOR gate.

[01 07] A scanning selectron microscope (SEM) image (Fig. 3C) shows ten parallel wires
that form the semiconductor component of a transistor. The channe! length and the
gate length of this device are 50 and 5 um, respectively. These geometries are used for
building the simple infegrated circuits, i.e., logic gates. The TilAu stripe inthe gap
between the source and drain electrodes forms a Schottky contact with the n-GaAs
surface. This electrode acts as a gate for modulating the flow of current between source
and drain. Diodes (Fig. 3D) use wires with ohmig stripes on one end and Schottky
contacts on the other. Fig. 3E and 3F show images of a collection of GaAs fransistors,
diodes and simple circuits on & PET substrate, In Fig. 3F the PET sheet with circuits is
pent around the shaft of a white marker, indicating the flexibility of these electronic units.

[0108} The DC characteristics of the wire based MESFETs on plastic (Fig. 3C) exhibit
qualitatively the same behavior (Fig. 4A} as those formed on the wafer. The flow of
current between source and drain {Ips) is well modulated by the bias applied to the gate
(Ves), i.e., the Ips decreases with decrease of Ves. In this case, the negative Vgs
depletes the effective carriers (i.e., electrons for n-GaAs) in the channe! region and
dacreases the channel thickness. Once the Vs is negative enough, the depletion layer
equals to the thickness of n-GaAs [ayer and the flow of current between source and
drain is pinched off (i.e., the lps becomes essentially zero). As shown in Fig. 4A, the Ips
drops to almost zero at the Vss less than -2.5 V. The pinch-off voltage (L.e. gate voltage
Vas) at a drain-source voitage (Vps) of 0.1 V (i.e., linear region} Is 2.7 V. In the
saturation region (Vps = 4 V), the transfer curve of this transistor is shown in Fig. 4B.
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The ON/OFF current ratio and maximum transconductance are determined from Fig. 4B
to be ~10%and ~880 uS, respectively. The overall source-drain current Is a function of
the number of wires (i.e., the effective channel width) and the distance between source
and drain {i.e., the channel length). With constant channel width, transistors with short
channels can provide relatively high currents. For example, the saturated /pg at Vos=
0.5 V and Vps = 4 V increases from 1.75 mA for transistor with channe! length of 50 pm
to 3.8 mA for transistor with channel length of 25 um (Fig. 4C). Although transistors
with short channels can supply high current for certain applications, the ON/OFF current
ratio tends to decrease because of the difficulty to completely pinch off the current. As
shown in Fig. 4C, the lps of transistor with channel length of 25 i is still on the order of

several microamperes even for Vggof -5 V.

[0109] The GaAs-wire Sckotiky diodes on plastic exhibit the typical behavior (Fig.
4D) of rectiflers, i.e., the forward current (/) increases quickly with increasing forward
bias voltage (V) while the reverse current remains small even at reverse biases as large
as 5 V. The I-V characteristics of these Schottky diodes can be described by the
thermionic emission model, which is expressed as follows at V >> 3kTAy

v
Ied, exp[ﬂ;g) W
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where J represents the forward diode current density with the applied bias voltage (V). k
is the Boltzmann constant, T is the absolute temperature (i.e., 298 K In the experiment),
@ is the Schottky barrier height and A** is the effective Richardson constant (i.e., 8.64

A-cn?-K2) for GaAs. By plotting the relationship between InJ and bias (V) (inset), the
saturation current Jy and the ideality factor n are determined from the intercept and
slope of the linear refation (the straight line of the inset). The quantity of ¢g is estimated
with €q. (2). g and n are commonly used as the evaluation criteria of Schottky
interfacial properties. Both are highly dependent on the interface charge states between
metal and GaAs, i.e., an increase of charge states will cause the decrease of @g and the
Increase of n value. For the diodes fabricated in this work, ¢g and n are determined
from the inset of Fig, 4D to be 512 meV and 1.2.'1 , respectively. These devices have a
somewhat lower Schottky bartler (512 meV versus ~800 meV) and larger ideality factor
(1.21 versus ~1.10) compared with the diodes built on wafers.
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[0110] These GaAs-wire devices (i.e., MESFETSs and diodes) can be integrated into
logic gates for complex circuits. For example, connecting two MESFETs with different
channel lengths, which have different saturation currents, forms an inverter {logic NOT
gate) (Fig. 5A and 5B). The load (top) and switching transistor (bottom) have channel
lengths of 100 and 50 pm, respectively, and channel widths of 150 um and gate lengths
of 5 um. This design results in a saturation cutrent from the load fransistor that is ~50%
that of the switching transistor, which ensures that the load line intersects the Ves =0
curve of the switching transistor in the linear region with a small turn-on voitage. The
inverter is measured in the saturated region, i.e., the Vyq is biased wﬁh 5V. Whena
large negative voltage (logic 0) is applied to the gate of the switching fransistor (Vip) to
turn it off, the voltage of the output node (Vo) equals the Vg (logic 1, high positive
voltage) because the load transistor is always on. An increase in Vi, turns the switching
transistor on and provides a large current through both the switching transistor and the
joad transistor. The Vi decreases to a low positive voltage (logic 0) when the switching
transistor is completely turned on, 1.e., the W, is a large positive voitage (logic 1}. Fig.
5C shows the transfer curve. The inverter exhibits a maximum voltage gain {i.e.,
(AVout/dVin)mex = 1.52) higher than unity. The logic status of Vou s shifted to voltages
suitable for further circuit integration by adding a level-shifting branch composed of
‘Schottky diodes (as shown In Fig. 3D).

[0111] Combining several devices of this type in parallel or in series yields more
complex loglc functions, such as NOR and NAND gates. Forthe NOA gate shown in
Fig. 6A and 6B, two identical MESFETSs in parallel serve as the switching transistors.
Turning on either switching transistor (Va or Va} by applying a high positive voltage
(logic 1) can provide a large current flow through the drain (Vgg) of the load transistor to
ground (GND), resuliing in the output voltage (Vo) at a low level (logic 0). High positive
output voltage (logic 1) can be achieved only when both inputs are at high negative
voltages {logic 0). The dependence of the output on the inputs of the NOR gate is
shown in Fig. 6C. In the configuration of a NAND gate (Fig. 6D and 6E), the current is
large through all transistors only when both switching transistors are turned on by
applying high positive voltages (logic 1). The output voltage exhibits a relafively low
value {logic 0} in this configuration. Almost no cutrent flows through the transistors with
other input combinations, resuiting in a high positive output voltage (logic 1),
comparable to Vyqg (Fig. 6F). Further integration of logic gates of this type and/or other

40



passive elements (e.q., resistors, capacitors, inductors, etc.) offers the promise for high-

speed, large-area electronic systems on plastic.

[0112] In summary, GaAs wires with integrated ohmic contacts fabricated using "top-
down” procedures with high-quality, bulk single-crystal wafers provide a high
performance ‘printable’ semiconductor material and a relatively easy path to transistors,
diodes and integrated logic gates on flexible plastic substrates. The separation of high-
temperature processing steps {(e.g. formation of ochmic contacts) from the plastic
substrates and the use of PDMS stamps for transfer printing well ordered arrays of
GaAs wires are key features of the approach described herein. The use of GaAs wires
as the semiconductor is attractive for large area printed electronics with demanding
requirements on operating speed because (i) GaAs has a high intrinsic electron mobility
(~8500 cm?V's™ ) and has established applications in conventionat high frequency
cireuits, (if) MESFETs bulit with GaAs offer simpler processing than MOSFETS because
the MESFETs do not require gate dielectrics, (iil) GaAs MESFETs do not suffer from
parasitic overlap capacitances that oceur in non-self aligned MOSFETSs, (iv) high-speed
~ operation in GaAs MESFETSs is possible even with the modest fevels of patteming
registration and resolution that can be achieved easily on large area plastic substrates.
The relatively high cost of GaAs (compared with S} and difficulty to generating
complementary circuits with GaAs-wire devices }epresent drawbacks. Nevertheless, the
relative ease with which high performance transistors and diodes that can be built on
plastic substrates, and the ability to integrate these components into functionai circuits
indicates some promise for this path to electronic systems where mechanical flexibility,
lightweight construction and compatibility with large area, printing-like processing are

required.

[0113] Experimental Section: The GaAs wafer (IQE Inc., Bethlehem, PA) has an
epitaxial Si-doped n-type GaAs layer (with catrier concentration of 4.0 x 10" cm®)
grown on a {100) semi-insulating GaAs wafer through molecular beam epitaxial (MBE)
deposition in a high vacuum chamber. The lithography processes employ AZ
photoresist (AZ 5214 and AZ nlLOF 2020 for positive and negative imaging,

' respectively), which are carried out at temperatures (<110 °C) compatibie with the
plastic substrates, i.e., poly(ethylens terephthalate) (PET of ~175 pm in thickness, Mylar
film, Southwall Technologies, Palo Alto, CA) sheets covered with a thin layer of cured
polyurethane (PU, NEA 121, Norland Praducts Inc., Cranbury, NJ). The GaAs wafers
with photoresist mask pattems are anisotropically etched in the etchant (4 mL HzPO,
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(85 wi%), 52 mk. H;0, (30 wt%), and 48 mL deionized water) that was cooled in the ice-
water bath. All the metals are evaporated at a speed of ~4 Afs by an efectron-beam
evaporator (Temescal). The evaporation os stopped to cool the samples (for § min) to
prevent the plastic substrates from melting when 50 nm thick metals are deposited.
After the samples are cooled, repeating the eva;.:,orationlcoaiing cycle deposited more

metals.

EXAMPLE 2: Gigahertz Operation in Mechanically Flexible Transistors on

Flexible Plastic Substrates
[0114] The combined use of GaAs wires with ohmic contacts formed from bulk wafers,
soft lithographic transfer printing techniques, and optimized device designs enable
mechanically flexible transistors to be formed on low cost plastic substrates, with
individual device speeds in the gigahertz range and with high degrees of mechanical
bendabiiity. The approaches disclosed herein incorporate materials in simple layouts
that are fabricated with modest lithographic pattérning resolution and regisiration. This
example describes the electrical and mechanical characteristics of high-performance
transistors. The results are important in certain applications, including, but not limited
to, high-speed communications and computations, and the emsrging classes of iargé
area eiectronic systems {"macroelectronics”).

[0115] Large area, flexible electronic systems {Le., macroelectronics) formed with high-
mobility semiconduciors are of interest because some potential applications of these
types of circuits require high speed cornmunication and/or computation capabiities.
Fiexibie thin film transistors (TFTs) built with various inorganic materials, such as
amorphous/polycrystalline oxides and chalcogenides, polysificon as well as single
crystaitine silicon nanowires and microstructured ribbons, exhibit much higher mobilities

(10~300 cm2-v-'.5") than those of polycrystalline organic thin films (<1 cm?- V-5t in
general), Previous work has demonstrated that wire arrays of single crystalline GaAs,

which have very high intrinsic electron mobility (~8500 cm?-V'-s™), can serve as

transport channels for TFTs in the geometry of metal-semiconductor field-effect
transistors (MESFETs). This example shows that with optimized designs, similar
devices can operate with frequencies in the GHz regime, even with modest lithographic
resolution, and with good bendability. In particular, experimental results show that GaAs
wire-based MESFETSs on plastic substrates exhibit cutoff frequency higher than 1.5 GHz
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for transistors with gate length of 2 pm, with modest changes in the electrical properties
for bend radii down to ~1 cm when ~200 mm thick substrates are used. Simple
simulations of device behavior agree well with the experimental observations, and
operating frequencies in the S-band (5 GHz) are achievable.

[0116] The basic fabrication strategy is similar o that described elsewhere, but with
optimized device geometries and processing méthods 1o enable high speed operation.
GaAs wire (~2 um in width) atrays with integrated ohmic stripes (formed by annealing
120 nm AuGe/20 nm Ni/120 nm Au at 450 °C for 1 min in the atmosphere of Ng) are
fabricated from a (100) semi-insulating GaAs (SI-GaAs) wafer with epitaxial layer of
150-nm n-GaAs through photolithography and anisotropic chemical efching. A thin
bilayer of Ti(2 nm)Si02(50 nm) is deposited on the undercut GaAs wires to serve as the
adhesive layer to facilitate the transfer printing process as well as to protect the fiat
surfaces of wires and ohmic contacts from contamination by organics (primarily those
that transfer from the surfaces of the stamps) involved in the process. This layer is
removed by dipping the samples in 1:10 HF solution to expose the clean surfaces of
GaAs wires for device fabrication in the sequential steps. In addition, the thin thickness
(compared with the thickness of photaresist layers which are used as the adhesive layer
for transfer printing in our previous work) of this Ti/SiC, layertesults in a relatively flat
surface of plastic poly{ethylene terephthalate) (PET) sheet, on which GaAs wire arrays
are printed with the assistance of a spin cast thin layer of polyurethane (PU). The
enhanced surface flainess enables deposition of narrow gate electredes without cracks
along their tongitudinal direction, thus providing an effective route to increase the

operation speed of devices.

[0117] The resultant MESFETs on PET substrates (see, SEM image of a typical
transistor with gate length of 2 um as shown in Fig. 7A) exhibit DC transport properties
similar to those of transistors built on the mother wafers, Fig. 7B shows the currentflow
between source and drain {Ips) as a function of gate voltage {Ves) (inset) and as a
function of source/drain voltage at different Ves, for a device with gate tength of 2 um,
The pinch-off voltage at Vps of 0.1 V (i.e., linear region) is -2.7 V. The ON/OFF current
ratio, determined from averaged measurements on many devices, is ~10°. The devices
exhibit negligible hysteresis (inset), which is particularly important for high-speed
response. The devices show good device-to-device uniformity; Table 1 lists the
statistical results (with device number >50) of MESFETs with channel lengths of 50 pm
and different gate lengths. The DC characteristics are almost independent of the gate
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length except that devices with larger gate lengths exhibit somewhat lower ON/OFF
ratios. The gate length plays a critical role, however, in determining the operating

frequencies as described in the following.

Table 1 Statistical results of parameters extracted from MESFETS with different gate
lengths

Gate Channel Saturated  Pinch-off ONJOFF ratio Maximum
Length Resistance current Voltage  (romorr)@Vos=4V f{ransconductance
(i) (kQ) (mA) v log{rosore) (S)
@Ves=0 V

2 1.5+0.5 1.4:0.5 «2.41+0.35 8.240.7 7961296

5 1.3£02 1.640.5 -2.49+0.25 6.1£0.5 904::337

10 1.5£0.2 1.320.3 -2.54+0,14 5.840.5 7124188

15 1.6+0.2 1.1:0.2 -2.69+0.05 5.310.8 749188

*All transistors were formed with 10 parailel GaAs wires and a channel length of 50um.

[0118] The inset of Fig. 8A shows the layout of a device designed for microwave
desting. Each unit of the test structure contains two identical MESFETs with gate lengths
of 2 ym and channel lengths of 50 um with a common gate, and probing pads
configured to match the fayout of the RF probes. In the measurement, the drain (D)
terminal is held at 4 V {versus source (8)) and the gate (G) is driven by a bias of 0.5 V-
coupled with a RF power of 0 dBm, which has an equivalently voltage amplitude of 224
mV with 50 . The measurement is carried out using HP8510C Network Analyzer
calibrated from 50 MHz to 1 GHz using a standard SOLT (SHort~0pen—Load-Through)
technique on a CascadeMicrotech 101-1908 IS8 substrate (a piece of ceramic chip
covered with laser trimmed gold patterns) through WinCal 3.2 for error corrections. In
other words, short calibration is thought to be perfect short and open callbration is
thought be perfect open. Since the calibration is done without further de-embedding,
the reference plane of measurement is set between the input probe and the output
probe. In other words, parasitic components of contact pads are included in the
measurement. However, impacts of these parasitic components on contact pads are
negligible considering the fact that the wavelenéth of RF signal with frequency of 1 GHz
is 300 mm, whereas length of a contact pad is 200 pm. Since the contact pad Is only
111500 of the wavelength, its effect of impedance transformation is negiigible.
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[0119] The small-signal current gain (1) can be extracted from the measured S-
parameters of the device, This quantity exhibits a logarithmic dependence on the
frequency of input RF signal {Fig. 9A). The unity current gain frequency (fr) is defined
as the frequency at which the shortcircuit current gain becomes unity. This quaniity can
be determined by extrapolating the curve of Fig. 9A according to a least-square fit of a -
20 dB/decade line and locating its x-intercept. The value determined in this manner is
fr=1.55 GHz. This device represents, to our knowledge, the fastest mechanically
flexible transistor on plastic and the first with an f; in the gigahenz regime. We also
estimated the RF response of GaAs MESFETs according to the smalksignal equivalent
circuit model using the measured DC parameters and the calculated capacities between
electrodes. The plot from simulation restlt agrees well with the experimental resuit
vields fr = 1.68 GHz. This model also works well for the transistors with different gate
lengths, for example, the experimental fr (730 MHz) of MESFET with gate length of 5
um is close to that simulated quantity (795 MHz) (Fig. 9B). In the model, only the
intrinsic barameters of MESFET are considered because the extrinsic parameters (i.e.,
inductance and resistance associated with probing pads) are considered negligible. The
transconductance (gm), the output resistance (Rps), and the charging resistance (R,
which accounts for the fact that the charge on the channet cannot instantaneously
tespond to changes in Vps) are extracted from DC measurements. The intrinsic
capacitances associated with the MESFET include contributions from the depletion
tayer, edge fringing and geometric fringing capacitances. Each of these are computed
using standard equations for conventional devices with channst widths equal to the
summed widths of the individual GaAs wires. The depletion layer capacitance- is
characterized with the gate length (L), the effeétlve device width (W)}, and the depletion

height;

2¢.8, | KT N
(H = 1 22 2 21
. ( depletion \/[ ‘IND )( q J[ N[ ))

in the equation:

Cdep!aﬁon =

with an assumption that the depletion layer works as a parallel plate capacitor. The edge
fringing capacitance and the geometric fringing capacitance, are determined by:

0.86
cdggx(a,am(mn 8°) and

o
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=[5, +2,(150um ) + 200,,,;”}(5_(1_!(%1_"1],

respectively. 150 pm and 200 pm are the width and length of either source or drain pad,
K(k) is an elliptical integral of the first kind and

) iz
kDS = [M} and

(Lg +Lys)?

L
gs = kgp = ——B—.
os =k =7 T~

Ces, capacitance between the gate and the source, include all three kinds of

_ capacitance; while Cps and Cag only contain the edge fringing capacitance and the
geometric fringing capacitance. The contributions of Cedge and Cgsometric THight be
ignored without a significant effect on the simulation results, in most cases, because
they are much smaller than Cagptetion, Which ie appropriate to the gate iength. This model
accounts for the behavior of the wire array devices on plastic, including the variation in fr
with gate length. Fig. 8C compares the measured (symbols) aind calculated (dashed
line) fr of GaA-wire MESFETSs with different gate lengths and channel length of 50 um,
This madeling suggests that f can be increased significantly by reducing the gate length
or by further optimizing the design of the layers in the GaAs mother wafers.

[0120] We have reported initial measurements of the effects of tensile strains on wire
based MESFETs with gate length of 15 pm. In this exampie, we examine the behavior
of the high speed devices in both compression and tension, up to the fracture point.
The measurements consist of full DC electrical characterization as a function of bending
the substrate (see Fig. 9A) Into concave and convex shapes with different radii of
curvature. The bending radii are extracted through geometric fitting of side view images
of the bent samples. The convex and concave bend surfaces induce tensile (assighed a
positive value) and compressive strain (assigned a negative value) on the devices. A
.device similar to that shown in the inset of Fig. 8A is used to evaluate the effect of
bending-induced strain on the performance. The saturation current (i.e., Vos =4V, Ves
= 0 V) increases by ~10% with increasing tensile strain to 0.71% (corresponding
bending radius of 14 mm for the 200-pm thick substrate used in this work} and drops by
~20% with increasing compressive strain to 0,71% (Fig. 9B). The current recovers
when the substrate is released after bending in either direction, suggesting that
deformations of the plastic substrate and the other componehts of the devices are
elastic in this regime. (The PET and PU are expected to plastically deform at strains >
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~2%.) Studiés on the strained epilayers of GayIn,..As or GasdnysAs on (100) GaAs
wafers reveal that biaxial stress as well as externally applied uniaxial stress (the case
similar to this example) can cause significant shifts in band-gap energy and valence-
band splitting in the epilayers. Tensile strains decrease the band-gap energy thereby
increasing the total carrier concentration‘(electro'ns and holes) and enhancing the
current flow. In contrast, compressive strains increase the band-gap energy and
decrease the current flow. These phenomena are consistent with observations of our
devices. In situ imaging of the bending process with an SEM microscope confirms that
none of the GaAs wires break at strains of <+/-0.71%. At tensile strains above ~1%,
device degradation occurs, due to fracture of some of the wires {or cracking of the gate
electrodes). For wires substantially wider than those used here (e.g. 10 ym widths} the
wifes debond from the plastic to release the tensile bending stresses, rather than
fracture, due 1o their comparatively high flexural rigidity.

[{0121] Because the bending strains change the saturated currents by less than 20%,
variations in the ON/OFF ratio are determined mainly by changes In the OFF currents.
The change of hole concentration in the valence band and the number of dislocations
and surface defects of the n-GaAs layer induced by strain might contribute to the
variation of the OFF current of the transistor. Both tensile and compressive strains can
increase the number of dislocations and surface defects, thus increasing the OFF
current of the device. The tensile strain generates additional holes as well as electrons,
which also increase the OFF cumrent. Compressive strains, on the other hand, lower the
hole concentration. As a result, the OFF current of the MESFET in tension is expected
to be higher than that of an unstrained device. The compressive strain has minor effect
on the OFF current of the device. The correspohding ONJOFF current ratio, therefore,
should decrease with tension and remain approximately the same with compression.
Fig. 9C gives the dependence of the measured ON/OFF current ratio In the saturation
region on strain, showing qualitative agreement with the discussion above.

[0122] In summary, the results of this example show that the bending induced surface
strain {in both tension and compression, as high as 0.71%) does not significantly
degrade the performance of the MESFETSs fabricated from the modified procedure.
More importantly, refeasing the sample in its bent state returns the device performance
to its original state. These observations indicate that the GaAs-wire based MESFETs
on PU/PET subsirates have mechanical properties that meet the requirements of many
envisioned applications of macroelectronics. In addition, these types of TETs exhibit
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high speeds approaching those suitable for RF communication devices and other
applications whers mechanical flexibility, lightweight construction and compatibility with
large area, printing-like processing are required. Some of the disadvantages of GaAs
compared to Si for conventional integrated circuits (i.e. high wafer costs, inability to build
reliable complementary clrcuits, mechanical fragility, etc) have reducéd importance for
devices that use wires or ribbons in the classes of thin, bendable, moderate density and

large-area circuits that are the focus of this work.

EXAMPLE 3: Mechanically Flexibte Thin Film Transistors that Use Ultrathin
Ribbons of Silicon Derlved From Bullk Wafers

[0123} This example intfoduces a type of thin film transistor that uses aligned arrays of
thin (sub-micron) ribbons of single crystal sificon created by lithographic patterning and
anisotroplc etching of bulk silicon (111) wafers. Devices that incorporate such ribbons
printed onto thin plastic substrates show good electrical properties and mechanical
ﬂexibility. Effective device mobilitles, as evaluated in the linear regime, are as high as
360 om?V-'s™, and on/off ratios are > 10°. These resulis represent important steps
toward a low cost approach to large area, high performance, mechanically flexible
electronic systems for structural health monitors, sensors, displays and other

applications.

{0124] Confinement-related properties and broadly useable form factors make low-
dimensional materials interesting for new applications in electronics, photonics,
microelectromechancial systems and other areas. For example, high-performance
flexible electronic devices {e.g. transistors, simple circuit elements, etc.) can be
constructed using micro/nanowires, tibbons or tubes that are cast, painted, or printed
onto plastic substrates. Thin, high aspect ratio materlals structures allow bendzbility,
and, in certaln structural forms, stretchability, in single-crystalline semiconductors of
materials that are inherently fragite and brittle In bulk. As a result, these types of
semioondu.ctors offer Intriguing alternatives to vacuum and solution processable
poly/noncrystalline organic materials, which usually display significantly lower
performance in terms of carrier mobility. Recently described top-down approaches
generate semiconductor wires, ribbons, and sheets from wafer based sources of
material. This approach provides a high level of control over the geometry, spatial
organization, doping levels and materials purity of the resulting structures. The
economic attractiveness of this approach, however, especié[ly for applications that
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demand large area coverage, is fimited by the per-area cost of the wafers (siticon on

insulator, epitaxial layers on growth substrates, efe).

[0125] In this example we report a different approach. In particular, we present a type
of thin film transistor (TFT) that uses aligned arrays of silicon ribbons with sub-micron
thicknesses derived from low-cost bulk Si {111) wafers. We begin with a description of
the procedures for fabricating these sfructures and transfer printing them onto plastic
substrates via elastormneric stamps. We present .structural characterization of the shapes
of the ribbons, their thicknesses and surface morphologies. Electrical measurements
made on Schottky barrier TFTs formed with these printed ribbons exhibit n-type field '
effect mobilites of 360 cm?V"*s™ and on/off ratios of 4000.

[0128] Fig. 10 ilustrates a top-down method that generates thin (< 1 ym) ribbons fror
the surface of a Si (111) wafer (Montco, Inc., n-iype, 0.8-1.8 Q.cm). The process begins
with near-fleld phase shift photolithography' followed by metat lift-off and SFs plasma
etching (Plasmatherm RIE system, 40 sccm SFg, 30 mTotr, 200 W RF power for 45
sec.) to produce an array of ~1 pm deep, 1 um wide frenches in the Si surface (Figure
1{a}). The spacing between the trenches defines the width of the ribbons (generally 10
um). Next, 100 nm of thermal oxide is grown on the wafer at 1100°C. Two metal
deposition steps, performed by angled electron beam evaporation of Ti/Au (3/30 nm),
provide partial coverage of the trench side surfaces (Fig. 10B). The ‘shadows’ cast
during these angled evaporations define the thicknesses of the ribbons. The conditions
of the trenching etch, the angle of évaporation and the degree of collimation of the flux
of metal control the extent of this shadowing and, therefore, the ribbon thickness, A CF,
plasma etch (40 scem CFy, 2 scem Oz, 50 mTorr base pressure, 150 W RF power for 5
min) removes exposed oxide. Finally, a hot KOH solution (3:1:1 H20:KOH:IPA by mass,
100 °C) undercuts the ribbons. The etch front advances in the <110>directions white
preserving the (111) planes (Fig. 10C) and produces free-standing ribbons that cover a
large partion (75-00%) of the original wafer. The etch mask Is designed to leave each of
the ribbons anchored to the wafer at the ends of the trenches (Fig. 12A and 12B).
Removing this mask with Kifl, (2.67/0.67 wi%) in water followed by HF completes the
fabrication. Ribbons generated in this manner are thin, flat, and mechanically flexible
(Fig. 10E), similar to those produced using previously described approaches with
expensive silicon-on-insulator wafers.*”"" Atomic force microscopy (Fig. 11A) shows
that the thickness ranges from ~115 to ~130 nm across a typical ribbon. These
variations show up as slight color variations in optical micrographs (Fig. 12E). The
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roughness as measured by AFM of a § x § um region of the underside of one of these
ribbons, displayed in Fig. 12B, is 0.6 nm. This value is larger than the top polished
surface (0.12 nm) or the underside of a ribbon generated from and SOi wafer (0.18 nm)
measured by the same methads. The use of other anisotropic etchants to lower this
roughness s of interest. The source of the thickness variations and, io a lesser exient,
the roughness, is partly the edge roughness in the trenches, which in turn causes
roughness in the slde surface passivation during angled evaporation. improving the side
surface quality can reduce the ribbon thickness variations. As we show in the following,
however, transistor devices with good performance can be constructed with ribbons

fabricated using the procedures described herein.

[0127] The ribbons can be transferred to another (flexible) substrate via a high (>95%)
yield printing process, as outlined in Fig. 12. To perform the printing process, a PDMS
stamp Is laminated against the wafer and then peeled back quickly to refrieve the
ribbons, Thié type of process relies on kinetic control of adhesion to the stamp. The
stamp, thus “inked," (Fig. 12B and 12E) can print the ribbons by contact to another
substrate. Ribbons printed onto an ITO-coated 0.2 mm thick PET substrate can be
used to make high performance flexible bottom-gaie TFTs on plastic with [TO as the
gate electrode. Alayer of SU-8 deposited onto the ITO gate prior fo printing serves as a
gate dielectric and a glue o facilitate ribbon transfer, Dusing printing, the ribbons sink
into uncured SU-8 such that their tops are flush with the surface of the giue, leaving
about 2 um of dielectric between the ribbons’ bottom surfaces and the ITO. Thick (~0.2
pm) Ti source and drain contacts defined by photolithography (100 pm length x 100 pm
width) and wet etching with HF/H,0, form Schottky barrier contacts for the source and
drain electrodes. These bottom-gate devices display characteristic h~type enhancement
mode MOSFET gate-modulation. Tranéistors achieve onfoff ratios of ~103 with device-
level mobilitles, as determined using standard equations for the operation of a mefal
oxide semiconductor field effect transistors,14 as high as ~360 cm?V's™ (linear) and
100 cm?V-is™! (saturation, evaluated at Vd = 5 V). The mobility of the ribbons
themselves should be about 20% higher than the device level mobility (440 cm?V's”
tinear and 120 cm?V's saturation), since they fill only about 83% of the channel due to
the spaces between them. The ribbon devices survive when the substrate is bent to
modest (15 mm) radii but degrade seriously at sharper (5 mm) bends for the 0.2 mm

thick substrates.
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[0128} In summary, this example demonstrates a high-yield fabrication strategy for
producing printable single-crystal siticon ribbons from a bulk silicon (111) wafer.
Refinishing the bulk wafer's surface after fabrication permit multiple repetitions,
producing tens or even hundreds of square fest of rlbbons from one square foot of
starting material. TFTs made from these ribbons on plastic demonstrate their use as
high—pefformance flexible semiconductors. These devices and the strategies to
fabricate them are useful not only for large area flexible electronics, but also for
applications that require three dimensional or heterogeneous integration or other
features that are difficult to achieve using conventional silicon microfabrication

approaches.

EXAMPLE 4: Bendable GaN High Electron Mobility Transistors (HEMTs) on
Plastic Substrates
[0129] Flexible and large area etectronics, technologies embraced within the emerging
field of Macroelectronics, has withessed remarkahle progress over the past several
years, with several leading consumer and millitary applications expected to be
commercialized in the near future. Microelectronic circuits with novel form factors are
.critical components of these systems and new methods of fabrication — especially
printing — will likely be nesded to manufacture them. For this reason, considerable
attention has been glven to printable forms of semiconductors, and both organic (e.g.
pentacene, polythiophenes, etc.) and inorganic tsuch as poly silicon, inorganic
nanowires) materials have been examined. This work has shown some promising
results for devices integrated on plastic substrates. Their current range of application,
however, is one that is largely limited by the innate poor performance of devices made
from these serniconductors, suchv as their low effective device mobilities and frequencies
of operation. We have examined a new form of printable inorganic semiconductors,
called microstructured semiconductors (us-Sc) that enables the fabrication of
exceptionally high performance devices on both conventional and organic polymer
substrate. We have also shown that, using ps-Sc as a basis, fully developed devices
can be made on semiconductor wafers and then subsequently transferred to a flexible
substrate without diminishing their performance. This approach exploits the high quality
of wafer scale semiconductors, while rendering them amenable to printing based
methods of fabrication. Among these materials, single crystalline pus-Gal is of great
interest, as it has supericn:‘ material properties that include a wide band gap (3.4 eV vs
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1.4 eV of GaAs) leading to high breakdown field (3 MV e vs 0.4 MV e of GaAs),
high saturation carrier velocity (2.5*107 cm s vs 107 em s™ of GaAs), and good thermal
conductivity (1.3 W cm™ vs 0.5 W om™ of GaAs). In addition, the heterogeneous
integration in the form of AIGaN/GaN heterostructures yields device grade materials with
a high condugtion band offset and piezoelectric responsiveness with sheet carrier
densities lying in the 1.0 x 10" cm range. These attractive properties made GaN
suitable for requiring both high frequency and high power performance, such as
eiectronic devices for wireless communication, full color light emitting devices, and UV

photodetectors for optoetectronic systems.

[0130]  Since the first demonstration of an AlGaN/GaN high electron mobility transistors
(HEMTs), there has been substantial research activity focused in this area. These
efforts have led to devices being integrated on a variety of substrates, including
sapphire, SiC, Si and AIN. In.this example, we describe the fabrication of flexible
AlGaN/GaN heterostructure high electron mobility transistors (HEMTs, as shown the
process summarized in Fig. 14), ones processed and subsequently transferred from
their Si (111) growth substrate onto plastic sheets via a contact-printing-based protocol.
This work provides a description of procedures for integrating high performance HEMT
devices based on heterostructure 1I-V semiconductor materials onto plastic substrates.

[0131] Fig. 15 schematically illustrates the steps used in the fabrication of the HEMT
devices. The process starts with the formation of an ohmic contact (Ti/AI/Mo/Au) on the
bulk GaN heterostructure wafer using a standar& sequence photolithographic and fift-off
steps (Fig. 15A). A PECVD oxide layer and Cr metal are then deposited fo serve as a
mask for subsequent dry etching. Photolithography and etching of the Cr and PECVD
oxide define the geometries desired for GaN ribbons that serve as the solid ink for
subsequent printing (Fig. 15B). After striping the top photoresist, ICP dry eiching is used
to remove the exposed GaN (Fig. 15C). The Crlayer is removed by this ICP efching
step, but left the thicker PECVD oxide layer essentially intact on top of the GaN.
Anisotropic wet etching with tetramethy! ammonium hydroxide (TMAH) {Fig. 15D)
removes the underlying Si and detaches the GaN ribbons from the mother substrate.
During this strong alkaline etching, the PECVD oxide serves to protect the ohmic
contacts from degradation. The remaining PECVD oxide, which has been severely
roughenad by the plasma and wet efching steps, is then removed using a BOE (buffered
oxide etchant) process step. A new smooth, sacrificial silicon oxide layer is deposited
subsequently on the top of GaN ribbens by e-beam evaporation. A printto GaN
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ribbons, the wafer was centacted with a poly-dimethyisiloxane (PDMS) slab (Fig. 15E),
and on fast removal from the mother substrate, a complete transfer of the ps-GaN to the
PDMS is obtalned. This “inked” slab is then laminated with a poly{ethyleneterepthalate)
sheet (PET) coated with polyurethane (PU) (Fig. 15F) and, from the topside, a UV light
is used to cure the PU (Fig. 15H). Paeling back the PDMS results in the transfer of the
us-GaN elements to the plastic substrate. The transfer leaves a PU residue on top of
GaN ribbons. This residue is removed when the e-beam-deposited SiO; layer,
evaporated in the step of Fig. 15E, is stripped with BOE. The final step of the process
involves the formation of source/drain interconnections and schottky gate metal contacts
(N¥Au), layers deposited by e-beam evaporation and patterned using a standard jiftoff

process (Fig. 15F).

[0132] To maintain the originaf position of the freestanding ps-GaN after removing
underlying Si (Figure 1d), we adopt new geomeiry of microstructured semiconductor
(ps-Sc) as shown in the process outlined in Fig. 14C. The ps-GaN ribbon has two
narrow bridges (i.e. fwo breaking points as indicated as arrows in Fig. 14C) at the ends
of the GaN ribbon to facilitate their registered transfer to the PDMS priniing tool (Fig.
15E). This architecture represents a significant improvement over the ‘peanut’ design
reported previously. The fracture that mediates the transfer process was found to be
vastly efficient with this design. The earlier ‘peanut’ design requires a strict optimization
of etching time and highly uniform etch rates overa large area to generate s-Sc
ribbons suitable for printing. T he current ‘narrow bridge’ design is far jess sensitive to
etching rate difference. To Wustrate this latter point, Fig. 16A and 16B show optical
images of the GaN wafer taken before and after TMAH anisotropic etching step,
respectively. The different colors of the freestanding and supported GaN microstructure
are easily distinguishable in these images. Fig. 16C and 16D show scanning electron
micrograph (SEM) images taken at intermediate stages of the TMAH etching step that
cuts the underlying Si. The magnified image of Fig. 16D and dashed line area of Fig.
168 powerfully illustrate the highly anisotropic nature of this indicate that Si efching
process, one propagated essentially only in a direction perpendicutar to the orientation
of the GaN ribbon, In this particular system, the preferential etching occurs along the
(110) direction; the Si (111) surfaces, as noted in Fig. 14C, served as an innate etch
blocking mask. Fig. 16Eshows an SEM image of an inked PDMS slab whetre the ps-
GaN was transferred with full tension of its on-wafer registration. The image of Fig. 16F
shows an SEM micrograph of the printed structures where, the final step, the ps-GaN
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heterostructure devices are transferred to the PU coated PET substrate. These images
demonstrate that transfer based on the 'narrow bridge’ ps-GaN motif does not damage

heterostructure ribbons.

[0133] Fig. 17A and 17B present representative optical images of ys-GalN based
HEMTS after transfer to the PET substrate.  The various contrast correspend to the
various lends of the cross section schematic of these devices is shown in Fig. 14B. In
this geometry, the active electron channel is formed between the two ohmic contacts
(Ti/Al/Mo/Au) and the electron flow rate (or current} is controlled by the schottky (Ni/Au}
gate contact. The channel length, the channe! width, and the gate width of the devices
shown in Fig. 17B are 20, 170, and 5 um respectively. Unlike previous ys-GaAs
pracesses that had inevitable limitation of small filling factor caused by side surface wet
etching, the ﬁllirig factor for these devices is quite high compared to an eatlier report for
a printed M-V structure (67% vs 13% for ys-GaAs). Fig. 17C shows typical drain current
-voltage (I-V) characteristics of the plastic supported GaN HEMT devices; the gate was
biased from —3 to 1 V in steps of 1 V. The device exhibits a maximum drain cument of ~&
mA at a gate bias of 1 V and drain bias of 5 V. Fig. 17D shows the transfer
characteristics, measured at a constant drain voltage {Va =2 V). The device exhibits
threshold voltage (Vi) of -2.7 V, an on/off ratio of 10%, and a transconductance of 1.5
mS. The transconductance of GaN HEMTs with the same device geometry but prior o
transfer has a transconductance of 2.6 mS. The transfer process appears to lead to

reduction in this value of about 38%.

[0134] The mechanical flexibility of the GaN HEMTs was investigated using a bending
stage, as shown in Fig. 18A. Fig. 18B shows a series of transfer curves measured as a
function of bending radius (and its corresponding strain). For bending radil down to 1.1
cm (corresponding to strains of the order of 0.46 %), we observe very stable responses
in the measured transconductance, threshold voltage, and on/off ratios. Fig. 18C shows
a sequence of current-voltage (I-V) curves measured at both the positions of maximum
strain and after its release. As noted above, the impacts found are relatively modest
and the small differences seen between three I-V curves of Fig. 17B and Fig. 18B
suggest that the us-GaN HEMT devices are not damaged by the harsh bending cycles.

[0135] In summary, this example describes a process suitable for pi‘inting high
performance GaN HEMTSs in flexible forms on plastic substrates. We further
demonstrate an efficient geometry of ps-Sc that facilitates transfer printing protocols,
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and smart-material strategies for removing sacrificial layers by anisotropic wet etching.
Our results suggest that us-GaN technology provide interesting opportunities for
developing next generation macroelectronic devices, such as high performance mobile
computing and high speed communication systems.

[0136] Methods: GaN microstructures are fabricated on a heterostructure GaN on
silicon (100) wafer (Nitronex) comprised of three layers of Il-V semiconductor: AlGaN
layer (18 nm, undoped); GaN buffer tayer (0.6 pm, undoped); and AIN transition layer
(0.6 um). Using AZ 5214 photoresist, an ohmic contact area is opened and this exposed
area is cleaned using an Oz plasma {(Plasmatherm, 50 mTorr, 20 sccm, 300-W, 30 sec).
in order to achieve low contact resistances, a pretreatment of the ohmic contact area
using a SiCly plasma in a RIE system is performed prior to the metallization step. A
TiAYMofAu (15/60/35/50 nm from bottom to top) metal layer is then deposited.
Elactron-beam evaporation is used to deposit Ti, Al, and Mo, while Au was deposited by
thermal evaporation. The contacts are defined using a lift-off process. The contacts are
annealed at 850 "C for 30 sec in a rapid thermal annealing system using an N, ambient:
The PECVD oxide (Plasmatherm, 400 nm, 900 mTorr, 350 sccm 2% SiHa/He, 795 scem
NOa», 250 °C) and Gr metal (E-beam evaporator, 150-nm) layers are deposited as the
mask materials for subsequent ICP efching. Photolithography, wet etching (Cyantek Cr
etchant) and RIE processing (50 mTorr, 40 scom CFs, 100 W, 14 min) define the ribbon
geometries of the GaN. After removing the photoresist with acetone, ICP dry etching
(3.2 mTorr, 15 sccm Cl, 5 scém Ar, ~100V Bias, 14 min) is used to remove the exposed
GaN, and the underlying Si is then etched away using a TMAH wet etching solution
(Aldrich, 160 °C for 5 min). The sample is dipped in BOE (6:1, NH4F: HF) for 80 sec to
remove the PECVD oxide and a new 50 nm e-beam evaporated SiO; layer deposited on
top of the GaN ribbons. The GaN wafer is then contacted with a PDMS slab (Sylgard
184, Dow corning) which is then pealed away at peel rate > 0.01 m s to pick up the ps-
GaN elements. The PDMS slab inked with the ps-GaN is then laminated to a
poly(ethyleneterepthalate) sheet (PET, 100 pm in thickness, Glafix Plastics) coated with
polyurethane (PU, Norland optical adhesive, No. 73). The sample is exposed to UV light
{home-built ozone active mercury lamp, 173 uwW om?) from the top to cure the PU.
Peeling back the PDMS and removing the e-beam oxide by immersion in BOE for 30
sec results in the transfer of the us-GaN elements onfo the plastic substrate. A negative
photoresist (AZ nLOF2020} is used to pattern the Schottky contact area and a NifAu
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(80/100 nm) layer is then deposited by gheam evaporation. The PR is removed using a
fift off process in conjunction with an AZ stripper (KWIK for 5 hours).

EXAMPLE 5: Printable Semiconductor Elements Derived from Bulk Wafer of
GaAs with Multiple Epitaxial Lavers.
[0137] The present invention include methods of making printable semiconductor
ribbons using bulk wafers of GaAs as starting materials. in one embodiment, the
ribbons are generated from a high-quality bulk wafer of GaAs with muitiple epitaxial
layers. The wafer is prepared by growing a 200-nim thick AlAs layer on a (100) semi-
insulating GaAs (S1-GaAs) wafer, followed by sequential depasition of a 8|-GaAs layer
with thickness of 150 nm and Si-doped n-type GaAs layer with thickness of 120 nm and
carrier concentration of 4x10%7 cm™, A pattern of photoresist fines defined parallel to
the (0 TT) crystaliine orientation serves as masks for chemical etching of the epilayers
(including both GaAs and AlAs). Anisotropic etching with an aqueous efchant of HaPO4
and H;O- isolated these top layers into individual bars with tengths and orientations
defined by the photoresist, and with side surfaces that form acute angles relative to the
wafer surface. Removing the photoresist after the anisotropic etching and then soaking
the wafer in an ethanol solution of HF (2:1 in volume between ethanol and 49% aqueous
_ HF} removes the AlAs layer and released ribbons of GaAs (n-GaAs/SI-GaAs). The use
of ethanal, instead of water, for this step reduces cracking that can occur in the fragile
ribbons due to the action of capiilary forces during drying. The lower surface tension of
ethanol compared fo water also minimizes drying-induced disorder in the spatial layout-
of the GaAs ribbons.

[0138] GaAs wafers with customer-designed epitaxial layers are purchased from IQE
Inc., Bethiehem, PA. The lithographic processes employed AZ photdresist, ie., AZ
5214 and AZ nL.OF 2020 for positive and negati've imaging, respectively. The GaAs
wafers with photoresist mask patterns are anisotropically etched in the etchant (4 mL
H3PO4 (85 wt%), 52 mL Hx0, (30 wt%), and 48 mL deionized water) that is cooled in the
ice-water bath. The AIAs layers are dissalved with a diluted HF solution (Fisher®
Chemicals) In ethanol (1:2 in volume). The samples with released ribbons on mother
wafers are dried in a fume hood. The dried samples are placed in the chamber of
electron-beam evaporator (Temescal FC-1800) and coated with sequential layers of 2-

nm Ti and 28-nm SiCoa.
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EXAMPLE 6: Multi-laver Arrays Printable Semiconductor Elements Derived from

Si (111) Wafers.

[0139] The present invention also includes methods and compositions providing

multilayer arrays printable semiconductor elements derived from Si(111) wafer
precursor materials. Figure 19 provides a process flow schematic llustrating a method
of the present invention for making multilayer arrays of printable semiconductor
elements. As shown in panel 1 of figure 19, a silicon wafer having a (111) orientation is
provided. An external surface of the wafer is patterned with an etch resistant mask,
thereby generating masked regions having dimensions selected to define the lengths
and widths of printable semiconductor ribbon in the multilayer array. In the example
shown in Figure 19, the efch resistant mask is a thermally grown SiO: layer.

[0140] As shown in pane 2, the silicon wafer is etched predominately in a directed
orthogonal to the patterned external surface. The etching system employed generates
recessed features having contoured side surfaces. In an useful embodiment, the side
surfaces of the recessed features have a selected, spatially varying contour profile
having a plurality of contour features, such as side surfaces with a periodic scalloped
.contour profite and/or a contour profile having deep ridges present on the side surfaces
of the recessed features. Exemplary means for generating recessed features having a
selected contour profile include STS-ICPRIE and BOE etching systems providing cyclic
exposure of the silicon wafer to reactive ion etchant gases and efch resist materials, As
shown in panel 3 of figure 19, this processing step generates a plurality of silicon
structures having selectively contoured side surfaces positioned adjacentio the

recessed features.

[0141] As shown in pane! 3 of figure 19, the processed silicon wafer having recessed
features and silicon sfructure is subject to deposition of an etch resistant mask materials
such that the contoured side surfaces of the recessed features is only partially coated
with deposition material, In this aspect of the invention the selected contour profile of
the side surfaces of the recessed features determines, at least in part, the spatial
distribution of mask material on the side surfaces. This processing step, therefore,
defines the thickness‘ of printable semiconductor elements in the multi layer stack. For
example, the wafer may be exposed to angled vapor deposition of a metal or
combination of metals resulting in deposition of material predominately on ridges
present in the contoured sutfaces of the recessed features and substantially no
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deposition on regions of the contoured surface that are in the “shadows” of the ridges
present for example to recessed regions of the side walls. The “shadows” casts by
features in the selected contour profile, such as ridges, ripples and scalloped shaped
features, therefore, at least In part define the thickness of the printable semiconductor
elements in the multilayer array. Use of gold deposition materials is beneficial due to its

good adherence o the exposed silicon surface.

[0142] As shown in panel 4 of figure 19, the wafer is next subjected to anisotropic
etching, for example via exposure to a basic solution such as KOH, Regions between
the recessed features are etched such that efching occurs along <110> directions of the
silicon wafer, thereby fabricating a multilayer aray of printable semiconductor elements
each of which comprising a partially or entirely undercut silicon structures. The present
invention includes methods wherein etching along <110> directions of the silicon wafer
proceeds to completion between adjacent recessed features, thereby entirely
undercutting the printable semiconductor element(s}). As described in detail above, the
etching system chosen in combination with the (111) orientation of the silicon wafer
results in a faster stch rate along <110> directions than along <111> directions of the
wafer. Optionally, the pdsition, shape and spatial orientation of recessed features are
selected to form alignment maintenance elements, such as bridge elements connecting
the printable semiconductor element to the wafer. In the multilayer structure shown in
panel 4, bridge elements are provided that connect the ends of the semiconductor

ribbons in the multilayer array to the silicon wafer,

{0143] Panel 6 of figure 19 shows an optional processing step wherein the bridge
elements are released from the siiicon wafer, for example via washing, etching or other
material removal processes, fhereby generating a multitayer stack of printable
semiconductor elements. Alternatively, printable semiconductor elements in the array
can be released via contact printing methods. In one embodiment, for example,
printable semiconductor elements in the multilayer array are sequaentially released and
transferred from the silicon wafer via repeatedly bringing the printable semiconductor
elements in contact with a fransfer device, such as an elastomeric stamp.

[0144] Figure 20 provides SEM images of Si (111) in angled-view (a, ¢, e, g) and
cross-sectional view (b, d, f, h): {a and b) after STS-ICPRIE and BOE efching, {c and d)
after metal protection on the side surfaces, (e through h) after KOH etching for 2 min (e
and f) and 5 min (g and h) followed by metal cleaning.
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[0145] Figure 21 provides (a) provides a photograph of a large-scale aligned array of
four-layered Si {111) tibbons. (b and ¢) Top-view and (d and e) angled-view SEM
images of the fourayered Si (111) shown in (a)-

[0146] Figure 22 provides (a) Photograph and (b and ¢) OM images of released flexible
Si (111) ribbons. (d to f) SEM images of the ribbons shown in (a).

[0147] Figure 23 provides (a) Optical Images of aligned Si (111) ribbons transferred on
PDMS substrate. (b) AFM image of four ribbons from the array shown in {a). Photograph
of a flexible polyester film that houses four patterns of Si (111) arvays from four cycles of

transferring from a single Si chip.
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STATEMENTS REGARDING INCORPORATION BY
REFERENCE AND VARIATIONS

{0148} The following references relate to self assembly techniques which may be used
in methods of the present invention to transfer, assembly and intercaonnect printable
semiconductor elements via contact printing and/or solution printing techniques and are
_incorporated by reference In their entireties herein: (1) "Guided molecular self-assembly:
a review of recent efforts”, Jiyun C Huie Smart Mater. Sfruct. (2003) 12, 264-271; (2)

"l arge-Scale Hierarchical Organization of Nanowire Arrays for Integrated
Nanosystems”, Whang, D.; Jin, S.; Wu, Y,; Lieber, C. M. Nano Letl. (2003} 3(9), 1255-
1259; (3) “Directed Assembly of One-Dimensional Nanostructures into Functional
Networks”, Yu Huang, Xiangfeng Duan, Qinggiao Wei, and Charles M. Lieber, Science
(2001) 291, 630-833; and (4) “Electric-field assisted assembly and alignment of metallic
nanowites”, Peter A. Smith et al., Appl. Phys. Lett. (2000) 77(9), 1399-1401.

[0149] Al references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications,
unpublished patent applications; 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 thatis
partially inconsistent is incorporated by reference except for the partially inconsistent

portion of the reference).

[0150] Any appendix or appendices hereto are incorporated by reference as part of the

specification andfor drawings.

[0151] Where the terms “comprise”, “comprises”, “comprised”, or “comprising” are used
herein, they are fo be interpreted as specifying the presence of the stated features,
integers, steps, or components referred to, but not to preclude the presence or addition
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of one or more other featurs, integer, step, component, or group thereof. Separate
embodiments of the invention are also intended to be encompassed wherein the terms
“comprising” or “comprise(s)” or “comprised” are optionally replaced with the terms,
analogous in grammar, e.g.; “consisting/consist(s)" or “consisting essentially
offconsisi(s) essentially of to thereby describe further embodiments that are not

necessarily coextensive.

[0152] The Invention has been described with reference to various specific and
preferred embodiments and techniques. However, It should be understood that many
variations and modifications may be made while remaining within the spirit and scope of
the invention. 1t will be apparent to one of ordinary skill in the art that compositions,
methods, devices, device elements, materials, procedures and technigues other than
those specifically described herein can be applied to the practice of the invention as
broadly disclosed herein without resort to undue experimentation. All art-known
functional equivalents of compositions, methods, devices, device elements, materials,
procedures and techniques described herein are intended o be encompassed by this
invention. Whenever a range is disclosed, all subranges and individual values are
intended to be encompassed as if separately set forth. This invention is not to be limited
by the embodiments disclosed, including any shown in the drawings or exemplified in
the specification, which are given by way of example or Hustration and not of limitation.
The scope of the invention shall be limited only by the claims.
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Claims

1.

A printable semiconductor structure comprising:

a printable semiconductor element; and

a first bridge element connected to said printable semiconductor element and
connected to a mother wafer, wherein said printable semiconductor element
and said first bridge element are at least partially undercut from said mother

wafer:

wherein contacting said printable semiconductor element with a transfer
device is capable of fracturing said first bridge element, thereby releasing said

printable semiconductor element from said mother wafer,

wherein said printable semiconductor element has a first average width, and
said first bridge element has a second average width that is at least 1.5 times

smaller than said first average width.

The printable semiconductor structure of claim 1 wherein said first bridge
element provides for registered transfer of said printable semiconductor

element to said {ransfer device.

The printable semiconductor structure of claim 1 wherein said transfer device

is an elastomeric stamp.

The printable semiconductor structure of claim 1 wherein said printable
semiconductor element and first bridge element are entirely undercut from

said mother wafer.

The printable semiconductor structure of claim 1 wherein said first bridge

element, said printable semiconductor element and said mother wafer
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10.

comprise a unitary semiconductor structure.

The printable semiconductor structure of claim 1 wherein said first bridge

element is connected to a first end of said printable semiconductor element.

The printable semiconductor structure of claim 1 further comprising a second
bridge element at least partially undercut from said mother wafer, said second
bridge element connected to said printable semiconductor element and
connected to said mother wafer, and wherein contacting said printable
semiconductor element with a transfer device is capable of fracturing said

second bridge element.

The printable semiconductor structure of claim 7 wherein said printable
semiconductor element comprises a semiconductor ribbon extending a length
along a principle longitudinal axis terminating in a first end and a second end,
wherein said first bridge element is connected to said first end and said

second bridge element is connected to said second end.

The printable semiconductor structure of claim 8 wherein said first bridge
element, said second bridge element, said semiconductor ribbon and said

mother wafer are a monolithic semiconductor structure.

The printable semiconductor structure of claim 8 wherein said first end has a
first cross sectional area and said second end has a second cross sectional
area, wherein said first bridge element is connected to less than 50% of said
first cross sectional area of said first end and wherein said second bridge
element is connected to less than 50% of said second cross sectional area of

said second end.
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11,

12.

13.

14.

The printable semiconductor structure of claim 7 wherein said first and second

bridge elements are positioned distal or proximal to each other.

The printable semiconductor structure of claim 7 wherein said first and second
bridge elements have average widths selected from the range of about 100
nanometers to about 1000 microns, average thicknesses selected from the
range of about 1 nanometers to about 1000 microns and average lengths
selected from the range of about 100 nanometers to about 1000 microns.

The printable semiconductor structure of claim 1 wherein said printable
semiconductor element comprises a material selected from the group
consisting of: Si, Ge, SiC, AlP, AlAs, AISb, GaN, GaP, GaAs, GaSb, InP,
InAs, InSb, Zn0O, ZnSe, ZnTe, CdS, CdSe, ZnSe, ZnTe, CdS, CdSe, CdTe,
HgS, PbS, PbSe, PbTe, AlGaAs, AllnAs, AllnP, GaAsP, GalnAs, GalnP,
AlGaAsSh, AlGalnP, GalnAsP, and GaN.

A method of transferring a printable semiconductor element to a transfer

device, said method comprising the steps of:

providing a printable semiconductor structure comprising a printable
semiconductor element; and at least one bridge element connected to said
printable semiconductor element and connected to a mother wafer, wherein
said printable semiconductor element and said bridge element are at least
partially undercut from said mother wafer, wherein said printable
semiconductor element has a first average width, and said first bridge element
has a second average width that is at least 1.5 times smaller than said first

average width;

contacting said printable semiconductor element with a transfer device having

a contact surface, wherein contact between said contact surface and said
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156.

16.

17.

18.

19.

20.

printable semiconductor element binds said printable semiconductor element

to said contact surface;

moving said transfer device in a manner resulting in the fracture of said bridge
element, thereby transferring said printable semiconductor element from said

mother wafer to said iransfer device.

The method of claim 14 comprising a method of registered transfer to said

fransfer device.

The method of claim 14 wherein said transfer device is a conformable transfer

device.

The method of claim 14 wherein said transfer device is an elastomeric stamp.

The method of ¢laim 16 wherein conformal contact is established between the
contact surface of said conformable transfer device and an external surface of

said printable semiconductor element.

The method of claim 14 wherein said bridge element, said printable
semiconductor element and said mother wafer are a unitary semiconductor

structure.

The method of claim 14 wherein said printable semiconductor structure further
comprises a second bridge element connected to said printable semiconductor
element and connected to a mother wafer, wherein said second bridge

element is at least partially undercut from said mother wafer; wherein said step

of moving said transfer device fractures said second bridge element.
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21.

A method for assembling a printable semiconductor element on a receiving

surface of a substrate, said method comprising the steps of:

providing a printable semiconductor element; and a first bridge element
connected to said printable semiconductor element and connected to a mother
wafer, wherein said printable semiconductor element and said first bridge
element are at least partially undercut from said mother wafer, wherein said
printable semiconductor element has a first average width, and said first
bridge element has a second average width that is at least 1.5 times smaller

than said first average width;

contacting said printable semiconductor element with a conformable transfer
device having a contact surface, wherein contact between said contact surface
and said printable semiconductor element binds said printable semiconductor

element to said contact surface;

moving said conformable transfer device in a manner resulting in the fracture
of said first bridge element, thereby transferring said printable semiconductor
element from said mother wafer to said conformable transfer device, thereby
forming said contact surface having said printable semiconductor element

disposed thereon;

contacting said printable semiconductor element disposed on said contact

surface with said receiving surface of said substrate;

separating said contact surface of said conformable transfer device and said
printable semiconductor element, wherein said printable semiconductor
element is transferred onto said receiving surface, thereby assembling said

printable semiconductor element on said receiving surface of said substrate.
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22.

The method of claim 21 wherein conformal contact is established between
said contact surface having said printable semiconductor element disposed

thereon and said receiving surface of said substrate.
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