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(57) ABSTRACT 

The invention provides methods and devices for fabricating 
printable semiconductor elements and assembling printable 
semiconductor elements onto Substrate Surfaces. Methods, 
devices and device components of the present invention are 
capable of generating a wide range of flexible electronic and 
optoelectronic devices and arrays of devices on Substrates 
comprising polymeric materials. The present invention also 
provides stretchable semiconductor structures and stretch 
able electronic devices capable of good performance in 
stretched configurations. 
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Fig. 17 

1. Providing a prestrained elastic substrate in an 
expanded state. (e.g. roll pressing or bending) 

2. Bonding at least a portion of the internal surface of 
a printable semiconductor structure to the external 
surface of the prestrained elastic substrate in an 
expanded State. 

3. Allowing the elastic substrate to relax at least 
partially, wherein relaxation of the elastic 
Substrate bends the internal Surface of the 
printable semiconductor structure 

OPTIONAL 

4. Transfer printable semiconductor 
having Curved internal Substrate to 
a flexible receiving substrate. 
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Fig. 22A 
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Provide high quality semiconductor material, such 
as a single Crystal silicon wafer. 

Process semiconductor material to generate adjacent 
N doped and P doped layers, for example using spin on 
dopants. 

1. Pattern and etch processed semiconductor material 
to define physical dimensions of the printable P-N 
junction. 

2. Lift-off processing to generate monolithic structure 
comprising the printable P-N junction. 

3. Optionally, deposit contacts prior to lift-off, for example, 
via vapor deposition of metal(s). 

Assemble printable P-N junction on substrate using 
(i) Solution printing or (ii) dry transfer printing. 

Optionally, deposit contacts onto P-N junction on 
Substrate, for example, via vapor deposition of metal(s). 
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METHODS AND DEVICES FOR 
FABRICATING AND ASSEMBLNG 

PRINTABLE SEMCONDUCTOR ELEMENTS 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This application claims priority under 35 U.S.C. 
119(e) to U.S. Provisional Patent Application Nos. 60/577, 
077, 60/601,061, 60/650,305, 60/663,391 and 60/677,617 
filed on Jun. 4, 2004, Aug. 11, 2004, Feb. 4, 2005, Mar. 18, 
2005, and May 4, 2005, respectively, which are hereby incor 
porated by reference in their entireties to the extent not incon 
sistent with the disclosure herein. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0002 This invention was made, at least in part, with 
United States governmental support awarded by Department 
of Energy under Grant No. DEFG02-91 ER45439 and the 
Defense Advanced Projects Agency under Contract F8650 
04-C-710. The United States Government has certain rights 
in this invention. 

BACKGROUND OF INVENTION 

0003. Since the first demonstration of a printed, all poly 
mer transistor in 1994, a great deal of interest has been 
directed at a potential new class of electronic systems com 
prising flexible integrated electronic devices on plastic Sub 
strates. Garnier, F., Hajlaoui, R., Yassar, A. and Srivastava, P. 
Science, Vol. 265. pgs 1684-1686 Recently, substantial 
research has been directed toward developing new Solution 
processable materials for conductors, dielectrics and semi 
conductors elements for flexible 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, effi 
cient device and device component processing methods and 
high resolution patterning techniques applicable to plastic 
Substrates. It is expected that such materials, device configu 
rations and fabrication methods will play an essential role in 
the rapidly emerging new class of flexible integrated elec 
tronic devices, systems and circuits. 
0004 Interest in the field offlexible electronics principally 
arises out of several important advantages provided by this 
technology. First, the mechanical ruggedness of plastic Sub 
strate materials provides electronic devices less Susceptible 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 providing for a large number of useful device configu 
rations 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 combina 
tion 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. 
0005. The design and fabrication of flexible electronic 
devices exhibiting good electronic performance, however, 
present a number of significant challenges. First, the well 
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developed methods of making conventional silicon based 
electronic devices are incompatible with most plastic mate 
rials. For example, traditional high quality inorganic semi 
conductor components, such as single crystalline silicon or 
germanium semiconductors, are typically processed by 
growing thin films at temperatures (>1000 degrees Celsius) 
that significantly exceed the melting or decomposition tem 
peratures of most plastic Substrates. In addition, most inor 
ganic semiconductors are not intrinsically soluble in conve 
nient solvents that would allow for Solution based processing 
and delivery. Second, although many amorphous silicon, 
organic or hybrid organic-inorganic semiconductors are com 
patible with incorporation into plastic Substrates and can be 
processed at relatively low temperatures, these materials do 
not have electronic properties capable of providing integrated 
electronic devices capable of good electronic performance. 
For example, thin film transistors having semiconductor ele 
ments made of these materials exhibit field effect mobilities 
approximately three orders of magnitude less than comple 
mentary single crystalline silicon based devices. As a result of 
these limitations, flexible electronic devices are presently 
limited to specific applications not requiring high perfor 
mance, Such as use in Switching elements for active matrix flat 
panel displays with non-emissive pixels and in light emitting 
diodes. 

0006 Progress has recently been made in extending the 
electronic 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 significantly higher device performance characteris 
tics than thin film 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 ele 
ments fabricated by pulse laser annealing of amorphous sili 
con thin films. While this class of flexible electronic devices 
provides enhanced device electronic performance character 
istics, use of pulsed laser annealing limits the ease and flex 
ibility of fabrication of such devices, thereby significantly 
increasing costs. Another promising new class of higher per 
forming flexible electronic devices is devices that employ 
Solution processable nanoscale materials, such as nanowires, 
nanoribbons, nanoparticles and carbon nanotubes, as active 
functional components in a number of macroelectronic and 
microelectronic devices. 

0007 Use of discrete single crystalline nanowires or nan 
oribbons has been evaluated as a possible means of providing 
printable electronic devices on plastic substrates that exhibit 
enhanced device performance characteristics. Duan et 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 solu 
tion processing on plastic Substrates in which single crystal 
line silicon nanowires or CdS nanoribbons having thick 
nesses less than or equal to 150 nanometers are dispersed into 
Solution and assembled onto the Surface of a Substrate using 
flow-directed alignment methods to produce the semicon 
ducting element of at thin film transistor. An optical micro 
graph provided by the authors suggests that the disclosed 
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fabrication process prepares a monolayer of nanowires or 
nanoribbons in a substantially parallel orientation and spaced 
apart by about 500 nanometers to about 1,000 nanometers. 
Although the authors report relatively high intrinsic field 
affect mobilities for individual nanowires or nanoribbons 
(s.119 cm V's'), the overall devicefield effect mobility has 
recently 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 field effect mobility is several orders of 
magnitude lower than the device field 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 configurations 
disclosed in Duan et al. 

0008 Use of a nanocrystal solutions as precursors to poly 
crystalline inorganic semiconductor thin films has also been 
explored as a possible means of providing printable electronic 
devices on plastic substrates that exhibit higher device per 
formance characteristics. Ridley et al. disclose a solution 
processing fabrication method wherein a solution cadmium 
Selenide nanocrystals having dimensions of about 2 nanom 
eters is processed at plastic compatible temperatures to pro 
vide a semiconductor element for a field effect transistor. The 
authors report a method wherein low temperature grain 
growth in a nanocrystal Solution of cadmium selenide pro 
vides single crystal areas encompassing hundreds of nanoc 
rystals. Although Ridley et al. report improved electrical 
properties relative to comparable devices having organic 
semiconductor elements, the device mobilities achieved by 
these techniques (s1 cm V's') are several orders of mag 
nitude lower than the device field effect mobilities of conven 
tional single crystalline inorganic thin film transistors. Limits 
on the field effect mobilities achieved by the device configu 
rations and fabrication methods of Ridley et al. are likely to 
arise from the electrical contact established between indi 
vidual nanoparticles. Particularly, the use of organic end 
groups to stabilize nanocrystal Solutions and prevent agglom 
eration may impede establishing good electrical contact 
between adjacent nanoparticles that is necessary for provid 
ing high device field effect mobilities. 
0009. Although Duanet al. and Ridley et al. provide meth 
ods for fabricating thin film transistors on plastic Substrates, 
the device configurations described employ transistors com 
prising mechanically rigid device components, such as elec 
trodes, semiconductors and/or dielectrics. Selection of a plas 
tic Substrate with good mechanical properties may provide 
electronic devices capable of performing in flexed or dis 
torted orientations. However, Such motion is expected togen 
erate mechanical strain on the individual rigid transistor 
device components. This mechanical strain may induce dam 
age to individual components, for example by cracking, and 
also may degrade or disrupt electrical contact between device 
components. 
0010. It will be appreciated from the foregoing that there is 
currently a need in the art for methods and device configura 
tions for fabricating integrated electronic semiconductor 
containing devices on plastic Substrates. Printable semicon 
ductor elements having good electrical characteristics are 
needed to allow effective device fabrication attemperatures 
compatible with assembly on plastic polymer Substrates. In 
addition, methods of printing semiconductor materials onto 
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large areas of plastic Substrates are needed to enable continu 
ous, high speed printing of complex integrated electrical cir 
cuits over large substrate areas. Finally, fully flexible elec 
tronic devices capable of good electronic performance in 
flexed or deformed device orientations are needed to enable a 
wide range of new flexible electronic devices. 

SUMMARY OF THE INVENTION 

0011. The present invention provides methods, devices 
and device components for fabricating structures and/or 
devices. Such as semiconductor-containing electronic 
devices, on Substrate Surfaces. Such as plastic Substrates. Spe 
cifically, the present invention provides printable semicon 
ductor elements for fabricating electronic devices, optoelec 
tronic devices and other functional electronic assemblies by 
flexible, low cost printing methods. It is an object of the 
present invention to provide methods and devices for fabri 
cating semiconductor elements, such as unitary single crys 
talline inorganic semiconductors having selected physical 
dimensions ranging from about 10 S of nanometers to about 
10 s of centimeters, which are capable of high precision 
assembly on Substrate Surfaces via a range of printing tech 
niques. It is another object of the present invention to provide 
methods for assembling and/or patterning printable semicon 
ductor elements using dry transfer contact printing and/or 
Solution printing techniques which provide good placement 
accuracy and pattern fidelity over large Substrate areas. It is 
further an object of the present invention to provide good 
electronic performance integrated electronic and/or optoelec 
tronic devices comprising one or more printable semiconduc 
tor elements Supported by a plastic Substrate, particularly 
fully flexible thin film transistors having printable semicon 
ductor elements exhibiting good electronic performance 
characteristics, such as field effect mobilities, threshold volt 
ages and on-off ratios. 
0012. In one aspect the present invention provides meth 
ods of fabricating high performance electronic and/or opto 
electronic devices or device components having one or more 
printable components, such as a printable semiconductor ele 
ment. Electronic and optoelectronic devices which may be 
fabricated by the methods of the present invention, include 
but are limited to, transistors, diodes, light emitting diodes 
(LEDs), lasers, organic light emitting diodes (OLEDs), 
microelectromechanical systems (MEMS) and nanoelectro 
mechanical systems (NEMS). Particularly, the present inven 
tion provides methods of assembling semiconductor ele 
ments and/or other device components via printing 
techniques into electronic and/or optoelectronic devices or 
device components which exhibit performance characteris 
tics comparable to single crystalline semiconductor based 
devices fabricated by conventional high temperature process 
ing methods. 
0013. In an embodiment of the present invention useful for 
device fabrication on Substrates having low melting or 
decomposition temperatures, such as plastic Substrates and 
semiconductor Substrates, methods of the present invention 
comprise independently performable fabrication steps of: (1) 
forming one or more discrete, high quality semiconductor 
elements and (2) assembling and/or patterning these semi 
conductor elements and other device components on a Sub 
strate Surface. For example, the present invention includes 
methods wherein independent, high quality printable inor 
ganic semiconductors are generated by masking and etching 
bulk single crystalline inorganic semiconductor materials 
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fabricated by conventional high temperature processing 
methods, such as high temperature (>1000 Celsius) film 
growth, doping and other processing techniques. After fabri 
cation, Such printable inorganic semiconductors are 
assembled onto one or more Substrates Surface by printing 
techniques which may be performed at relatively low tem 
peratures (<about 400 degrees Celsius). An advantage of 
having independently performable preparation and pattern 
ing/assembly steps is that each step may be performed at 
ambient conditions, such as temperatures and ambient con 
tamination levels (i.e. if clean room conditions are needed), 
which optimize the efficiencies, flexibilities and utilities of 
each independently performable fabrication step. For 
example, the present methods allow semiconductor materials 
to be fabricated at the high temperatures needed to generate 
high quality single crystalline semiconductors. Semiconduc 
tor element patterning and/or assembly, however, may be 
Subsequently carried out at Substantially lower temperatures 
favorable for device fabrication on substrates having low 
melting or decomposition temperatures, such as plastic Sub 
strates. In this manner, high performance devices may be 
fabricated on a wide range of Substrate Surfaces without sig 
nificant melting, decomposition or damage to the Substrate 
Surface. Another advantage of separating semiconductor fab 
rication from semiconductor/device assembly is that integra 
tion of the semiconductor elements into high performance 
devices and device components may be achieved by a wide 
range of low cost and flexible assembly methods, such as dry 
transfer and solution printing techniques, which do not 
require clean room conditions and are compatible with con 
tinuous, high speed device fabrication on large areas of Sub 
strates. In the context of this aspect of the present invention, 
the present methods are compatible with printing on Sub 
strates comprising virtually any material, including plastic 
Substrates and non-plastic Substrates, such as semiconductor 
wafers, for example silicon wafers or GaAs wafers. 
0014. In another aspect, the present invention provides 
printable semiconductor elements for integration into high 
performance electrical and optoelectronic devices and device 
components. In the context of the present invention, the term 
“printable' relates to materials, structures, device compo 
nents and/or integrated functional devices that may be trans 
ferred, assembled, patterned, organized and/or integrated 
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). Printable semiconductors of the 
present invention may comprise semiconductor structures 
that are able to be assembled and/or integrated onto substrate 
Surfaces by dry transfer contact printing and/or solution print 
ing methods. Exemplary semiconductor elements of the 
present invention may be fabricated by “top down' process 
ing of a range of inorganic semiconductor materials includ 
ing, but not limited to, single crystalline silicon wafers, sili 
con on insulator wafers, polycrystalline silicon wafers and 
GaAs wafers. Printable semiconductor elements derived 
from high quality semiconductor wafers, for example semi 
conductor wafers generated using conventional high tem 
perature vapor deposition processing techniques, are benefi 
cial for applications requiring good electronic performance 
because these materials have better purities and extents of 
crystallization than materials prepared using "bottom up' 
processing techniques, such as conventional techniques for 
making nanocrystals and nanowires. Another advantage pro 
vided by the “top-down processing methods of the present 
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invention is that printable semiconductor elements and arrays 
of printable semiconductor elements may be fabricated in 
well defined orientations and patterns, unlike “bottom-up” 
processing methods typically used for fabricating nanowires 
and nanoparticles. For example, semiconductor elements 
may be fabricated in arrays having positions and spatial ori 
entations directly corresponding to the eventual positions and 
spatial orientations of these elements in functional devices or 
arrays of functional devices, such as transistor arrays or diode 
arrays. 

00.15 Printable semiconductor elements may comprise 
unitary, single crystalline inorganic semiconductor structures 
having wide range of shapes. Such as ribbon (or strips), discs, 
platelets, blocks, post, cylinders or any combinations of these 
shapes. Printable semiconductor elements of the present 
invention may have a wide range of physical dimensions, for 
example, thicknesses ranging from about 10 nanometers to 
about 100 microns, widths ranging from about 50 nanometers 
to about 1 millimeter and lengths ranging from about 1 
micronto about 1 millimeter. Use of semiconductor elements 
having thicknesses greater than about 10 nanometers and 
widths greater than about 500 nanometer are preferred for 
Some application because these dimensions may provide 
electronic devices exhibiting good electronic performance, 
such as thin film transistors having a device field effect mobil 
ity greater than or equal to about 100 cm V's', and prefer 
ably greater than or equal to about 300 cm V's and more 
preferably greater than or equal to about 800 cm V's'. In 
addition, semiconductor elements having widths greater than 
about 10 nanometers can be assembled on substrates by a 
range of printing techniques with good placement accuracy 
and pattern fidelity. 
0016 Printable semiconductor elements of the present 
invention may also be provided with an alignment maintain 
ing element that mechanically connects the printable semi 
conductor element to a mother Substrate, such as a semicon 
ductor wafer. Alignment maintaining elements are useful for 
maintaining a selected orientation and/or position of a print 
able semiconductor element during transfer, assembly and/or 
integration processing steps. Alignment maintaining ele 
ments are also useful for maintaining relative positions and 
orientations of a plurality of semiconductor elements defining 
a selected pattern of semiconductor elements during transfer, 
assembly and/or integration processing steps. In methods of 
the present invention, alignment maintaining elements pre 
serve selected positions and orientations during contact (and 
bonding) of the printable semiconductor elements with the 
contact surface of a conformable transfer device. Useful 
alignment maintaining elements in this aspect of the present 
invention are capable of disengaging from the printable semi 
conductor elements upon movement of the conformable 
transfer device without significantly changing the selected 
positions and orientations of the printable semiconductor ele 
ments. Disengagement is typically achieved by fracture or 
release of the alignment maintaining elements during move 
ment of the transfer device. 

0017. In one embodiment of the present invention, the 
printable semiconductor element has a peanut shape charac 
terized by wider ends and a narrow central region. In this 
embodiment, alignment maintaining elements are provided 
via incomplete isotropic etching beneath the wider ends and 
complete isotropic etching beneath the central region. This 
processing lead to a semiconductor element connected to a 
mother Substrate a two points corresponding to each end of 
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the semiconductor element. In another embodiment, the 
printable semiconductor element has a ribbon shape extend 
ing along a central longitudinal axis. In this embodiment, 
alignment maintaining elements connect the both ends of the 
ribbon along the longitudinal axis to the mother Substrate. In 
each embodiment, binding of the ribbon shaped or peanut 
shaped semiconductor element to the contact Surface of a 
transfer device and movement of the transfer device results in 
fracture of both alignment maintaining elements and release 
of the printable semiconductor element from the mother sub 
Strate. 

0018 Printable semiconductor elements of the present 
invention have independently selectable physical dimen 
sions, such as widths, heights, thicknesses Surface roughness, 
and flatness, that are selectable with a high degree of accu 
racy. In an exemplary embodiment, physical dimensions of 
printable semiconductor elements may be selected to within 
less than about 5%. Large numbers of printable semiconduc 
tor elements having highly uniform selected physical dimen 
sion may be fabricated using the methods of the present 
invention. In an exemplary embodiment, large numbers of 
printable semiconductor elements can be fabricated having 
physical dimensions that vary by less than about 1%. The 
present invention, therefore, provides printable semiconduc 
tor elements without a significant size and shape distribu 
tions, in contrast to conventional methods of generating 
nanowires. A significant advantage of this approach is that 
structures and devices that integrate printable semiconductor 
elements of the present invention do not need to be built to 
tolerate dispersion in size and shape of the semiconductor 
elements. In some embodiments, printable semiconductor 
elements of the present invention have very low surface 
roughness, for example having a surface roughness less than 
about 0.5 nanometers root mean square. Printable semicon 
ductor elements of the present invention may have one or 
more flat Surfaces. This configuration is beneficial in some 
device fabrication applications because flat Surfaces are use 
ful for establishing interfaces with other device components, 
Such as conducting, semiconducting and/or dielectric device 
components. 
0019. Further, the present methods and compositions of 
matter provide printable semiconductor elements comprising 
high quality semiconductor materials. In some embodiments 
useful for fabricating high performance electrical devices, 
printable semiconductor elements have a purity with a factor 
of about 1000 or less of conventional semiconductor wafer 
materials fabricated via high temperature processing tech 
niques. For example, the present invention provides high 
purity semiconductor elements having oxygen impurities less 
than about 5 to 25 parts per million atoms, carbon impurities 
less than about 1 to 5 parts per million atoms, and heavy metal 
impurities less than or equal to about 1 part per million atoms 
(ppma), preferably less than or equal to about 100 parts per 
billion atoms (ppba) for Some applications, and more prefer 
ably less than or equal to about 1 part per billion atoms (ppba) 
for some applications. Printable semiconductor elements 
having low levels of heavy metal impurities (e.g. less than 
about 1 parts per million atoms) are beneficial for applica 
tions and devices requiring good electronic performance, as 
the presence of heavy metals in semiconductor materials can 
severely degrade their electrical properties. 
0020. In addition, printable semiconductor elements of 
Some aspects of the present invention have a very low resis 
tivity gradient, for example a less than about 5% to 10% 
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variation across their areas. This aspect of the present inven 
tion provides enhanced doping uniformity with respect to 
conventional semiconductor materials derived from “bottom 
up' processing techniques, such as nanowire and nanocrystal 
materials. Further, printable semiconductor elements of the 
present invention may comprise semiconductor materials 
exhibiting very few dislocations, for example less than 500 
dislocations per square centimeter. Use of semiconductor 
elements comprising high quality semiconductor materials is 
beneficial for device fabrication applications requiring good 
electronic performance. 
0021. In addition, the present methods and compositions 
of matter provide printable semiconductor elements having 
highly uniform compositions. In this context, uniform com 
position refers to piece-to-piece uniformity with respect to 
purity, dopant concentrations, dopant spatial distributions 
and extents of crystallization. The high purities and good 
uniformity with respect to the composition of printable semi 
conductor elements of the present provide functional devices 
exhibiting enhanced reliability with respect to devices fabri 
cated from conventional semiconductor materials derived 
from “bottom up' processing techniques, such as nanowire 
and nanocrystal materials. 
0022 Printable semiconductor elements of the present 
invention preferably have at least one Smooth Surface. Such as 
the top or bottom surface of a microribbon, preferably exhib 
iting deviations from average surface position of less than 10 
nanometers, and more preferably for some applications 
exhibiting deviations from average surface position of less 
than 1 Angstrom. Smooth Surfaces of printable semiconduc 
tor elements of the present invention allow effective electrical 
contact and/or physical integration to be established with 
other device components in an integrated electronic device or 
optoelectronic device. 
0023. Alternatively, printable semiconductor elements of 
the present invention may comprise composite semiconduc 
tor elements having a semiconductor structure operationally 
connected to one or more additional structures, such as 
dielectric structures, conducting structures (e.g. electrode), 
additional semiconductor structures or any combination of 
these. Printable composite semiconductor elements provide 
materials and device components that may be easily and 
effectively integrated into complex electronic or optoelec 
tronic devices. In addition, the assembly methods of the 
present invention allow printable semiconductor elements to 
be provided in array geometries wherein adjacent elements 
are close to each other, for example within 100 nanometers to 
1 micron of each other. For example, a printable semiconduc 
tor element of the present invention comprises a unitary struc 
ture having a high quality semiconductor structure, such as a 
single crystalline inorganic semiconductor, operationally 
connected to an inorganic dielectric structure. Such as a sili 
con oxide layer. This embodiment of the present invention is 
particular useful for fabrication of high performance thin film 
transistors because semiconductor and dielectric components 
may be assembled in a single printing step, and because use of 
unitary structures comprising both semiconductor and dielec 
tric components results in insulator configurations exhibiting 
very low leakage of electric current from gate electrode to the 
semiconductor element or source and drain electrodes. In 
another embodiment, printable semiconductor elements of 
the present invention may comprise integrated functional 
devices, such as diodes, LEDs, transistors and OLEDS, which 
may be easily incorporated onto Substrate Surfaces. 
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0024. The methods and compositions of the present inven 
tion provide a processing platform enabling fabrication of 
functional devices exhibiting enhanced reliability with 
respect to devices based on semiconductor materials gener 
ated via “bottom up' processing techniques, such as nanow 
ires and nanocrystals. In this context, reliability refers to the 
capability of a functional devices to exhibit good electronic 
properties over extended operating periods and refers to 
piece-to-piece uniformity with respect to electrical properties 
ofanensemble of device fabricated using the present methods 
and compositions. For example, devices of the present inven 
tion exhibit very uniform threshold Voltages (e.g. standard 
deviation of less than 0.08V) and very uniform device mobili 
ties (e.g. standard deviation of less than about 13%). This 
represents improvements in uniformities of threshold volt 
ages and device mobilities of a factor of about 40 and a factor 
of about 8, respectively, over nanowire based devices. The 
exceptional reliability of functional devices of the present 
invention is provided, at least in part, by the high degree of 
uniformity of the compositions and physical dimensions 
accessible using printable semiconductor elements of the 
present invention. 
0025. In another aspect, the present invention provides an 
electrical device comprising a first electrode, a second elec 
trode and a printable semiconductor element positioned in 
electrical contact with said first and second electrodes. In one 
embodiment useful for applications requiring good electrical 
device performance, the printable semiconductor element 
comprises a unitary inorganic semiconductor structure hav 
ing physical dimensions and shape that provides a fill factor 
between said first and second electrodes greater than or equal 
to about 20%, preferably greater than or equal to about 50% 
for Some applications and more preferably greater than or 
equal to about 80% for some applications. Optionally, elec 
trically devices of this embodiment may further comprise 
additional printable semiconductor elements, for example 
printable elements Substantially longitudinally oriented, and 
optionally not in physical contact with each other. Impor 
tantly, multiple printable semiconductor elements of the 
present invention may be configured in devices or device 
arrays in a manner providing large fill factors (e.g. greater 
than or equal to 20%, 50% or 80%) and good electronic 
performance, in contrast to systems involving densely packed 
nanowire arrays. In one embodiment, the printable semicon 
ductor element has at least one cross sectional dimension 
greater than or equal to about 500 nanometers. In one embodi 
ment, the printable semiconductor element has a ratio of 
length to width equal to or less than about 10, preferably equal 
to or less than about 1.5 in for some applications. In one 
embodiment, the printable semiconductor element has a ratio 
of thickness to width equal to or less than about 0.1, prefer 
ably equal to or less than about 0.01 for some applications. 
0026. This aspect of the present invention further com 
prises arrays of electrical devices. Such as transistors, diodes, 
photovoltaic devices, light emitting devices, comprising a 
first electrode, a second electrode and a plurality printable 
semiconductor elements positioned in electrical contact with 
the first and second electrode. In one embodiment, an array of 
electrical devices comprises over 20 printable semiconductor 
elements, preferably over 50 printable semiconductor ele 
ments for some applications and, more preferably over 100 
printable semiconductor elements for some applications. In 
one embodiment useful for applications requiring good elec 
trical device performance, the printable semiconductor ele 
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ments provide a fill factor between said first and second 
electrodes greater than or equal to about 20%, preferably 
greater than or equal to about 50% for some applications and 
more preferably greater than or equal to about 80% for some 
applications. Printable semiconductor elements may be Sub 
stantially longitudinally oriented with respect to a selected 
alignment axis, such as a selected alignment axis that extends 
along an axis which connects the closest points of said first 
and second electrical contacts. In one embodiment, the rela 
tive positions and orientations of the printable semiconductor 
elements are selected to within less than or equal to about 5 
microns. In one embodiment providing good end to end reg 
istration of the semiconductor elements, each of said print 
able semiconductor elements extends a length and terminates 
in first and second ends. In this embodiment, the first ends of 
said printable semiconductor elements are positioned within 
5 microns of the first electrode and the second ends of said 
printable semiconductor elements are positioned within 5 
microns of said second electrode. In one embodiment, an 
array of electrical devices of the present invention comprises 
a plurality of printable semiconductors are provided in a 
configuration Such that they are substantially longitudinally 
oriented, are not in physical contact with each other (i.e. do 
not overlap), and are in electrical contact with first and second 
electrodes. In one embodiment, at least one physical dimen 
Sion, Such as average length, average width and/or average 
thickness, of the printable semiconductor elements in the 
array of electrical devices varies by less than about 10%, 
preferably less than about 5% for some applications. In this 
embodiment, the printable semiconductor elements in the 
array have selected physical dimensions, such as average 
lengths, average widths and/or average thickness, that do not 
vary significantly (i.e. less than about 10%) from each other. 
0027. In another aspect, the present invention provides a 
transistor having a printable semiconductor element. In one 
embodiment, a transistor of the present invention comprises a 
Source electrode, a printable semiconductor element, again 
electrode and a gate electrode. In this configuration, the 
Source electrode and gain electrode are both in electrical 
contact with, and separated by, the printable semiconductor 
element, and the gate electrode is separated from the printable 
semiconductor element by the dielectric. The printable semi 
conductor element may comprise a unitary crystalline inor 
ganic semiconductor structure having a thickness greater than 
or equal to about 50 nanometers, preferably for Some appli 
cations greater than or equal to 100 nanometers and ever more 
preferably for some applications greater than or equal to 200 
nanometers. The present invention also includes a transistor 
having a plurality of printable semiconductor elements in 
contact with source and drain electrodes. Use of a plurality of 
printable semiconductor elements in a single transistor may 
be beneficial in Some applications because it may reduce the 
overall positional accuracy tolerances for various device 
components such as, source, drain and gate electrodes and 
dielectrics in field effect transistors. The present invention 
also includes embodiments wherein the printable semicon 
ductor element is a stretchable semiconductor element. Use 
of one or more stretchable semiconductor elements in tran 
sistors of the present invention is beneficial because it pro 
vides good device performance and mechanical ruggedness 
in flexed, stretched or deformed device orientations. 
0028. In another embodiment, the present invention pro 
vides a high performance transistor Supported by and/or in 
physical contact with a plastic Substrate. Such as a polyimide, 
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polycarbonate or Mylar substrate. Transistors of this embodi 
ment of the present invention may have a printable semicon 
ductor element comprising a single crystalline inorganic 
semiconductor structure. Such as a silicon or germanium. 
Such device configurations exhibit good device performance 
characteristics, such as field effect mobilities, threshold volt 
ages, Switching frequencies and on-off ratios. In an exem 
plary embodiment, a thin film transistor on a plastic Substrate 
has a device field effect mobility comparable to the device 
field effect mobility of a transistor having a semiconductor 
element comprising a crystalline semiconductor fabricated 
by conventional high temperature processing methods, for 
example a device field effect mobility greater than or equal to 
300 cm V's', more preferably greater than or equal to 800 
cm V's'. In another embodiment, the present invention 
provides a Si-MOS transistor having a single crystalline sili 
con printable semiconductor element capable of high fre 
quency operation, Such as operation at frequencies up to 
about 280 MHZ. 

0029. In another embodiment, the present invention pro 
vides complementary metal-oxide semiconductor circuits 
comprising printable semiconductor elements. For example, 
printable semiconducting elements having lightly N (or P) 
type doped area between two highly P (or N) type doped area 
are used to form CMOS circuits. This capability is particu 
larly interesting for applications requiring low power con 
Sumptions, as CMOS technology has a much smaller power 
dissipation over NMOS technology. Moreover, the CMOS 
technology has no static power dissipation, so this technology 
is particularly well suited for battery operated electronic sys 
tems. Finally, circuits design using CMOS technology are 
usually more compact than any over semiconductor technol 
ogy, so more devices per Surface area can be integrated. 
0030. In one embodiment, the dielectric and the semicon 
ductor components of a transistor of this aspect of the present 
invention may comprise a unitary composite printable semi 
conductor element. Alternatively, the dielectric, gate elec 
trode and semiconductor element of a transistor of this aspect 
of the present invention may comprise a unitary composite 
printable semiconductor element. Use of a composite print 
able semiconductor element having integrated semiconduc 
tor and insulator structures is preferred for some applications 
because it may provide very high quality dielectric-semicon 
ductor interfaces in thin film transistors which exhibit very 
low leakage. In addition, use of a composite printable semi 
conductor element having integrated semiconductor and 
insulator structures also provides for efficient assembly of 
device components without the need for spin casting steps for 
integrating a dielectric layer in a thin film transistor. 
0031. In another embodiment, the present invention pro 
vides stretchable semiconductor elements capable of with 
standing significant strain without fracturing. Stretchable 
semiconductor conductor elements of the present invention 
may exhibit good electronic performance even when under 
going significant strain, such as Strain greater or equal about 
0.5%, preferably 1% and more preferably 2%. Stretchable 
semiconductor elements of the present invention preferred for 
Some applications are also flexible, and thus are capable of 
significant elongation, flexing, bending or deformation along 
one or more axes. Stretchable semiconductors that are flex 
ible may also exhibit good electronic performance when in 
flexed, expanded, contracted, bent and/or deformed States. 
Stretchable and flexible semiconductor elements of the 
present invention may be printable, and may comprise com 
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posite semiconductor elements having a semiconductor 
structure operationally connected to other device compo 
nents, such as dielectrics, electrodes and other semiconduc 
tors. The present invention includes a wide range of electronic 
and/or optoelectronic devices having stretchable and/or flex 
ible semiconductor elements, such as transistors, diodes, 
LEDS, OLEDS, laser, micro- and nano-electromechanical 
devices. 

0032. A stretchable semiconductor element of the present 
invention comprises a flexible Substrate having a Supporting 
Surface and a printable semiconductor structure having a 
curved internal Surface. In this embodiment, at least a portion 
of the curved internal surface of the semiconductor structure 
is bonded to the supporting surface of the flexible substrate. 
Exemplary semiconductor structures having curved internal 
Surfaces useful in present invention comprise bent semicon 
ductor structures. In the context of this description, a “bent 
semiconductor structure' refers to a semiconductor structure 
having a curved conformation resulting from the application 
of a force. Bent semiconductor structures may have one or 
more folded regions. Bent semiconductor structures may be 
present in a coiled conformation or in a wrinkled conforma 
tion. Semiconductor structures having curved internal Sur 
faces, such as bent semiconductor structures, may be bonded 
to a flexible substrate in a conformation that is under strain, 
such as a strain less than about 30%, a strain less than about 
10% or a strain less than 1%. 

0033 Curved internal surfaces of stretchable semiconduc 
tors of the present invention may have any contour profile 
providing stretchablility or flexibility including, but not lim 
ited to, contour profiles characterized by at least one convex 
region, at least on concave region or a combination of at least 
one convex region and at least one concave region. In an 
embodiment, the curved internal surface of a stretchable and/ 
or flexible semiconductor element has a contour profile char 
acterized by a substantially periodic wave or a substantially 
aperiodic wave. In the context of this description, periodic 
and aperiodic waves may be any two or three dimensional 
wave form including but not limited to, sine waves, square 
waves, Aries functions, Gaussian waves, Lorentzian waves, 
or any combination of these. For example, an stretchable and 
flexible semiconductor element of the present invention com 
prises a bent semiconductor ribbon having a curved internal 
surface with a contour profile characterized by a substantially 
periodic wave extending along the length of the ribbon. 
Stretchable and flexible semiconductor elements of this 
embodiment may be expandable or contractible along an axis 
extending along the length of the ribbon, and may be bend 
able or deformable along one or more other axes. 
0034. The contour profile of semiconductor structures in 
this embodiment of the present invention may change when 
mechanical stressed or when forces are applied to the semi 
conductor element. Therefore, the ability to change contour 
profile of exemplary semiconductor structures may provide 
for their ability to expand, contract, flex, deform and/or bend 
without experiencing significant mechanical damage, frac 
ture or a substantial reduction in electrical performance. The 
curved internal Surface of the semiconductor structure may be 
continuously bonded to the Supporting Surface (i.e. bound at 
Substantially all points along the curved internal Surface). 
Alternatively, the curved internal surface of the semiconduc 
tor structure may be discontinuously bonded to the Support 



US 2009/0294.803 A1 

ing Surface, wherein the curved internal Surface is bonded to 
the Supporting Surface at selected points along the curved 
internal Surface. 

0035. The present invention also includes stretchable elec 
tronic devices and/or device components comprising a com 
bination of a printable semiconductor structure and additional 
integrated device components, such as electrical contacts, 
electrodes, conducting layers, dielectric layers, and addi 
tional semiconductor layers (e.g. doped layers, P-N junctions 
etc.), all of which having curved internal Surfaces that are 
supported by supporting surfaces of a flexible substrate. The 
curved internal Surface configurations of the additional inte 
grated device components enable then to exhibit good elec 
tronic performance even when undergoing significant strain, 
Such as maintaining electrical conductivity or insulation with 
a semiconductor element while in a stretched or bent configu 
ration. Additional integrated device components in this aspect 
of the present invention may have a bent configuration, Such 
as a coiled or wrinkled configuration, as described above, and 
may be fabricated using techniques similar to those used to 
fabricate stretchable semiconductor elements. In one 
embodiment, for example, stretchable device components, 
including a stretchable semiconductor element, are fabricated 
independently and then interconnected. Alternatively, the 
semiconductor containing device may be fabricated in a pla 
nar configuration, and the resulting planar device is Subse 
quently processed to provide curved internal Surfaces to all or 
Some of the device components. 
0036 Printable semiconductor elements of the present 
invention may comprise heterogeneous semiconductor ele 
ments exhibiting enhanced properties, such as enhanced 
mechanical, electrical, magnetic and/or optical properties, 
useful in a variety of device environments and configurations. 
Heterogeneous semiconductor elements are multicomponent 
structures comprising a semiconductor in combination with 
one or more additives. In this context of this description, 
additives comprise elements, molecules and complexes, 
aggregates and particles thereof, that are different from the 
semiconductor in which they are combined. Such as additives 
having a different chemical compositions and/or physical 
states (e.g. crystalline, semicrystalline or amorphous states). 
Useful additives in this aspect of the invention include other 
semiconductor materials, N-type and P-type dopants such as 
arsenic, boron, and antimony, structural enhancers, dielectric 
materials and conducting materials. Heterogeneous semicon 
ductor elements of the present invention include structures 
having spatial homogeneous compositions, such as uni 
formly doped semiconductor structures, and include struc 
tures having spatial inhomogeneous compositions, such as 
semiconductor structures having dopants with concentrations 
that vary spatially in one, two or three dimensions (i.e. a 
spatially inhomogeneous dopant distribution in the semicon 
ductor element). 
0037. In another aspect, heterogeneous semiconductor 
elements comprise semiconductor structures having addi 
tional integrated functional device components, such as 
dielectric layers, electrodes, electrical contacts, doped con 
tact layers, P-N junctions, additional semiconductor layers, 
and integrated multilayer stacks for charge confinement. 
Additional integrated functional device components of this 
aspect of the present invention include both semiconductor 
containing structures and non-semiconductor-containing 
structures. In one embodiment, heterogeneous semiconduc 
tor elements comprise functional devices, such as transistors, 
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diodes or Solar cells, or multielement functional device com 
ponents that are capable of being effectively patterned, 
assembled and/or interconnected on a Substrate material. 

0038. Use of printable heterogeneous semiconductor ele 
ments provides certain advantages in the fabrication methods 
of the present invention. First, the “top down processing 
approach of the present methods allows virtually any type of 
semiconductor processing, such as spatially controlled dop 
ing, to be carried out in fabrication steps separate from Sub 
sequent fabrication steps of (i) defining the spatial dimen 
sions of the semiconductor elements and (ii) assembling the 
semiconductor elements on Substrates and into functional 
devices. Separation of semiconductor processing from 
devices and device component assembly and interconnection 
in the present methods allows processing of semiconductor 
materials to be carried out under a range of conditions useful 
for generating very high quality semiconductor containing 
materials, including single crystal semiconductors having 
doped regions with well defined concentrations and spatial 
dopant distributions, and integrated, semiconductor multi 
layer stacks exhibiting high purities. For example, separation 
of semiconductor processing and device component assem 
bly, allows for semiconductor processing at high tempera 
tures and under conditions of highly controlled levels of 
impurities. Second, use of heterogeneous semiconductor ele 
ments comprising a plurality of integrated device components 
and/or functional devices allows for efficient high throughput 
printing of functional devices and arrays thereof in a com 
mercially beneficial manner. For example, device fabrication 
methods of the present invention using heterogeneous semi 
conductor elements comprising a plurality of interconnected 
device components reduces the net number of fabrication 
steps and/or lowers the costs involved in manufacturing some 
devices. 

0039. In another aspect, the present invention provides 
methods of assembling, positioning, organizing, transferring, 
patterning and/or integrating printable semiconductor ele 
ments onto or into Substrates via a range of printing methods, 
including dry transfer contact printing or solution printing 
techniques. Printing methods of the present invention are 
capable of integrating one or more semiconductor elements 
onto or into a Substrate in a manner which does not substan 
tially affect their electrical properties and/or mechanical char 
acteristics. In addition, printing methods of the present inven 
tion are capable of assembling semiconductor elements onto 
or into selected regions of a Substrate and in selected spatial 
orientations. Further, printing methods of the present inven 
tion are capable of integrating semiconductor elements and 
other device components into and/or onto a Substrate in a 
manner providing high performing electronic and optoelec 
tronic devices by establishing good conductivity between 
selected device components, good insulation between 
selected device components and/or good spatial alignment 
and relative positioning between device components. 
0040. In one embodiment of the present invention, semi 
conductor elements are assembled onto a Substrate Surface by 
dry transfer contact printing methods. Such as Soft litho 
graphic microtransfer or nanotransfer methods. In one 
method, one or more printable semiconductor elements are 
contacted with a conformable transfer device having one or 
more contact surface(s). Contact established between the 
contact Surface(s) and the printable semiconductor element 
(S) binds or associates the semiconductor element(s) to the 
contact Surface(s). Optionally, conformal contact is estab 
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lished between the contact surface(s) and the printable semi 
conductor element(s) to facilitate binding or associate of 
these elements. At least a portion of the semiconductor ele 
ment(s) disposed on the contact Surface(s) is Subsequently 
contacted with a receiving surface of the substrate. Option 
ally, the conformable transfer device also establishes confor 
mal contact between the contact Surface(s) having the semi 
conductor element(s) disposed thereon and at least a portion 
of the receiving Surface. Separation of the contact Surface of 
the conformable transfer device and the semiconductor ele 
ment(s) transfers the semiconductor element(s) onto the 
receiving Surface, thereby assembling the semiconductor ele 
ment on the receiving Surface of the Substrate. In an embodi 
ment preferred for device fabrication applications, printable 
semiconductor elements are positioned and/or integrated 
onto the Substrate in selected regions and in selected spatial 
orientations. Optionally, the transfer process is repeated mul 
tiple times to provide patterning on large areas of a receiving 
surface of a substrate. In this embodiment, the transfer stamp 
having printable semiconductor elements is contacted with a 
different region of the receiving substrate for each successive 
patterning step. In this manner very large areas of a receiving 
Surface may be pattern with semiconductor elements derived 
from a single mother wafer. 
0041 An advantage of the use of dry transfer contact 
printing methods in the present invention is that patterns of 
printable semiconductors elements may be transferred and 
assembled onto Substrate surfaces in a manner preserving 
selected spatial orientations of semiconductor elements 
which define the pattern. This aspect of the present invention 
is particularly beneficial for applications wherein a plurality 
of printable semiconductor elements are fabricated in well 
defined positions and relative spatial orientations 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/o print 
able semiconductor containing functional devices including, 
but not limited to, transistors, optical waveguides, microelec 
tromechanical systems, nanoelectromechanical systems, 
laser diodes, or fully formed circuits. 
0042. In another embodiment, the present invention pro 
vides selective transfer and assembly methods wherein some, 
but not all, of the printable semiconductors provided are 
transferred and assembled onto or into a substrate. In this 
embodiment, the conformable transfer device is capable of 
binding selectively to specific printable semiconductor ele 
ments provided. For example, the conformable transfer 
device may have a selected three dimensional relief pattern on 
its external Surface having recessed regions and relief fea 
tures. In this embodiment, recessed regions and relief features 
may be positioned such that only selected printable semicon 
ductor elements are contacted by one or more contact Surfaces 
provided by the relief pattern, and subsequently transferred 
and assembled onto the substrate surface. Alternatively, the 
conformable transfer device may have a contact surface or 
plurality of contact Surfaces having a selected pattern of bind 
ing regions, such as chemically modified regions having 
hydroxyl groups extending from the contact Surface and/or 
regions having one or more adhesive surface coatings. In this 
embodiment, only those semiconductor elements that are 
contacted with the binding regions on the contact surface(s) 
are bound to the transfer device, and subsequently transferred 
and assembled onto the Substrate Surface. An advantage of 
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selective transfer and assembly methods of the present inven 
tion is that a first pattern of printable semiconductor elements 
characterized by a first set of positions and spatial orienta 
tions may be used to generate a second pattern of printable 
semiconductor elements different from the first pattern and 
characterized by a second set of positions and spatial orien 
tations, corresponding to a selected device configuration or 
array of device configurations. 
0043. An exemplary conformable transfer device of the 
present invention comprises a dry transfer stamp. Such as an 
elastomeric transfer stamp or composite, multi-layer pattern 
ing device. Conformable transfer devices useful for the 
present invention include patterning devices comprising a 
plurality of polymer layers as described in U.S. patent appli 
cation Ser. No. 1 1/115,954, entitled “Composite Patterning 
Devices for Soft Lithography', filed with the U.S. Patent and 
Trademark Office on Apr. 27, 2005, which is hereby incorpo 
rated by reference in its entirety. An exemplary patterning 
device useable in the methods of the present invention com 
prises a polymer layer having a lowYoung's Modulus, such as 
a poly(dimethylsiloxane) (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 beneficial 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 and/or 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. 
0044 Optionally, transfer devices of the present invention 
may further comprise a second layer having an external Sur 
face opposite an internal Surface, and having a high Young's 
modulus, such as high modulus polymer layer, ceramic layer, 
glass layer or metal layer. In this embodiment, the internal 
surface of the first polymer layer and the internal surface of 
the second high modulus layer are arranged Such that a force 
applied to the external Surface of the second high modulus 
layer is transmitted to the first polymer layer. Use of a high 
modulus second polymer layer (or backing layer) in transfer 
devices of the present invention is beneficial because it pro 
vides transfer devices having a net flexural rigidity large 
enough to provide goodbinding, transfer and assembly char 
acteristics. For example, use of a transfer device having a net 
flexural rigidity selected from the range of about 1x107 Nm 
to about 1x10 Nm minimizes distortions of the positions of 
semiconductor elements and/or other structures bound to the 
contact surface(s) upon establishing conformal contact with a 
Substrate Surface. Use of a high modulus, rigid backing layer 
also is beneficial for preventing degradation of the printable 
semiconductor elements during transfer, for example by pre 
vent cracking of the printable semiconductor layers. This 
attribute provides methods and devices of assembling print 
able semiconductor elements exhibiting high placement 
accuracy and good pattern fidelity. Transfer devices of the 
present invention may comprise additional layers, including 
polymer layers, for providing easy handling and mainte 
nance, good thermal properties and for providing uniform 
distribution of a force applied to the transfer device to the 
entire contact Surface(s), as taught in U.S. patent application 
Ser. No. 11/115,954, entitled “Composite Patterning Devices 
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for Soft Lithography, filed with the U.S. Patent and Trade 
mark Office on Apr. 27, 2005 which is incorporated by refer 
ence in its entirety herein. 
0045. In another approach, the principles of soft adhe 
sion are used to guide the transfer. Here, the viscoeleastic 
nature of the surface material on the transfer element leads to 
a peel force (i.e. the force that can lift objects from a surface) 
that depends on peel rate. At high peel rates, this force is large 
enough to remove objects from a Substrate and transfer them 
onto a transfer element, even when the static Surface energy of 
the transfer element is lower than that of the substrate. At low 
peel rates, this peel force is low. In some embodiments, by 
contacting a transfer element that Supports an array of objects 
against a final Substrate, and then peeling the element away 
slowly leads to the transfer of these objects from the transfer 
element to the substrate. This approach of the present inven 
tion using controlled peelingrates can be used in combination 
with the other transfer approaches described herein. 
0046 Transfer devices of the present invention may have a 
single continuous contact Surface or a plurality of discontinu 
ous contact Surfaces. The contact surface(s) of transfer 
devices of the present invention may be defined by a selected 
three-dimensional dimensional relief pattern having recessed 
regions and relief features having selected physical dimen 
sions. Contact surfaces useful in the present invention may be 
capable of binding printable semiconductor elements by van 
der Waals forces, covalent bonds, adhesive layers, chemically 
modified regions such as regions having hydroxyl groups 
disposed on their surfaces, dipole-dipole forces or combina 
tions of these. Transfer devices of the present invention may 
have contact surfaces having any area. 
0047. A number of methods may be used to facilitate 
transfer of printable semiconductor elements from a contact 
Surface into or onto a Substrate Surface. In an exemplary 
embodiment, the difference in surface energy of the substrate 
Surface and the contact surface promotes transfer to the Sub 
strate surface. For example, transfer may be effectively 
achieved from a contact surface comprised of a PDMS layer 
having a lower Surface energy to a Substrate surface having a 
higher surface energy, such as a polyimide, polycarbonate or 
Mylar Surface. In addition, a plastic Substrate surface may be 
softened or partially melted by heating prior to and/or during 
contact with printable semiconductor elements to be trans 
ferred, thereby generating semiconductor elements embed 
ded in the substrate. Allowing the substrate to cool and harden 
prior to separation of the contact Surface from the semicon 
ductor elements promotes efficient transfer. Alternatively, the 
Substrate Surface may have one or more chemical modified 
regions exhibiting an enhanced affinity of the substrate for the 
semiconductor elements. For example, modified regions may 
becovered by one or more adhesive layers or may be modified 
Such that they undergo efficient covalent bonding, attractive 
van der Waals forces, dipole-dipole forces or combinations of 
these with semiconductor elements to promote efficient trans 
fer and assembly. Alternatively, a partial polymerized poly 
mer precursor may be contacted with the semiconductor ele 
ments or other device components and, Subsequently 
polymerized, resulting in formation of a Substrate having 
semiconductor elements embedded therein. 
0048. In an exemplary embodiment, printable semicon 
ductor elements are fabricated having top surfaces coated 
with a thin release layer, such as a layer of photoresist used as 
a photomask patterned onto a Substrate during the definition 
and fabrication of the printable semiconductor elements. The 
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contact surface of a conformable transfer device is brought 
into conformal contact with the coated surfaces of the print 
able semiconductor element. The release layer facilitates 
bonding of the printable semiconductor elements to the con 
tact surface of the transfer device. Surfaces of the printable 
semiconductor elements not coated with the release layer are 
then contacted with a receiving surface of a substrate. Next, 
the release layer is removed, for example by exposure to an 
appropriate solvent such as acetone, thereby separating the 
printable semiconductor elements from conformable transfer 
device. Optionally, the receiving surface may be coated with 
one or more adhesive layers to facilitate transfer of the print 
able semiconductor elements. 

0049. In another embodiment of the present invention, 
printable semiconductor elements are assembled onto a Sub 
strate Surface by Solution printing. In the context of this 
description, the term “solution printing is intended to refer to 
processes whereby one or more structures, such as printable 
semiconductor elements, are dispersed into a carrier medium, 
Such as a carrier fluid or solvent, and delivered in a concerted 
manner to selected regions of a Substrate surface. In an exem 
plary solution printing method, delivery of structures to 
selected regions of a Substrate Surface is achieved by methods 
that are independent of the morphology and/or physical char 
acteristics of the Substrate Surface undergoing patterning. In 
another embodiment, printable semiconductor elements 
remain Suspended in a solvent until the solvent evaporates, or 
until an applied force. Such as an electrostatic force, magnetic 
force or force provided by an acoustic wave, pulls the print 
able semiconductor elements out of Solution and onto 
selected regions of the substrate. This functionality may be 
provided by selection of appropriate physical dimensions and 
masses of the printable semiconductor elements necessary to 
avoid premature sedimentation. In this way, the Solution 
printing methods of the present invention differ materially 
from some fluidic self assembly methods in which elements 
suspended in a carrier medium fall out of solution due to the 
force of gravity and statistically fall into recessed regions of a 
substrate. 

0050. A method of assembling a printable semiconductor 
element on a receiving Surface of a Substrate of the present 
invention comprises the step dispersing a printable semicon 
ductor element in a carrier medium, thereby generating a 
Suspension comprising the semiconductor element in the car 
rier medium. The semiconductor element is delivered to the 
Substrate by solution printing the Suspension onto the receiv 
ing Surface, thereby assembling the semiconductor element 
onto said receiving Surface. In this embodiment, Solution 
printing may be provided by a number of techniques known in 
the art including, but not limited to, inkjet printing, thermal 
transfer printing, and Screen printing. Solution printing meth 
ods of the present invention may also employ self assembly 
alignment techniques. In one embodiment, for example, 
alignment, positioning and registration of printable semicon 
ductor elements having patterned hydrophobic and hydro 
philic groups are aligned on a receiving Surface having com 
plimentary patterned hydrophobic regions (such as methyl 
terminated Surface groups) and hydrophilic regions (such as 
carboxylic acid terminated Surface groups). Solution printing 
methods of the present invention may also employ capillary 
action of drops containing dispersed printable semiconductor 
elements to achieve alignment, positioning and registration. 
0051 Optionally, a number of methods may be used in the 
present invention to control the orientation, alignment and 
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selective deposition of semiconductor elements and/or other 
device components on the Substrate Surface. These methods 
enable fabrication of complex integrated electronic and opto 
electronic devices comprising a plurality of interconnected 
device components having precisely specified relative posi 
tions and spatial orientations. For example, electrostatic 
forces, acoustic waves and/or magnetostatic forces may be 
employed to facilitate positioning semiconductor elements 
and other device components in specific locations and in 
selected spatial orientations on a Substrate Surface. Alterna 
tively, the properties and/or composition of the Substrate Sur 
face itself may be modified in selected regions to achieve 
accurate placement of semiconductor elements and other 
device components. For example, selected regions of the 
substrate surface may be chemically modified such that they 
exhibit a selective affinity for semiconductor elements. In 
addition, the electrical properties of the substrate surface may 
be modified, for example by formation of potential holes in 
specific Surface regions, to facilitate selective integration, 
orientation and alignment of printable semiconductor ele 
ments and other device components. 
0052 Printing methods of the present invention have a 
number of advantages important for the fabrication of high 
performance electronic and/or optoelectronic devices. First, 
printing methods of the present invention are capable of trans 
ferring and assembling inorganic single crystalline semicon 
ductor structures without exposing these structures to 
mechanical strain large enough to induce significant damage 
or degradation, Such as damage from cracking. Second, print 
ing methods of the present invention are capable of position 
ing one or more semiconductor elements on selected regions 
ofa Substrate Surface in selected orientations with good place 
ment accuracy (i.e. good spatial registration with respect to a 
selected region of a receiving Surface), preferably with spatial 
deviations from absolutely correctorientations and locations 
on a Substrate less than or equal to 5 microns. Third, printing 
methods of the present invention are capable of generating 
patterns comprising a plurality of semiconductor elements, 
other device elements, integrated function devices or any 
combination of these having good fidelity with respect to a 
selected spatial configuration, Such as a spatial configuration 
corresponding to a functional device or array of devices. 
Fourth, printing methods of the present invention may be 
carried out at relatively low temperatures (i.e. temperatures 
less than about 400 Celsius), and therefore are compatible 
with a wide range of Substrates, particularly plastic Sub 
strates. Finally, printing methods of the present invention 
provide a low cost means of fabricating high performance 
electronic and/or optoelectronic devices, and do not require 
clean room conditions. 

0053. The present compositions and related methods of 
assembling, positioning, organizing, transferring, patterning 
and/or integrating printable semiconductor elements onto or 
into substrates may be used to fabricate virtually any structure 
comprising one or more semiconductor elements. These 
methods are particularly useful for fabricating complex inte 
grated electronic or optoelectronic devices or device arrays, 
Such as arrays of diodes, light emitting diodes, Solar cells, 
transistors (FET and bipolar), and thin film transistors. The 
present compositions and related methods are also useful for 
fabrication of systems level integrated electrical circuits. Such 
as complementary logic circuits, wherein printable semicon 
ductor elements are printed onto a substrate in well defined 
spatial orientations and interconnected to form a desired cir 
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cuit design. In one embodiment of this aspect of the invention, 
printable N-type and P-type heterogeneous semiconductor 
elements with selected dopant concentrations and dopant spa 
tial distributions are assembled and interconnected to fabri 
cate complex integrated circuits. In another embodiment, a 
plurality of printable semiconductor elements comprising 
different semiconductor materials are printed onto the same 
Substrate and interconnected to fabricate complex integrated 
circuits. 

0054 The assembly methods of the present invention, 
however, are not limited to semiconductors. Rather these 
methods are broadly compatible with a wide range of mate 
rials that are not semiconductors. Materials that may be trans 
ferred and/or assembled by the methods of the present inven 
tion include, but are not limited to, insulating materials such 
as SiO, connecting materials such as conductors, optical 
elements such as active optical materials, passive optical 
materials and fiber optic elements, materials for sensing 
applications and magnetic materials. Accordingly, the present 
methods, devices and device components may be used to 
fabricate a wide range of microsized and/or nanosized struc 
tures and assemblies of structures, such as microfluidic 
devices and structures, NEMS devices and arrays of NEMS 
devices and MEMS devices and arrays of MEMS devices. 
Particularly, the transfer and assembly methods of the present 
invention may be used to generate complex three-dimen 
sional structures, such as integrated circuits, by sequential 
overlay of a plurality of printing levels. 
0055. The present compositions, and related fabrication, 
assembly and interconnection methods are useful for fabri 
cating devices, particularly semiconductor based devices, on 
large areas of a wide range of Substrates. A benefit of the 
present methods is that they are compatible with device 
assembly attemperatures that are compatible with most flex 
ible Substrates, including polymer materials such as thermo 
plastic materials, thermoset materials, reinforced polymer 
materials and composite polymer materials. However, the 
present methods are equally applicable to device fabrication 
on rigid and/or brittle Substrates including ceramic materials, 
glasses, dielectric materials, conductors, metals and semicon 
ductor materials. The applicability of these methods to device 
fabrication on brittle materials arises from the very low force 
imparted to Substrates using the printing methods of the 
present invention. The present compositions and fabrication 
methods are also compatible with device fabrication on more 
unusual Substrate materials. Such as paper, wood and rubber, 
and contoured Substrates, including curved Substrates, curved 
rigid Substrates, concave Substrates, and convex substrates. 
For example, the present methods are capable of assembling 
and integrating printable semiconductor elements and other 
device components (e.g. electrodes, dielectric layers, P-N 
junctions etc.) on Substrates, including rigid and flexible Sub 
strates, having a radius of curvature ranging from about 10 
microns to about 10 meters. 

0056. In another aspect, the present fabrication methods 
are capable of heterogeneous integration of printable semi 
conductor elements into functional Substrates. For example, 
the printing methods of the present invention are capable of 
depositing and integrating printable semiconductor elements 
into Substrates having well defined semiconductor regions, 
conducting regions and/or insulating regions. An advantage 
of the present fabrication methods is that printable semicon 
ductor elements can be printed onto functional Substrates, 
Such as integrated circuits or components of integrated cir 
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cuits, in selected orientations and positions with high place 
ment accuracy, particularly in the context of dry transfer 
contact printing methods of the present invention. 
0057 Printable semiconductor elements of the present 
invention may be fabricated from a wide range of materials. 
Useful precursor materials for fabricating printable semicon 
ductor elements include semiconductor wafer sources, 
including bulk semiconductor wafers such as single crystal 
line silicon wafers, polycrystalline silicon wafers, germa 
nium wafers; ultra thin semiconductor wafers such as ultra 
thin silicon wafers; doped semiconductor wafers such as 
P-type 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-SiO, SiGe); and 
semiconductor on Substrate wafers such as silicon on Sub 
strate wafers and silicon on insulator. Further, printable semi 
conductor elements of the present invention may be fabri 
cated from Scrape or unused high quality or reprocessed 
semiconductor materials that are left over from semiconduc 
tor device processing using conventional methods. In addi 
tion, printable semiconductor elements of the present inven 
tion 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 sacrificial layer or Substrate (e.g. 
SiN or SiO) and subsequently annealed. 
0058. The present invention also includes methods of 
making printable semiconductor elements and flexible semi 
conductor elements. These methods enable fabrication of 
printable semiconductor elements and flexible semiconduc 
tor elements from a wide range of precursor materials, such as 
silicon on insulator wafers, single crystalline silicon wafers, 
thin films of polycrystalline crystalline silicon, ultra thin sili 
con wafers and germanium wafers. In addition, these meth 
ods are capable of generating printable semiconductor ele 
ments having a wide range of shapes and physical 
dimensions. Further, the present methods enable low cost 
fabrication of large arrayS/patterns of printable semiconduc 
tor elements in well defined, relative spatial orientations. 
0059. In another aspect, the present invention provides a 
method for assembling a printable semiconductor element on 
a receiving Surface of a Substrate comprising the steps of: (1) 
providing the printable semiconductor element comprising a 
unitary inorganic semiconductor structure; (2) contacting the 
printable semiconductor element with a conformable transfer 
device having a contact surface, wherein contact between the 
contact Surface and the printable semiconductor element 
binds or associates the printable semiconductor element to 
the contact Surface, thereby forming the contact Surface hav 
ing the printable semiconductor element disposed thereon; 
(3) contacting the printable semiconductor element disposed 
on the contact surface with the receiving surface of the sub 
strate; and (4) separating the contact Surface of the conform 
able transfer device and the printable semiconductor element, 
wherein the printable semiconductor element is transferred 
onto the receiving Surface, thereby assembling the printable 
semiconductor element on the receiving Surface of the Sub 
strate. In one embodiment, this method of the present inven 
tion further comprises the steps of: (1) providing additional 
printable semiconductor elements each of which comprising 
a unitary inorganic semiconductor structure; (2) contacting 
the printable semiconductor elements with a conformable 
transfer device having a contact Surface, wherein contact 
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between the contact surface and the printable semiconductor 
element binds or associates the printable semiconductor ele 
ments to the contact Surface and generates the contact Surface 
having the printable semiconductor elements disposed 
thereon in relative orientations comprising a selected pattern 
of the printable semiconductor elements; (3) contacting the 
printable semiconductor elements disposed on the contact 
surface with the receiving surface of the substrate; and (4) 
separating the contact Surface of the conformable transfer 
device and the printable semiconductor elements, wherein the 
printable semiconductor elements are transferred onto the 
receiving Surface in the relative orientations comprising the 
selected pattern. 
0060. In another aspect, the present invention provides a 
method for assembling a printable semiconductor element on 
a receiving Surface of a Substrate comprising the steps of: (1) 
providing the printable semiconductor element comprising a 
unitary inorganic semiconductor structure, wherein the print 
able semiconductor element has at least one cross sectional 
dimension greater than or equal to about 500 nanometers; (2) 
dispersing the semiconductor element in a solvent, thereby 
generating a suspension comprising the semiconductor ele 
ment in the solvent; and (3) delivering the semiconductor 
element to the Substrate by solution printing the Suspension 
onto the receiving Surface thereby assembling the semicon 
ductor element onto the receiving Surface. In one embodi 
ment, this method of the present invention further comprises 
the steps: (1) providing additional printable semiconductor 
elements, wherein each of the additional printable semicon 
ductor elements has at least one cross sectional dimension 
greater than or equal to about 500 nanometers; (2) dispersing 
the semiconductor elements in the solvent, thereby generat 
ing a suspension comprising the semiconductor elements in 
the solvent; and (3) delivering the semiconductor elements to 
the Substrate by solution printing the Suspension onto the 
receiving Surface, thereby assembling the semiconductor ele 
ments onto the receiving Surface. 
0061. In another aspect, the present invention provides a 
method of fabricating a printable semiconductor element 
comprising the steps of: (1) providing a wafer having an 
external Surface, the wafer comprising a semiconductor; (2) 
masking a selected region of the external Surface by applying 
a mask; (3) etching (optionally anisotropically etching) the 
external surface of the wafer, thereby generating a relief 
structure on the wafer and at least one exposed surface of the 
wafer, wherein the relief structure has a masked side and one 
or more unmasked sides; (4) applying a mask to at least a 
portion of the unmasked sides of the relief structure; (5) at 
least partially etching the exposed Surfaces of the wafer, 
thereby releasing a portion of the relief structure from the 
wafer and fabricating the printable semiconductor element. In 
this embodiment, mask may be applied to the unmasked sides 
of the relief structure by angled deposition methods, such as 
sputtering or vapor deposition, or by flowing a portion of the 
mask on the external Surface onto the unmasked sides 

0062. In another aspect, the present invention provides a 
method of fabricating a printable semiconductor element 
comprising the steps of: (1) providing a wafer having an 
external Surface, the wafer comprising a semiconductor; (2) 
masking selected regions of the external Surface by applying 
a first mask; (3) etching (optionally anisotropically etching) 
the external Surface of the wafer, thereby generating a plural 
ity of relief structures; (4) annealing the wafer, thereby gen 
erating an annealed external Surface; (5) masking selected 
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regions of the annealed external Surface by applying a second 
mask; and (6) etching (optionally anisotropically etching) the 
annealed external Surface, thereby generating the semicon 
ductor element. 
0063. In another aspect, the present invention provides a 
method of fabricating a printable semiconductor element 
comprising the steps of: (1) providing an ultra thin wafer 
having an external Surface, the wafer comprising a semicon 
ductor and having a selected thickness along an axis orthogo 
nal to the external Surface; (2) masking selected regions of the 
external Surface by applying a mask; (3) etching (optionally 
anisotropically etching) the external Surface of the wafer, 
wherein the wafer is etched throughout the thickness along 
the axis orthogonal to the external Surface, thereby generating 
the printable semiconductor element. 
0064. In another embodiment, the present invention pro 
vides a method for making a flexible semiconductor element 
comprising the steps of: (1) providing a printable semicon 
ductor structure having an internal Surface; (2) providing a 
prestrained elastic Substrate in an expanded State, wherein the 
elastic Substrate has an external Surface; and (3) bonding the 
internal surface of the printable semiconductor structure to 
the external surface of the prestrained elastic substrate in an 
expanded State; and allowing the elastic Substrate to relax at 
least partially to a relaxed state, wherein relaxation of the 
elastic substrate bends the internal surface of the printable 
semiconductor structure thereby generating a semiconductor 
element having a curved internal Surface. In an exemplary 
embodiment, the prestrained elastic Substrate is expanded 
along a first axis, a second axis orthogonal to the first axis or 
both. The prestrained elastic substrate in an expanded state 
may be formed by bending the elastic substrate or rolling the 
elastic substrate. Optionally, the method of this aspect of the 
present invention may further comprise the step of transfer 
ring the semiconductor having a curved internal Surface to a 
receiving substrate that is flexible. 
0065. In another embodiment, the present invention pro 
vides a method for fabricating a printable semiconductor 
element connected to a mother wafer via one or more align 
ment maintaining elements comprising the steps of: (1) pro 
viding the mother wafer having an external Surface, the wafer 
comprising an inorganic semiconductor material; (2) mask 
ing a selected region of the external Surface by applying a 
mask; (3) etching the external surface of the wafer, thereby 
generating a relief structure and at least one exposed Surface 
of the wafer, wherein the relief structure has a masked side 
and one or more unmasked sides; (4) etching the exposed 
Surfaces of the wafer, and (5) stopping etching of the exposed 
structure so that complete release of the relief structure is 
prevented, thereby fabricating the printable semiconductor 
element connected to a mother wafer via one or more align 
ment maintaining elements. In one embodiment of this 
method the printable semiconductor element has a peanut 
shape with a first end and a second end, wherein the alignment 
maintaining elements connect the first and second ends of the 
printable semiconductor element to the mother wafer. In 
another embodiment of this method the printable semicon 
ductor element has a ribbon shape with a first end and a 
second end, wherein the alignment maintaining elements 
connect the first and second ends of the printable semicon 
ductor element to the mother wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0066 FIG. 1 schematically illustrates an exemplary 
method of the present invention for producing and assem 
bling printable semiconductor elements comprising ribbons 
of single crystalline silicon. 
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0067 FIG. 2 provides a schematic diagram illustrating a 
selective dry transfer contact printing method for assembling 
printable semiconductor element on a receiving Surface of a 
substrate. 
0068 FIGS. 3A-C, are schematic diagrams showing 
devices, device configurations and device components useful 
in selective dry transfer contact printing methods of the 
present invention. FIG. 3D provides a photograph of an array 
of photodiodes printed onto a spherical Surface of a polycar 
bonate lens (FL 100 mm). FIG.3E provides a scanning elec 
tron micrograph of an array of photodiodes printed onto the 
curved surface of a spherical glass lens (FL 1000 mm). Con 
trast in the image provided in FIG.3E is slightly enhanced to 
show p-doped regions. FIG. 3F provides a plot of electric 
current (LA) verse bias potential (volts) illustrating the light 
response of the photodiodes pictured in FIG. 3E. 
0069 FIGS. 4A1 and 4A2 show a preferred shape of a 
printable semiconductor element for assembly methods of the 
present invention using dry transfer contact printing. FIG. 
4A1 provides a perspective view and FIG. 4A2 provides a top 
plan view. FIGS. 4B1 and 4B2 show a preferred shape of a 
printable semiconductor element for assembly methods of the 
present invention using dry transfer contact printing. FIG. 
4B1 provides a perspective view and FIG. 4B2 provides a top 
plan view. 
0070 FIGS. 5A-C presents optical and scanning electron 
micrographs of a range of printable semiconductor elements 
comprising microstrips of single crystalline silicon having 
selected physical dimensions 
0071 FIG. 6 presents an image of transferred printable 
semiconductor elements comprising single crystalline silicon 
microstrips on a PDMS coated polyimide sheet. 
0072 FIG. 7 presents an optical micrograph image of a 
thin film transistor having a printable semiconductor element. 
0073 FIG. 8 provides a plot showing current-voltage (IV) 
characteristics of a device made on a pre-oxidized Si wafer. 
0074 FIG. 9 provides a plot showing transfer characteris 
tics measured at V, 0.1 V of a device made on a Mylar sheet 
coated with ITO gate and polymer dielectric. 
0075 FIGS. 10 A-H provide a schematic diagrams illus 
trating a method of the present invention for making an array 
of thin film transistors having composite printable semicon 
ductor elements. 
0076 FIGS. 11A-D provide diagrams illustrating a 
method of the present invention for making a printable device 
comprising integrated gate electrode, gate dielectric, semi 
conductor, Source electrode and drain electrode. 
0077 FIG. 12 provides an atomic force micrograph show 
ing a stretchable printable semiconductor element of the 
present invention. 
0078 FIG. 13 shows an atomic force micrograph provid 
ing an expanded view of a semiconductor structure having 
curved internal Surface. 

007.9 FIG. 14 shows an atomic force micrograph of an 
array of stretchable printable semiconductor elements of the 
present invention. 
0080 FIG. 15 shows optical micrographs of stretchable 
printable semiconductor elements of the present invention. 
I0081 FIG. 16 shows an atomic force micrograph of a 
stretchable printable semiconductor element of the present 
invention having a semiconductor structure bonded to a flex 
ible substrate having a three dimensional relief pattern on its 
Supporting Surface. 
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0082 FIG. 17 shows a flow diagram illustrating an exem 
plary method of making a stretchable semiconductor element 
of the present invention. 
0083 FIG. 18A shows an exemplary method of making 
printable semiconductor elements from a Si Ge epi sub 
Strate. 

0084 FIG. 18B shows an exemplary method for fabricat 
ing printable semiconductor elements from a bulk silicon 
Substrate, preferably a single crystalline silicon Substrate. 
I0085 FIG. 18C shows another exemplary method of fab 
ricating printable semiconductor elements from a bulk silicon 
Substrate, preferably a single crystalline silicon Substrate. 
I0086 FIG. 18D shows yet another exemplary method of 
fabricating printable semiconductor elements from a bulk 
silicon Substrate, preferably a single crystalline silicon Sub 
Strate. 

0087 FIG.18E shows an exemplary method of fabricating 
printable semiconductor elements from an ultra thin silicon 
substrate. 
0088 FIG. 18F shows an exemplary method for making 
printable semiconductor elements from a thin film of poly 
crystalline silicon on a Supporting Substrate. 
0089 FIG. 18G shows an exemplary method for making 
printable semiconductor elements from a thin film of poly 
crystalline silicon on a SiO, Substrate. 
0090 FIGS. 18H(1) and 18H(2) illustrate a method for 
making single crystalline semiconductor thin films using 
printable semiconductor elements of the present invention. 
0091 FIG. 18I shows an exemplary method of fabricating 
printable semiconductor elements comprising micro-wires 
from GaAs substrate. 
0092 FIG. 18J shows an alternative method for fabricat 
ing printable semiconductor elements comprising single 
crystalline silicon ribbons. 
0093 FIG. 18K shows an alternative method for fabricat 
ing printable semiconductor elements comprising single 
crystalline silicon ribbons. 
0094 FIG. 19 provides a schematic diagram illustrating 
the steps of an exemplary method of generating and transfer 
ring nanowire arrays of GaAs to a Substrate. Such as plastic 
substrate comprising poly(ethylene terephthalate) (PET) 
sheet coated with a thin layer of cured polyurethane (PU). 
0095 FIG. 20A provides a scanning electron micrograph 
of free-standing GaAs wires obtained from GaAs wafer pat 
terned with isolated SiO lines. FIGS. 20B-E show scanning 
electron micrograph images of individual wires obtained by 
etching the GaAs wafer patterned with 2 um wide SiO lines. 
FIG. 20F provides a plot showing the dependence of the 
average width, was of the top surfaces of wires fabricated 
by the present methods on etching time. 
0096 FIGS. 21 A-G shows images of a variety of GaAs 
wire arrays printed on PDMS and PU/PET substrates. 
0097 FIGS. 22A-C shows scanning electron micrograph 
images of an InP wire array on PMDS and PU/PET sub 
Strates. 

0098 FIG. 23A provides a schematic diagram and image 
of an exemplary two terminal diode device comprising GaAs 
wire arrays. FIG. 23B shows the current-voltage (I-V) curves 
recorded for the two terminal diode device at different bend 
radii indicating that the two terminal diode device comprising 
GaAs wire arrays exhibited expected diode characteristics. 
FIG. 23C shows the current-voltage (I-V) curves measured 
for the two terminal diode device after relaxation after bend 
ing at different bend radii. 
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0099 FIG.24 provides a schematic diagram illustrating an 
exemplary method of the present invention for solution print 
ing printable semiconductor elements having handle ele 
ments comprising magnetic tags. 
0100 FIG.25 provides several optical images demonstrat 
ing the use of solution printing methods of the present inven 
tion to generate well order arrays of microstructures having 
handle elements comprising thin nickel layers. 
0101 FIG. 26A illustrates the steps used to fabricate 
exemplary bendable thin film transistors devices of the 
present invention. FIG. 26B presents a schematic illustration 
of the bottom gate device configuration of the thin film tran 
sistor together with high and low magnification optical 
images of part of the device array. 
0102 FIG. 27A presents current voltage characteristics of 
a bendable thin film transistor of the present invention that 
shows an effective device mobility of 140 cm/Vs in the 
saturation regime and 260 cm/Vs in the linear regime, as 
evaluated by application of standard field effect transistor 
models that ignore the effects of contacts. FIG. 27B presents 
transfer characteristics of several devices, plotted on linear 
(left axis) and logarithmic (right axis) scales. FIG. 27C shows 
the distribution of the linear effective mobilities of several 
bendable thin film transistors fabricate by the present meth 
ods. 
0103 FIG. 28A presents a high-resolution scanning elec 
tron micrograph of solution cast ribbons (left inset) illustrat 
ing the remarkable flexibility of the printable single crystal 
silicon semiconductor elements. The right inset in FIG. 28 
shows a picture of the experimental setup used to bend the 
bendable thin film transistors evaluated in this study. FIG. 
28B shows the small (~<1%) linear variation of the epoxy 
dielectric capacitance when Subject to tensile and compres 
sive strains (see top inset). The lower inset in FIG. 28B 
presents the variation of the saturation current of a device 
measured for a gate and drain bias Voltages of both 4 V. 
0104 FIG. 29A presents a schematic representation of a 
fabrication process for generating transistors comprising 
printable heterogeneous semiconductor elements on a PET 
substrate. FIG. 29B shows optical images of several devices 
having heterogeneous printable semiconductor elements fab 
ricated using the present techniques. 
0105 FIG.30A shows a plot of the normalized resistance, 
R.W. as a function of L. for an arrangement of printable 
heterogeneous semiconductor elements and contact pads 
used to characterize the contact resistances (see inset). FIG. 
30B shows Time-of-Flight Secondary Ion Mass Spectros 
copy (TOF-SIMS) measurements that show the use of pat 
terned SOG as a diffusion barrier (See, Schematic in FIG. 
29A) localizes the dopants to desired regions in the silicon. In 
the image shown in FIG. 30B, the bright red color indicates 
high phosphorous concentration. 
0106 FIGS. 31A-D shows measurements corresponding 
to transistors comprising printable contact doped silicon 
semiconductor elements on an epoxy/ITO/PET substrate. 
FIG.31A provides typical current-voltage characteristics of a 
single crystal silicon transistor with doped contacts on a PET 
substrate, with L=7 microns and W=200 microns. From the 
bottom to top, V varies from -2V to 6V. FIG. 31 B provides 
transfer curves (V-0.1 V) of devices with channel lengths, 
from top to bottom, of 97 microns, 72 microns, 47 microns, 22 
microns, 7 microns, and 2 microns. The channel width in each 
case is 200 microns. FIG. 31C shows the width-normalized 
resistance of devices in the ON state (RW) as a function of 
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channel length L at different gate Voltages. The solid lines 
represent linear fits. The Scaling is consistent with contacts 
that have negligible influence on device performance for this 
range of channel lengths. the inset in FIG. 31C shows the 
sheet conductance A(RW)/ALI', determined from the 
reciprocal of the slopes of the linear fitting in FIG. 31C, as a 
function of gate voltage. FIG. 31D shows effective mobility, 
evaluated in the linear regime, as a function of channel length 
for the devices with undoped (triangle) and doped (square) 
COntactS. 

0107 FIG. 32A shows the change of the effective device 
mobility, normalized by the value in the unbent state, Llor, as 
a function of strain (or bending radius). FIG. 32B presents 
normalized effective mobilities u?uo, after several hundred 
bending cycles (to a radius of 9.2 mm) that cause compressive 
strain at the device to vary between 0 and 0.98%. 
0108 FIG.33 shows an example of a composite semicon 
ductor structure fabricated using a heterogeneous integration 
method of the present invention comprising gallium nitride 
microstructures direct-bonded onto a silicon wafer (100). 
0109 FIG. 34A provides a process flow diagram sche 
matically illustrating processing steps in a fabrication path 
way for making a solar cell comprising a printable P-N junc 
tion. 34B shows a schematic diagram of a solar cell device 
configuration generated by the fabrication pathway illus 
trated in FIG.34A. FIG.34C shows the photodiode response 
observed upon illumination of a solar cell device having the 
configuration shown in FIG. 34B. 
0110 FIG. 35A provides a process flow diagram sche 
matically illustrating processing steps in an alternative fabri 
cation pathway for making a solar cell comprising printable P 
and N doped semiconductor layers. FIG. 35B shows a sche 
matic diagram of a Solar cell device generated using the 
fabrication pathway illustrated in FIG. 35A. FIG.35C shows 
a SEM image of a top view of the solar cell schematically 
depicted in FIG. 35B. FIG. 35.D provides a plot of current 
verse bias demonstrating the photodiode response of the Solar 
cell shown in FIG.35C. FIG.35E shows plots of current verse 
bias corresponding to several different illumination intensi 
ties demonstrating the photodiode response of the Solar cell 
shown in FIG. 35C. 
0111 FIG. 36A shows a process flow diagram illustrating 
an exemplary method of making an array of stretchable thin 
film transistors. FIG. 36B shows provides optical micro 
graphs of an array of stretchable thin film transistors in 
relaxed and stretched configurations. 
0112 FIG. 37A provides a schematic diagram showing a 
processing method of the present invention (Method I) for 
patterning us-Si elements onto a plastic substrate. FIG. 37B 
provides a schematic diagram illustrating an alternative pro 
cessing method of the present invention (Method II) for pat 
terning us-Si elements onto a plastic Substrate. 
0113 FIG. 38A shows the design of the so-called peanut 
shapedus-Siobjects used in methods of the present invention. 
Inset optical image in FIG. 38A shows the optimized HF 
etching condition where the buried oxide under the channel is 
removed while a sacrificial SiO2 portion remains. FIG. 38B 
shows an example of lost of this order when the Siobjects are 
overetched in HF solution. FIGS. 38C, 38D, 38E and 38F 
shows a series of micrographs that depicts the progression of 
each step of the us-Si transfer as effected using Method I. 
0114 FIGS. 39A and 39B provide optical images of the 
selective transfer of the us-Si onto PU/PET sheet by 3600 
PDMS stamp. FIG. 39C is an optical micrograph of a section 
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of a Sylgard 184 coated PET substrate to which the us-Sihas 
been chemically bonded and subsequently transferred. A 
higher magnification image of the us-Si transferred in this 
way is shown in FIG. 39D. 
0115 FIG. 40A illustrates an exemplary device geometry 
of a device fabricated using the peanut shaped LS-Si based on 
a transfer using Method I. FIG. 40B provides I-V curves of 
us-Si TFTs at a range of gate voltage (Vg-2.5 V to 20 V). 
FIG. 40C shows the transfer characteristics, measured at a 
constant source-drain voltage (Vsd=1V), indicated the effec 
tive mobility was 173 cm/Vs. The inset in FIG.40C shows an 
optical micrograph of actual device of the present invention. 
0116 FIG. 41 provides a schematic process flow diagram 
depicting steps involved in the process for fabricating LS 
GaAs MESFETs on a poly(ethylene terephthalate) (PET) 
Substrate. Anisotropic chemical etching produces wires from 
a standard (100) GaAs wafer. A printing technique that uses 
an elastomeric stamp transfers these wires from the wafer to 
the plastic device Substrate in a manner that preserves spatial 
organization (i.e. ordered arrays). PR denotes photoresist. 
0117 FIG. 42A presents a schematic showing a cross sec 
tion view of the geometry of a GaAs wire based MESFET on 
a plastic substrate (PU/PET). The source/drain electrodes 
form ohmic contacts to the n-GaAs layer. FIG. 42B shows a 
representative image of two GaAs wire based MESFETs on 
plastic each of which uses an array often GaAs wires, fabri 
cated according to the process flow diagram of FIG. 41. FIG. 
42C shows the image of a 2 cmx2 cm PET sheet with hun 
dreds of transistors, clearly demonstrating its flexibility. 
0118 FIGS. 43A, 43B and 43C present results from a 
GaAs MESFET with a channel length of 50 um, a gate length 
of 15 um, similar to the one shown in FIG. 42B. FIG. 43A 
shows the current-Voltage (between drain and source elec 
trodes) curves at gate voltages between 0.5 to -2.0 V with 
steps of 0.5 V. FIG. 43B shows the transfer characteristics 
(i.e., Is vs. Vs) of a GaAs MESFET of the present invention 
measured at differentVs. FIG. 43C shows the transfer curve 
at V,s 4 V, plotted as (I,s)' vs. Vos, clearly showing a 
linear relationship as expected for a MESFET. 
0119 FIGS. 44A and 44B show gate-modulated current 
voltage characteristics of a GaAs wire based MESFET on a 
flexible PET substrate (A) before bending; (B) after bending 
to a bend radius of 8.4 mm. FIG. 44C shows the gate-modu 
lated current-voltage characteristics of the GaAs wire based 
MESFET after relaxing the bent substrate to its flat, unbent 
state. FIG. 44D shows the variation of Is at V-4 V and 
V-0 V in 3 cycles in terms of bending (with different 
surface strains)/unbending, indicating that these MESFETs 
Survive multiple bending cycles that cause the tensile strain at 
the device to vary between 0% and 1.2%, without significant 
change of their performance (<20%). 
I0120 FIG.45 provides a schematic diagram illustrating an 
exemplary device configuration of the present invention for a 
Ptype bottom gate thin film transistor on a plastic Substrate. 
I0121 FIG. 46 provides a schematic diagram illustrating an 
exemplary device configuration of the present invention for a 
complementary logic gate on a plastic Substrate. 
0.122 FIG. 47 provides a schematic diagram illustrating an 
exemplary device configuration of the present invention for a 
top gate thin film transistor on a plastic Substrate. 

DETAILED DESCRIPTION OF THE INVENTION 

I0123 Referring to the drawings, like numerals indicate 
like elements and the same number appearing in more than 
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one drawing refers to the same element. In addition, herein 
after, the following definitions apply: 
“Printable' relates to materials, structures, device compo 
nents and/or integrated functional devices that are capable of 
transfer, assembly, patterning, organizing and/or integrating 
onto or into substrates without exposure of the substrate to 
high temperatures (i.e. at temperatures less than or equal to 
about 400 degrees Celsius). In one embodiment of the present 
invention, printable materials, elements, device components 
and devices are capable of transfer, assembly, patterning, 
organizing and/or integrating onto or into Substrates via solu 
tion printing or dry transfer contact printing. 
“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 semiconduc 
tor elements of the present invention are unitary single crys 
talline, polycrystalline or microcrystalline inorganic semi 
conductor structures. 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 Pand 
N type dopants. The present invention includes microstruc 
tured 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 less than or 
equal to about 1 micron. Printable semiconductor elements 
useful in many applications comprises elements derived from 
“top down processing of high purity bulk materials, such as 
high purity crystalline semiconductor wafers generated using 
conventional high temperature processing techniques. In one 
embodiment, printable semiconductor elements of the 
present invention comprise composite structures having a 
semiconductor operational connected to at least one addi 
tional 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 semiconductor elements and/or hetero 
geneous semiconductor elements. 
“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 cylin 
drical shape are characterized by a length and the cross sec 
tional dimension diameter (alternatively radius). 
“Fill factor refers to the percentage of the area between two 
elements, such as first and second electrodes, that is occupied 
by a material, element and/or device component. In one 
embodiment of the present invention, first and second elec 
trodes are provided in electrical contact with one or more 
printable semiconductor elements that provide a fill factor 
between first and second electrodes greater than or equal to 
20%, preferably greater than or equal to 50% for some appli 
cations and more preferably greater than or equal to 80% for 
Some applications. 
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“Supported by a substrate” refers to a structure that is present 
at least partially on a Substrate surface or present at least 
partially on one or more intermediate structures positioned 
between the structure and the substrate surface. The term 
“supported by a substrate' may also refer to structures par 
tially or fully embedded in a substrate. 
“Solution printing is intended to refer to processes whereby 
one or more structures, such as printable semiconductor ele 
ments, are dispersed into a carrier medium and delivered in a 
concerted manner to selected regions of a Substrate Surface. In 
an exemplary Solution printing method, delivery of structures 
to selected regions of a Substrate Surface is achieved by meth 
ods that are independent of the morphology and/or physical 
characteristics of the Substrate Surface undergoing patterning. 
Solution printing methods useable in the present invention 
include, but are not limited to, inkjet printing, thermal trans 
fer printing, and capillary action printing. 
“Substantially longitudinally oriented” refers to an orienta 
tion Such that the longitudinal axes of a population of ele 
ments, such as printable semiconductor elements, are ori 
ented Substantially parallel to a selected alignment axis. In the 
context of this definition, substantially parallel to a selected 
axis refers to an orientation within 10 degrees of an absolutely 
parallel orientation, more preferably within 5 degrees of an 
absolutely parallel orientation. 
“Stretchable' refers to the ability of a material, structure, 
device or device component to be strained without undergo 
ing fracture. In an exemplary embodiment, a stretchable 
material, structure, device or device component may undergo 
strain larger than about 0.5% without fracturing, preferably 
for Some applications strain larger than about 1% without 
fracturing and more preferably for Some applications strain 
larger than about 3% without fracturing. 
The terms “flexible' and “bendable' are used synonymously 
in the present description and refer to the ability of a material, 
structure, device or device component to be deformed into a 
curved shape without undergoing a transformation that intro 
duces significant strain, Such as strain characterizing the fail 
ure point of a material, structure, device or device component. 
In an exemplary embodiment, a flexible material, structure, 
device or device component may be deformed into a curved 
shape without introducing strain larger than or equal to about 
5%, 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%. 
“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 semi 
conductor is intended to be consistent with use of this term in 
the art of microelectronics and electrical devices. Semicon 
ductors useful in the present invention may comprise element 
semiconductors, such as silicon, germanium and diamond, 
and compound semiconductors, such as group IV compound 
semiconductors such as SiC and SiGe, group III-V semicon 
ductors such as AlSb, AlAs, Aln, AlP, BN, GaSb, GaAs, GaN. 
GaP, InSb, InAs, InN, and InP, group III-V ternary semicon 
ductors alloys such as AlGaAs, group II-VI semiconduc 
tors such as CsSe, CdS, CdTe., ZnO, ZnSe, ZnS, and ZnTe, 
group I-VII semiconductors CuCl, group IV-VI semiconduc 
tors such as PbS, PbTe and SnS, layer semiconductors such as 
Pb, MoS and GaSe, oxide semiconductors such as CuO 
and Cu2O. The term semiconductor includes intrinsic semi 
conductors and extrinsic semiconductors that are doped with 
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one or more selected materials, including semiconductor hav 
ing 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 com 
posite materials comprising a mixture of semiconductors and/ 
or dopants. Specific semiconductor materials useful for in 
Some applications of the present invention include, but are not 
limited to, Si, Ge, SiC, AlP, AlAs. AlSb, GaN, GaP. GaAs, 
GaSb, InP, InAs, GaSb, InP, InAs, InSb, ZnO, ZnSe, ZnTe, 
CdS, CdSe, ZnSe, ZnTe, CdS, CdSe, CdTe. HgS, PbS, PbSe, 
PbTe, AlGaAs, AlInAs, AlInP, GaAsP GainAs, GainP. 
AlGaAsSb, AlGanP, and GanAsP Porous silicon semicon 
ductor materials are useful for applications of the present 
invention in the field of sensors and light emitting materials, 
Such as light emitting diodes (LEDs) and solid State lasers. 
Impurities of semiconductor materials are atoms, elements, 
ions and/or molecules other than the semiconductor material 
(s) themselves or any dopants provided to the semiconductor 
material. Impurities are undesirable materials present in 
semiconductor materials which may negatively impact the 
electrical properties of semiconductor materials, and include 
but are not limited to oxygen, carbon, and metals including 
heavy metals. Heavy metal impurities include, but are not 
limited to, the group of elements between copper and lead on 
the periodic table, calcium, Sodium, and all ions, compounds 
and/or complexes thereof. Gold is a specific heavy metal 
impurity which significantly degrades the electrical proper 
ties of semiconductors. 

“Plastic” refers to any synthetic or naturally occurring mate 
rial or combination of materials that can be molded or shaped, 
generally when heated, and hardened into a desired shape. 
Exemplary plastics useful in the devices and methods of the 
present invention include, but are not limited to, polymers, 
resins and cellulose derivatives. In the present description, the 
term plastic is intended to include composite plastic materials 
comprising one or more plastics with one or more additives, 
Such as structural enhancers, fillers, fibers, plasticizers, sta 
bilizers or additives which may provide desired chemical or 
physical properties. 
“Dielectric' and “dielectric material are used synonymously 
in the present description and refer to a Substance that is 
highly resistant to flow of electric current. Useful dielectric 
materials include, but are not limited to, SiO, Ta-Os, TiO, 
ZrOYO, SiN, STO, BST, PLZT, PMN, and PZT. 
“Polymer refers to a molecule comprising a plurality of 
repeating chemical groups, typically referred to as mono 
mers. Polymers are often characterized by high molecular 
masses. Polymers useable in the present invention may be 
organic polymers or inorganic polymers and may be in amor 
phous, semi-amorphous, crystalline or partially crystalline 
states. Polymers may comprise monomers having the same 
chemical composition or may comprise a plurality of mono 
mers having different chemical compositions, such as a 
copolymer. Cross linked polymers having linked monomer 
chains are particularly useful for some applications of the 
present invention. Polymers useable in the methods, devices 
and device components of the present invention include, but 
are not limited to, plastics, elastomers, thermoplastic elas 
tomers, elastoplastics, thermostats, thermoplastics and acry 
lates. Exemplary polymers include, but are not limited to, 
acetal polymers, biodegradable polymers, cellulosic poly 
mers, fluoropolymers, nylons, polyacrylonitrile polymers, 
polyamide-imide polymers, polyimides, polyarylates, poly 
benzimidazole, polybutylene, polycarbonate, polyesters, 
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polyetherimide, polyethylene, polyethylene copolymers and 
modified polyethylenes, polyketones, poly(methyl methacry 
late, polymethylpentene, polyphenylene oxides and polyphe 
nylene Sulfides, polyphthalamide, polypropylene, polyure 
thanes, styrenic resins, Sulphone based resins, vinyl-based 
resins or any combinations of these. 
“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 elas 
tomers useful in the present invention may comprise, poly 
mers, copolymers, composite materials or mixtures of poly 
mers 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 materi 
als, olefenic materials, polyolefin, polyurethane thermoplas 
tic elastomers, polyamides, synthetic rubbers, PDMS, polyb 
utadiene, polyisobutylene, poly(styrene-butadiene-styrene), 
polyurethanes, polychloroprene and silicones. 
The term “electromagnetic radiation” refers to waves of elec 
tric and magnetic fields. Electromagnetic radiation useful for 
the methods of the present invention includes, but is not 
limited to, gamma rays, X-rays, ultravioletlight, visible light, 
infrared light, microwaves, radio waves or any combination 
of these. 
“Good electronic performance' and “high performance' are 
used synonymously in the present description and refer to 
devices and device components have electronic characteris 
tics, such as field effect mobilities, threshold voltages and 
on-off ratios, providing a desired functionality, Such as elec 
tronic 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 cm V's', 
preferably for some applications greater than or equal to 
about 300 cm V's. Exemplary transistors of the present 
invention exhibiting good electronic 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 cm V's'. 
Exemplary transistors of the present invention exhibiting 
good electronic performance may have threshold Voltages 
less than about 5 volts and/or on-off ratios greater than about 

"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 inches Squared. 
“Device field effect mobility” refers to the field effect mobil 
ity of an electrical device, Such as a transistor, as computed 
using output current data corresponding to the electrical 
device. 
Conformal contact” refers to contact established between 
Surfaces, coated Surfaces, and/or Surfaces having materials 
deposited thereon which may be useful for transferring, 
assembling, organizing and integrating structures (such as 
printable semiconductor elements) on a Substrate Surface. In 
one aspect, conformal contact involves a macroscopic adap 
tation of one or more contact surfaces of a conformable trans 
fer device e to the overall shape of a substrate surface. In 
another aspect, conformal contact involves a microscopic 
adaptation of one or more contact Surfaces of a conformable 
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transfer device to a Substrate Surface leading to an intimate 
contact with out voids. The term conformal contact is 
intended to be consistent with use of this term in the art of soft 
lithography. Conformal contact may be established between 
one or more bare contact Surfaces of a conformable transfer 
device and a substrate Surface. Alternatively, conformal con 
tact may be established between one or more coated contact 
Surfaces, for example contact surfaces having a transfer mate 
rial, printable semiconductor element, device component, 
and/or device deposited thereon, of a conformable transfer 
device and a substrate Surface. Alternatively, conformal con 
tact may be established between one or more bare or coated 
contact Surfaces of a conformable transfer device and a Sub 
strate surface coated with a material Such as a transfer mate 
rial, Solid photoresist layer, prepolymer layer, liquid, thin film 
or fluid. 
“Placement accuracy” refers to the ability of a transfer 
method or device to transfer a printable element, Such as a 
printable semiconductor element, to a selected position, 
either relative to the position of other device components, 
Such as electrodes, or relative to a selected region of a receiv 
ing 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 compo 
nent or relative to a selected region of a receiving Surface with 
spatial deviations from the absolutely correct position less 
than or equal to 50 microns, more preferably less than or equal 
to 20 microns for Some applications and even more preferably 
less than or equal to 5 microns for some applications. The 
present invention provides devices comprising at least one 
printable element transferred with good placement accuracy. 
“Fidelity” refers to a measure of how well a selected pattern 
of elements, such as a pattern of printable semiconductor 
elements, is transferred to a receiving Surface of a Substrate. 
Good fidelity refers to transfer of a selected pattern of ele 
ments wherein the relative positions and orientations of indi 
vidual 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 nanom 
eters. 

“Young's modulus' is a mechanical property of a material, 
device or layer which refers to the ratio of stress to strain for 
a given Substance. Young's modulus may be provided by the 
expression; 

(stress) Lo F (II) 
E= (strain) (i. X ) 

wherein E is Young's modulus, Lo is the equilibrium length, 
AL is the length change under the applied stress, F is the force 
applied and A is the area over which the force is applied. 
Young's modulus may also be expressed in terms of Lame 
constants via the equation: 

pi (3 + 2it) (III) 
E= 

+ it 

wherein W and L are Lame constants. High Young's modulus 
(or “high modulus') and low Young's modulus (or “low 
modulus') are relative descriptors of the magnitude of 
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Young's modulus in a give material, layer or device. In the 
present invention, a High Young's modulus is larger than a 
low Young's modulus, preferably about 10 times larger for 
some applications, more preferably about 100 times larger for 
other applications and even more preferably about 1000 times 
larger for yet other applications. 
0.124. In the following description, numerous specific 
details of the devices, device components and methods of the 
present invention are set forth in order to provide a thorough 
explanation of the precise 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. 
0.125. This invention provides methods and devices for 
fabricating printable semiconductor elements and assem 
bling printable semiconductor elements onto Substrate Sur 
faces. The present invention provides a variety of semicon 
ductor elements that are printable including single crystalline 
inorganic semiconductors, composite semiconductor ele 
ments comprising a semiconductor structure operationally 
connected to one or more other device components, and 
stretchable semiconductor elements. The methods, devices 
and device components of the present invention are capable of 
generating high performance electronic and optoelectronic 
devices and arrays of devices, such as thin film transistors on 
flexible plastic substrates. 
0.126 FIG. 1 schematically illustrates exemplary methods 
of the present invention for producing and assembling print 
able semiconductor elements comprising ribbons of single 
crystalline silicon. The process begins by providing a silicon 
on-insulator (SOI) substrate 100 having a thin single crystal 
line silicon layer 105, a buried SiO layer 107 and Sihandling 
layer 108. Optionally, the surface native oxide layer on thin 
single crystalline silicon layer 105, if present, may be 
removed, for example by exposing the surface of the SOI 
substrate 100 to dilute (1%) HF. Upon adequately stripping 
the native oxidelayer, selected regions of external surface 110 
of SOI substrate 100 are masked, thereby forming a pattern of 
mask elements 120, masked regions 125 and exposed surface 
regions 127 on external surface 110. In the embodiment 
shown in FIG. 1, external surface 110 is patterned with rect 
angular aluminum and gold Surface layers which provide 
mask elements 120 that are capable of inhibiting etching of 
the masked regions 125 of external surface 110. Mask ele 
ments 120 may have any size and shape including, but not 
limited to, square, rectangular, circular, elliptical, triangular 
shapes or any combinations of these shapes. In an exemplary 
embodiment, patterns of Al/Au layers providing mask ele 
ments having desired geometries are fabricated using micro 
contact printing, nanocontact printing techniques, or photo 
lithography, and etching methods (TFA for Au: AL-11 
premixed Cyantec etchant for Al). Deposition of mask ele 
ments comprising thin metal films may be provided by an 
electron beam evaporator, such as a Temescal BJD1800, for 
example by sequential deposition of Al (20 nm, 0.1 nm/s) and 
then Au (100 nmi; 1 nm/s). 
0127 External surface 110 of SOI substrate 100 is aniso 
tropically etched downward. As shown in FIG. 1, although 
material is selectively removed from exposed Surface regions 
127, mask elements 120 prevent etching of masked regions 
125, thereby generating a plurality of relief features 140 
comprising single crystalline silicon structures having 
slightly angled side walls 141. In an exemplary embodiment 
wherein relief features have side walls 141 having a thickness 
147 of about 100 nanometers, exposed surface regions 127 
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are exposed to tetramethylammonium hydroxide (TMAH) 
for about 3.5 minutes. In this embodiment, etching generates 
smooth sidewalls on relief features 140 of single crystal sili 
con having Al/Au mask elements 120, preferably with devia 
tions from average surface positions of less than 10 nanom 
eters. Relief features 140 may belifted off of the substrate 100 
when the underlyingSiO layer 107 is partially or completely 
isotropically etched away, for example using concentrated 
(49%) HF. Liftoff of the relief features 140 generates print 
able semiconductor elements 150 comprising discrete single 
crystalline silicon structures having one Surface covered by a 
mask element. Mask elements 120, A1/Au layers in the 
present example, may be removed or may be integrated 
directly into a final device structure, for example, as the 
Source and drain electrodes in a thin film transistor. As shown 
in FIG. 1, the printable semiconductor elements 150 may be 
assembled onto the receiving surface of substrate surface 160, 
Such as a plastic Substrate, by either dry transfer contact 
printing techniques (schematically shown by arrow 166) or 
by Solution casting methods (schematically shown by arrow 
165). Both assembly methods may be carried out at room 
temperature in an ambient environment and, therefore, are 
compatible with a wide range of Substrates, including low 
cost, flexible plastic substrates. 
0128. Use of dry transfer contact printing methods to 
assemble printable semiconductor elements has the benefit of 
taking advantage of the known orientations and positions of 
the printable semiconductor elements just prior to their liftoff 
from the SOI substrate. In this case, procedures similar to 
those of soft lithographic transfer printing techniques are 
used to move the printable semiconductor elements from the 
SOI (after etching away the SiO, but before lifting off the 
silicon) to desired locations on the device Substrate. In par 
ticular, a conformable elastomeric transfer element picks up 
the objects from the SOI surface and transfers them to a 
desired substrate. Similarly, the printable semiconductor ele 
ments can be directly transferred onto thin plastic substrates 
by Au cold welding using receptacle pads defined on the 
Surface of the target Substrate. 
0129. In an exemplary method, at least a portion of print 
able semiconductor elements 150 are brought into conformal 
contact with the contact surface 170 of a conformable transfer 
device 175, such as an elastomeric transfer stamp, polymer 
transfer device or composite polymer transfer device, thereby 
bonding at least a portion of printable semiconductor ele 
ments 150 onto the contact surface 170. Printable semicon 
ductor elements 150 disposed on the contact surface 170 of 
conformable transfer device 175 are brought into contact with 
a receiving surface of substrate 160, preferably in a manner 
establishing conformal contact between contact surface 170 
and the receiving surface of substrate 160. Contact surface 
170 is separated from printable semiconductor elements 150 
in contact with receiving surface of substrate 160, thereby 
assembling printable semiconductor elements 150 onto the 
receiving surface. This embodiment of the present invention 
is capable of generating a pattern on the receiving Surface 
comprising printable semiconductor elements 150 in well 
defined positions and spatial orientations. In the embodiment 
shown in FIG. 1, printable semiconductor elements 150 are 
operationally connected to gold pads 162 present on the 
receiving surface of substrate 160. 
0130 FIG. 2 provides a schematic diagram illustrating a 
selective dry transfer contact printing method for assembling 
printable semiconductor element on a receiving Surface of a 
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substrate. A plurality of printable semiconductor elements 
300 are fabricated on a mother substrate 305 in a first pattern 
310 of printable semiconductor elements 300 characterized 
by well defined positions and spatial orientations. A conform 
able transfer device 315 having a contact surface 320 with a 
plurality of discrete binding regions 325 is brought into con 
formal contact with at least a portion of printable semicon 
ductor elements 300 on mother substrate 305. Binding 
regions 325 on contact surface 320 are characterized by an 
affinity for printable semiconductor elements 310, and may 
be chemically modified regions, such regions having 
hydroxyl groups extending from the surface of a PDMS layer, 
or regions coated with one or more adhesive layers. Confor 
mal contact transfers at least a portion of printable semicon 
ductor elements 310 which contact binding regions 325 on 
contact surface 320. Printable semiconductor elements 310 
transferred to contact surface 320 are brought into contact 
with receiving surface 330 of substrate 335, which may be a 
flexible Substrate such as a plastic Substrate. Subsequent sepa 
ration of semiconductor elements 310 and contact surface 
320 results in assembly of the semiconductor elements 310 on 
receiving surface 330 of substrate 335, thereby generating a 
second pattern340 of printable semiconductor elements char 
acterized by well defined positions and spatial orientations 
different from the first pattern of printable semiconductor 
elements 340. As shown in FIG. 2, the printable semiconduc 
tor elements 340 that remain on mother substrate 305 are 
characterized by a third pattern 345 of printable semiconduc 
tor elements different from first and second patterns of print 
able semiconductor elements. Printable semiconductor ele 
ments 340 comprising the third pattern 345 may be 
Subsequently transferred to and/or assembled onto Substrate 
335 or another substrate using the printing methods of the 
present invention, including selective dry transfer methods. 
I0131 FIGS. 3A-C, are schematic diagrams showing 
devices, device configurations and device components useful 
in selective dry transfer contact printing methods of the 
present invention. FIG. 3A shows a plurality of printable 
semiconductor elements 300 on a mother substrate 305, 
wherein selected printable semiconductor elements 300 have 
one or more adhesive coatings 350. As shown in FIG. 3A, 
adhesive coatings 350 are provided in a well defined pattern. 
FIG. 3B shows a conformable transfer device 315 having a 
contact surface 320 with a plurality of discrete binding 
regions 325 provided in a well defined pattern. FIG. 3C shows 
a conformable transfer device 315 having a three dimensional 
relief pattern 355 comprising relief features 360 provided in a 
well defined pattern. In the embodiment shown in FIG. 3C, 
relief pattern 355 provides a plurality of contact surfaces 320 
that may be optionally coated with one or more adhesive 
layers. Patterns of adhesive coatings 350, binding regions 325 
and relief features 360 preferably corresponding to relative 
positions and spatial orientations of printable semiconductor 
elements 300 in device configurations or device array con 
figurations, such as thin film transistor array configurations. 
0.132. Use of dry transfer printing methods are useful in 
the present invention for assembling, organizing and integrat 
ing printable semiconductor elements on Substrates having a 
wide range of compositions and Surface morphologies, 
including curved surfaces. To demonstrate this functional 
capability of the present methods and compositions, semi 
conductor elements comprising silicon photodiodes were 
printed directly (i.e. no adhesive) onto the curved surfaces of 
a variety of optical lenses using dry transfer printing methods 
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employing an elastomeric stamp. FIG. 3D provides a photo 
graph of an array of photodiodes printed onto a spherical 
surface of a polycarbonate lens (FL 100 mm). FIG. 3E pro 
vides a scanning electron micrograph of an array of photo 
diodes printed onto the curved surface of a spherical glass 
lens (FL 1000 mm). Contrast in the image provided in FIG. 
3E is slightly enhanced to show p-doped regions. FIG. 3F 
provides a plot of electric current (LA) verse bias potential 
(volts) illustrating the light response of the photodiodes pic 
tured in FIG. 3E. 

0.133 FIGS. 4A1 and 4A2 show a preferred shape of a 
printable semiconductor element for assembly methods of the 
present invention using dry transfer contact printing. FIG. 
4A1 provides a perspective view and FIG. 4A2 provides a top 
plan view. Printable semiconductor element comprises a rib 
bon 500 extending along a central longitudinal axis 502 hav 
ing a first end 505, center region 510 and second end 515. As 
shown in FIG. 4A, the width of ribbon 500 selectively varies 
along its length. Particularly, first and second ends 505 and 
515 are wider than center region 510. In an exemplary 
method, ribbon 500 is formed by etching mother substrate 
520. In this embodiment, mother substrate is isotropically 
exposed to an enchant until ribbon 500 is only attached to 
mother substrate 520 by two alignment maintaining elements 
comprising sacrificial layers 525 proximate to first and sec 
ond ends 505 and 515. At this point in the fabrication process 
the etching process is stopped, and the ribbon 500 is brought 
into contact with and/or bonded to a conformable transfer 
device. Sacrificial layers 525 are broken and ribbon 500 is 
released as the transfer device is moved away from mother 
substrate 520. This method may also be applied to dry transfer 
contact printing of a plurality of printable semiconductor 
elements having shapes as shown in FIG. 4. An advantage of 
this method of the present invention is that the orientations 
and relative positions of a plurality of ribbons 500 on mother 
substrate 520 may be precisely preserved during transfer, 
assembly and integration steps. Exemplary ranges for the 
thickness of the sacrificial layers are ~1 um down to ~100 nm 
with ribbons widths between -2 um and 100 um. Interest 
ingly, the cleavage of the ribbons typically occurs at the 
extremity of the objects (very close to the point/edge where 
the ribbons are attached to the mother wafer). Wide ribbons 
usually do not distort during the lift-off process are they are 
bonded to the stamp. 
0134 FIGS. 4B1 and 4B2 show a preferred shape of a 
printable semiconductor element for assembly methods of the 
present invention using dry transfer contact printing. FIG. 
4B1 provides a perspective view and FIG. 4B2 provides a top 
plan view. Printable semiconductor element comprises rib 
bons 527 extending along a parallel central longitudinal axes 
528. Ribbons 527 are held in a selected position and orienta 
tion by alignment maintaining elements 530 which connectat 
least on end of the ribbon along the central longitudinal axes 
528 to mother substrate 529. alignment maintaining elements 
530 are fabricated during patterning of ribbons 527 by not 
defining one or both ends of the ribbon along their central 
longitudinal axes. Alignment maintaining elements 530 are 
broken and ribbons 527 are released upon contact with the 
ribbons with the contact surface of a transfer device and 
subsequent movement away from mother substrate 520. 
0135) To achieve assembly by solution printing, at least a 
portion of printable semiconductor elements 150 are dis 
persed into a carrier medium, thereby generating a suspension 
190 comprising semiconductor element elements 150 the 
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carrier medium. Printable semiconductor elements 150 are 
delivered to the substrate and assembled by solution printing 
the suspension onto the receiving surface of substrate 160. 
Solution printing may be provided by a number of techniques 
known in the art including, but not limited to, inkjet printing, 
thermal transfer printing and screen printing. In the embodi 
ment shown in FIG. 1, printable semiconductor elements 150 
are operationally connect to gold pads 162 present on the 
receiving surface of substrate 160. 
0.136 FIGS. 5A-C presents optical and scanning electron 
micrographs of a range of printable semiconductor elements 
150 comprising microstrips of single crystalline silicon hav 
ing selected physical dimensions. Printable semiconductor 
elements are shown in ethanol suspensions and as cast onto 
substrates of various types. FIG. 5A shows an optical micro 
graph of a solution cast tangled mat of silicon rods (widths 2 
microns; thickness 2 microns; lengths ~15 millimeters). The 
inset image shows printable silicon Strips (roughly 10 million 
of them) dispersed in a solution of ethanol. The low resolution 
SEM image in FIG. 5B illustrates the mechanical flexibility 
range of Some flat microStrips (thickness 340 nanometers; 
widths 5 microns; lengths ~15 millimeters) solution casted 
onto a bare silicon wafer. FIG. 5C presents a high resolution 
SEM image of one of these objects. Note the extremely 
Smooth sidewalls generated by the anisotropic wet etching 
procedures. 
0.137 Printable semiconductor elements in the form of 
wires, platelets and disks may also be formed using the meth 
ods of the present invention. By use of large area soft litho 
graphic techniques, it is possible, in a single low cost process 
ing sequence, to produce large numbers (i.e. billions) of 
printable semiconductor elements with lateral dimensions 
down to 50 nm and with nearly any geometry. Printable 
semiconductor elements having lateral dimension as Small as 
20 nanometer may also be fabricated by the methods of 
present invention. For use in thin film transistors in flexible 
electronic systems, printable semiconductor elements com 
prising long (~10 microns) and narrow (~1 microns) strips of 
single crystalline silicon are particularly useful. 
0.138 FIG. 6 presents an image of transferred printable 
semiconductor elements comprising single crystalline silicon 
microstrips on a PDMS coated polyimide sheet having a 
thickness of about 25 microns. The top inset pictures illustrate 
the intrinsic flexibility of this system. The bottom inset shows 
a top view micrograph of printable silicon dense microStrips 
(25 microns wide, ~2 microns spaced apart) cold welded on a 
thin Ti/Au coated Mylar sheet. As shown in FIG. 6, the print 
able semiconductor elements comprising silicon microStrips 
are well aligned and transferred with controlled orientation. 
No cracking of the printable semiconductor elements induced 
by assembly was observed upon careful examination using 
scanning electron microscopy, even when the Substrate was 
bent significantly. Similar results were obtained (without the 
need of an elastomeric layer) using a Au coated thin Mylar 
sheet as illustrated by the bottom inset micrograph picture. A 
coverage density close to 100% can be achieved in this man 

. 

0.139. The present invention also provides composite 
printable semiconductor elements comprising a semiconduc 
tor structure operationally connect to one or more other 
device components, such as dielectric elements, conducting 
elements (i.e. electrodes) or additional semiconductor ele 
ments. An exemplary printable semiconductor elements of 
the present invention that is particularly useful for fabricating 
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thin film transistors comprises an integrated semiconductor 
and dielectric element. Such composite printable semicon 
ductor elements provide transistors having high quality, leak 
free dielectrics and avoids the need for separate spin casting 
steps for fabricating the dielectric element in a thin film 
transistor. In addition, use of composite printable semicon 
ductor elements enables efficient device fabrication on large 
Substrate areas by low cost printing techniques. 
0140. The following references relate to self assembly 
techniques which may be used in methods of the present 
invention to transfer, assembly and interconnect printable 
semiconductor elements via contact printing and/or solution 
printing techniques: (1) "Guided molecular self-assembly: a 
review of recent efforts', Jiyun C Huie Smart Mater. Struct. 
(2003) 12, 264-271; (2) “Large-Scale Hierarchical Organiza 
tion of Nanowire Arrays for Integrated Nanosystems’. 
Whang, D.; Jin, S.; Wu, Y.: Lieber, C. M. Nano Lett. (2003) 
3(9), 1255-1259; (3) “Directed Assembly of One-Dimen 
sional Nanostructures into Functional Networks”. Yu Huang, 
Xiangfeng Duan, Qingqiao Wei, and Charles M. Lieber, Sci 
ence (2001) 291, 630-633; and (4) “Electric-field assisted 
assembly and alignment of metallic nanowires’. Peter A. 
Smith et al., Appl. Phys. Lett. (2000) 77(9), 1399-1401. 
0141 All references cited in this application are hereby 
incorporated in their entireties by reference herein to the 
extent that they are not inconsistent with the disclosure in this 
application. Some references provided herein are incorpo 
rated by reference to provide details concerning Sources of 
starting materials, additional starting materials, additional 
reagents, additional methods of synthesis, additional meth 
ods of analysis and additional uses of the invention. It will be 
apparent to one of ordinary skill in the art that methods, 
devices, device elements, materials, procedures and tech 
niques 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 methods, devices, device 
elements, materials, procedures and techniques specifically 
described herein are intended to be encompassed by this 
invention. 
0142 U.S. Patent Application Nos. 60/577,077. 60/601, 
061, 60/650,305, 60/663,391 and 60/677,617 filed on Jun. 4, 
2004, Aug. 11, 2004, Feb. 4, 2005, Mar. 18, 2005, and May 4, 
2005, respectively, are hereby incorporated by reference 
herein in their entireties to the extent not inconsistent with the 
disclosure of this application. 
0143. When a group of materials, compositions, compo 
nents or compounds is disclosed herein, it is understood that 
all individual members of those groups and all Subgroups 
thereof are disclosed separately. When a Markush group or 
other grouping is used herein, all individual members of the 
group and all combinations and Subcombinations possible of 
the group are intended to be individually included in the 
disclosure. Every formulation or combination of components 
described or exemplified herein can be used to practice the 
invention, unless otherwise stated. Whenever a range is given 
in the specification, for example, a temperature range, a time 
range, or a composition range, all intermediate ranges and 
Subranges, as well as all individual values included in the 
ranges given are intended to be included in the disclosure. 
0144. As used herein, “comprising is synonymous with 
“including.” “containing, or “characterized by, and is inclu 
sive or open-ended and does not exclude additional, unrecited 
elements or method steps. As used herein, "consisting of 
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excludes any element, step, or ingredient not specified in the 
claim element. As used herein, "consisting essentially of 
does not exclude materials or steps that do not materially 
affect the basic and novel characteristics of the claim. In each 
instance herein any of the terms “comprising”, “consisting 
essentially of and “consisting of may be replaced with 
either of the other two terms. 

Example 1 

Thin Film Transistor Having a Printable Semicon 
ductor Element 

0145 The ability of printable semiconductor elements of 
the present invention to provide semiconductor channels in 
thin film transistors was verified by experimental studies. 
Specifically, it is a goal of the present invention to provide thin 
film transistors capable of fabrication on a flexible plastic 
Substrates by printing methods. Further, it is a goal of the 
present invention to provide high performance thin film tran 
sistors on plastic substrates having field effect mobilities, 
on-off ratios and threshold Voltages similar to or exceeding 
thin film transistors fabricated by convention high tempera 
ture processing methods. 
0146 FIG. 7 presents an optical micrograph image of a 
thin film transistor having a printable semiconductor element. 
The illustrated transistor 531 comprises source electrode 532, 
drain electrode 533, printable semiconductor element 534, 
dielectric (not shown in the micrograph in FIG. 7) and gate 
electrode (also not shown in the micrograph in FIG. 7). The 
thin film transistor is Supported by a Substrate comprising of 
a Mylar sheet coated with indium tin oxide (ITO, ~100 
nanometers thick) as a gate and a photocured epoxy as a gate 
dielectric (SU8-5; Microchem Corp). The capacitance of the 
dielectric (2.85 nF/cm2) was evaluated using capacitor test 
structures formed near the device. This device uses a solution 
cast printable semiconductor element comprising a ~5 milli 
meter long, 20 micron width and 340 nanometer thick micros 
trip fabricated from a p-doped SOI wafer (Soitec) with a 340 
nanometer device layer thickness and resistivity of 14-22 
ohm cm. A 25 nanometer thick layer of SiO was grown on 
top of the silicon by dry oxidation in a horizontal quartz tube 
furnace. Source and drain electrodes of Al (20 nanometer)/Au 
(180 nanometer) where defined by liftoff techniques. The 
semiconductor channel length is 50 microns and the width is 
20 microns. 
0147 FIGS. 8 and 9 show electrical measurements col 
lected from thin film transistors of the present invention hav 
ing a printable semiconductor element. The device operates 
similarly to a back gated SOI device with a top contact con 
figuration. The semiconductor uses a width equal to a 20 
microns microstrip of single crystal silicon in a channel 
whose length is equal to 50 microns. The printable semicon 
ductor element in this case was patterned by solution casting 
methods. The source/drain contacts were defined by photoli 
thography and lift off. 
0148 FIG. 8 provides a plot showing current-voltage (IV) 
characteristics of a device made on a pre-oxidized Si wafer. 
FIG. 9 provides a plot showing transfer characteristics mea 
sured at V, 0.1 V of a device made on a Mylar sheet coated 
with ITO gate and polymer dielectric. The slope of this curve 
defines an effective device mobility (using the physical width 
of the source and drain electrodes, which is equal to the width 
of the semiconductor element microstrip in this case) of 180 
cm/Vs. The A1/Au metallization for the contacts to the print 
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able semiconductor element provides reasonably low resis 
tance Schottky barrier contacts to the silicon, as expected for 
an Al (work function of 4.2 eV) metallization on p-doped 
silicon. Aluminum is well known to diffuse rapidly into sili 
con, but no special care was taken to avoid localized alumi 
num-silicon interactions as no post metallization high tem 
perature annealing step was carried out. The on/off ratio of 
this device is slightly lower than 10. Analysis of the transfer 
characteristic of FIG. 9 indicates a linear field effect mobility 
of 180 cm V's using a parallel plate model for the dielec 
tric capacitance. This analysis ignores the effects of contacts 
and processing induced changes in the threshold Voltage. 
0149 Even with perfect contacts, there are theoretical 
arguments to Suggest that transistors which incorporate very 
high aspect ratio (i.e. ultra large length to width ratios) semi 
conducting elements in the channel region (i.e. nanotubes or 
nanowires) will have responses that are different than those of 
conventional devices. To avoid these effects, we chose print 
able semiconductor elements comprising microstrips having 
widths on the same order of magnitude with the transistor 
channel length. The properties (mobilities, normalized 
transconductance, on/offratio) observed here are ~34 to those 
of thin film transistors made on the SOI substrate after etching 
of the Si but before liftoff. In these measurements the buried 
SiO2 oxide acts as the dielectric and the silicon Supporting 
Substrate acts as the gate electrode. This result demonstrates 
that the processing steps used to produce the printable semi 
conductor elements and to transfer it to the device substrate 
do not alter significantly the properties of the silicon or its 
Surfaces that result from the initial patterning and silicon 
etching steps. It also indicates that the van der Waals interface 
with the SU8 dielectric is capable of supporting good device 
properties. 
0150. A principle advantage of the fabrication method of 
the present example is that it separates the crystal growth and 
processing of the silicon from the plastic Substrate and other 
components of the devices. In addition, the methods of pro 
cessing printable semiconductor elements of the present 
invention are highly flexible in the processing sequences and 
in the materials choices that are possible. For example, an 
SiO, layer can be formed on one side of the silicon (by, for 
example, growing a thermal oxide before lifting off the Si 
elements or lifting the SOI buried oxide together with the Si 
device layer) to yield an integrated dielectric, in a strategy 
similar to that for the integrated source/drain metallization 
demonstrated here. A dielectric introduced in this manner 
may avoid the significant challenges that can be associated 
with leakage, hysteresis, doping, trapping, etc. in many solu 
tion cast thin dielectrics on plastic Substrates. 
0151 FIGS. 10 A-H provide a schematic diagram illus 
trating a method of the present invention for making an array 
of thin film transistors having composite printable semicon 
ductor elements. As shown in FIG. 10 A, gate electrodes 547 
are deposited on the surface 548 of a thin sheet of a flexible 
substrate, such as Kapton, Mylar or PET. Gate electrodes may 
be patterned on the flexible substrate by any means known in 
the art including but not limited to photolithography, 
microtransfer printing, nanotransfer printing, Soft lithogra 
phy or combinations of these. As shown in FIG. 10B, the 
method further comprises the step of fabricating a plurality of 
composite printable semiconductor elements 550 comprising 
single crystalline silicon structures 555 operationally con 
nected to a SiO, dielectric element 560. As illustrated in FIG. 
10B, composite printable semiconductor elements 550 have a 
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ribbon shape extending a selected length 552 along a central 
longitudinal axis 551. Composite printable semiconductor 
element 550 has a selected thickness 553 and a width that 
varies as a function of thickness. 

0152. As shown in FIG. 10C, the method further com 
prises the step of assembling composite printable semicon 
ductor elements 550 onto gate electrodes 547 and substrate 
548 via dry transfer contact printing or solution printing. 
Composite printable semiconductor elements 550 are ori 
ented such that SiO, dielectric elements 560 are in contact 
with gate electrodes 547. As shown in FIG. 10D, the method 
further comprises the step of spin coating a thin layer of 
positive photoresist 561 on the patterned surface of substrate 
548. Alternatively, the thin layer of positive photoresist 561 
may be applied to the pattern surface of substrate 548 using a 
roller. Regions of photoresist 561 not masked by gate elec 
trodes 547 are exposed to a beam of electromagnetic radiation 
transmitted through underside 562 of substrate 548. Use of an 
optically transmissive substrate 548 is preferred for this 
method of the present invention, particularly a substrate 548 
that is at least partially transparent in ultraviolet and/or visible 
regions of the electromagnetic spectrum. As shown in FIG. 
10E, the method further comprises the step of developing the 
thin photoresist layer. As shown in this figure, the regions of 
thin photoresist layer 561 that are shadow masked by the gate 
electrodes are undeveloped. As shown in FIG. 10F, the 
method further comprises the step of dry or wet etching the 
integrated SiO, dielectric, thereby opening contacts for 
source and drain electrodes. In the embodiment illustrated by 
FIG.10F this is achieved by exposing the patterned surface of 
substrate 548 to a CF plasma. As shown in FIG. 10G, the 
method further comprises the step of defining source and 
drain electrodes by shadow mask evaporation. The alignment 
of semiconductor elements, Source electrodes and drain elec 
trodes does not need to be very precise because the semicon 
ductor channels will be defined in the next fabrication step. As 
shown in FIG. 10H, the method further comprises the step of 
defining the semiconductor channel by lifting off the positive 
resist, for example by exposure to a solvent such as acetone. 
0153 FIGS. 11A-D provide diagrams illustrating a 
method of the present invention for making a printable device 
comprising integrated gate electrode, gate dielectric, semi 
conductor, source electrode and drain electrode. As shown in 
FIG. 11A, a high quality gate dielectric is grown by thermal 
oxidation of the surface of a SOI wafer. Next, the gate elec 
trode material (such as metal or doped poly-silicon) is depos 
ited. Selected regions of the top Surface are Subsequently 
masked using for example a lithography process. In one 
embodiment, an array of identical patterns with controlled 
spacing will be defined in a single masking step. Printable 
semiconductor elements are then fabricated by anisotropi 
cally wet and/or dry etching. Preferentially, three different 
selective etching processes are carried out sequentially to etch 
away the exposed areas of the gate electrode material, the gate 
dielectric and the top silicon layer. 
0154) A lithography process, as shown in FIG. 11B, is 
used to define the channel of the transistors. In this process 
step, the exposed areas of the gate electrode material are 
etched away (dry or wet etching). As shown in FIG. 11C, the 
photo-resist is then heated above its glass transition, thereby 
initiating a reflow process. The reflowing distance of the 
photoresist can be selected by carefully selecting an appro 
priate thickness of the photo-resist layer, the glass transition 
temperature of the photo-resist layer or the temperature and 
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duration of the reflow process. The exposed areas of the gate 
dielectric are then etched using an HF solution. 
0155 Next, a metallization process, as shown in FIG. 11D, 

is carried out, followed by lifting off the metal deposited onto 
the photoresist to complete the fabrication of a printable 
device. The source and drain electrodes are self aligned with 
the gate, and the spacing between source and drain electrodes 
may be selected by the adjusting the different parameters, 
Such as temperature and duration, of the reflow process. 
0156 The printable device shown in FIG. 11D may be 
transferred and assembled onto a Substrate. Such as a plastic 
substrate, by the dry transfer or solution printing methods of 
the present invention. The self aligned process illustrated in 
FIGS. 11A-D presents a simple way to integrate all the ele 
ments necessary for the realization of a printable device, Such 
as a MOSFET device. A significant advantage of this fabri 
cation method of the present invention is that all processes 
steps which require temperatures incompatible with plastic 
Substrates (e.g. requiring temperature>about 400 Celsius) 
may be carried on the SOI substrate prior to lifting off and 
transferring the device to the substrate. For example, addi 
tional processing steps such as doping of the Source and drain 
contact areas, formation of silicide layers, and high tempera 
ture annealing of the device could be performed prior to 
transferring the elements onto a plastic Substrate. 

Example 2 
Stretchable Printable Semiconductor Elements 

0157. The present invention provides stretchable printable 
semiconductor elements capable of providing good perfor 
mance when stretched, flexed or deformed. Further, stretch 
able printable semiconductor elements of the present inven 
tion may be adapted to a wide range of device configurations 
to provide fully flexible electronic and optoelectronic 
devices. 
0158 FIG. 12 provides an atomic force micrograph show 
ing a stretchable printable semiconductor element of the 
present invention. The stretchable printable semiconductor 
element 700 comprises a flexible substrate 705 having a Sup 
porting surface 710 and a bent semiconductor structure 715 
having a curved internal surface 720. In this embodiment, at 
least a portion of the curved internal surface 720 of bent 
semiconductor structure 715 is bonded to the supporting sur 
face 710 of the flexible Substrate 705. The curved internal 
surface 720 may be bonded supporting surface 710 at selected 
points along internal surface 720 or at substantially all points 
along internal surface 720. The exemplary semiconductor 
structure illustrated in FIG. 12 comprises a bent ribbon of 
single crystalline silicon having a width equal to about 100 
microns and a thickness equal to about 100 nanometers. The 
flexible Substrate illustrated in FIG. 12 is a PDMS Substrate 
having a thickness of about 1 millimeter. Curved internal 
surface 720 has a contour profile characterized by a substan 
tially periodic wave extending along the length of the ribbon. 
As shown in FIG. 12, the amplitude of the wave is about 500 
nanometers and the peak spacing is approximately 20 
microns. FIG. 13 shows an atomic force micrograph provid 
ing an expanded view of a bent semiconductor structure 715 
having curved internal surface 720. FIG. 14 shows an atomic 
force micrograph of an array of stretchable printable semi 
conductor elements of the present invention. Analysis of the 
atomic force micrograph in FIG. 14 Suggests that the bent 
semiconductor structures are compressed by about 0.27%. 
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FIG. 15 shows optical micrographs of stretchable printable 
semiconductor elements of the present invention. 
0159. The contour profile of curved surface 720 allows the 
bent semiconductor structure 715 to be expanded or con 
tracted along deformation axis 730 without undergoing sub 
stantial mechanical strain. This contour profile may also 
allow the semiconductor structure to be bent, flexed or 
deformed in directions other than along deformation axis 730 
without significant mechanical damage or loss of perfor 
mance induced by strain. Curved Surfaces of semiconductor 
structures of the present invention may have any contour 
profile providing good mechanical properties. Such as stretch 
ability, flexibility and/or bendability, and/or good electronic 
performance, such as exhibiting good field effect mobilities 
when flexed, stretched or deformed. Exemplary contour pro 
files may be characterized by a plurality of convex and/or 
concave regions, and by a wide variety of wave forms includ 
ing sine waves, Gaussian waves, Aries functions, square 
waves, Lorentzian waves, periodic waves, aperiodic waves or 
any combinations of these. Wave forms useable in the present 
invention may vary with respect to two or three physical 
dimensions. 

0160 FIG. 16 shows an atomic force micrograph of a 
stretchable printable semiconductor element of the present 
invention having a bent semiconductor structure 715 bonded 
to a flexible substrate 705 having a three dimensional relief 
pattern on its supporting surface 710. The three-dimensional 
relief pattern comprises recessed region 750 and relief fea 
tures 760. As shown in FIG.16, bent semiconductor structure 
715 is bound to supporting surface 710 in recessed region 750 
and on relief features 760. 

0.161 FIG. 17 shows a flow diagram illustrating an exem 
plary method of making a stretchable semiconductor element 
of the present invention. In the exemplary method, a pre 
strained elastic Substrate in an expanded State is provided. 
Prestraining can be achieved by any means known in the art 
including, but not limited to, roll pressing and/or prebending 
the elastic Substrate. An exemplary elastic Substrate useable 
in this method of the present invention is a PDMS substrate 
having a thickness equal to about 1 millimeter. The elastic 
Substrate may be prestrained by expansion along a single axis 
or by expansion along a plurality of axes. As shown in FIG. 
17, at least a portion of the internal surface of a printable 
semiconductor structure is bonded to the external surface of 
the prestrained elastic Substrate in an expanded State. Bond 
ing may be achieved by covalent bonding between the inter 
nal surface of the semiconductor surface, by van der Waals 
forces, by using adhesive or any combinations of these. In an 
exemplary embodiment wherein the elastic substrate is 
PDMS, the supporting surface of the PDMS substrate is 
chemically modified such that is has a plurality of hydroxyl 
groups extending from its Surface to facilitate covalent bond 
ing with a silicon semiconductor structure. Referring back to 
FIG. 17, after binding the prestrained elastic substrate and 
semiconductor structure, the elastic Substrate is allowed to 
relax at least partially to a relaxed state. In this embodiment, 
relaxation of the elastic substrate bends the internal surface of 
said printable semiconductor structure, thereby generating a 
semiconductor element having a curved internal Surface. 
0162. As shown in FIG. 17, the fabrication method may 
optionally include a second transfer step wherein the semi 
conductor structure 715 having a curved internal surface 720 
is transferred from the elastic substrate to another substrate, 
preferably a flexible substrate. This second transfer step may 
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be achieved by bringing an exposed surface of the semicon 
ductor structure 715 having a curved internal surface 720 in 
contact with a receiving surface of the other substrate that 
binds to the exposed surface of the semiconductor structure 
715. Bonding to the other substrate may be accomplished by 
any means in the are including covalent bonds, bonding via 
van der Waals forces and the use of adhesives. 
0163 Stretchable semiconductor elements of the present 
invention may be effectively integrated into a large number 
functional devices and device components, such as transis 
tors, diodes, lasers, MEMS, NEMS, LEDS and OLEDS. 
Stretchable semiconductor elements of the present invention 
have certain advantages over conventional rigid inorganic 
semiconductors. First, stretchable semiconductor elements 
may be flexible, and thus, less susceptible to structural dam 
age induced by flexing, bending and/or deformation than 
conventional rigid inorganic semiconductors. Second, as a 
bent semiconductor structure may be in a slightly mechani 
cally strained state to provide a curved internal Surface, 
stretchable semiconductor elements of the present invention 
may exhibit higher intrinsic field effect mobilities than con 
ventional unstrained inorganic semiconductors. Finally, 
stretchable semiconductor elements are likely to provide 
good thermal properties because they are capable of expand 
ing and contracting freely upon device temperature cycling. 

Example 3 

Methods of Making Printable Semiconductor Ele 
ments 

0164. The present invention provides methods of making 
printable semiconductor elements from a wide range of start 
ing materials, including single crystalline wafers, silicon on 
Substrate wafers, germanium wafers, thin films of polycrys 
talline silicon and ultra thin silicon wafers. Particularly, the 
present invention provides low cost methods of making large 
numbers of printable semiconductors in selected orientations 
and relative positions. 
0.165 FIG. 18A shows an exemplary method for making 
printable semiconductor elements from a Si Ge epi sub 
strate. In this method, selective regions of a Siepi layer are 
masked by depositing a mask material. Such as a thin films 
comprising a metal, SiO, or SiN. This masking step defines 
shape and some of the physical dimensions (e.g. length and 
width for a ribbon) of the printable semiconductor elements 
to be fabricated. The exposed Si surface of the Si Ge epi 
substrate is anisotropically etched by either dry or wet chemi 
cal etching methods. This generates relief features of silicon, 
preferably having smooth side walls, that can be effectively 
released from the Si Ge episubstrate by lift off techniques, 
for example using selective SiGe wet etching provided by 
NHOH:HO:HO 1:1:4 at 50° C. Optionally, source elec 
trode, gain electrode, gate electrode, dielectric elementor any 
combinations of these may be integrated into the semicon 
ductor element prior to lift off. An advantage of this fabrica 
tion method is that the mother substrate can be cleaned and 
re-used. 
0166 FIG. 18B shows an exemplary method for fabricat 
ing printable semiconductor elements from a bulk silicon 
Substrate, preferably a single crystalline silicon Substrate. In 
this method, a silicon wafer is first dry oxidized, for example 
in a quartz tube furnace at a temperature selected from the 
range of about 800 degrees Celsius to about 1200 degrees 
Celsius. Next, a thin layer of gate material is deposited on the 
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oxidized surface of the silicon wafer. Exemplary gate mate 
rials include metals or doped polycrystalline silicon. The thin 
layer of gate material is selectively patterned with photore 
sist. This patterning step defines the shape and some of the 
physical dimensions (e.g. length and width for a ribbon) of the 
printable semiconductor elements to be fabricated. The thin 
layer of gate material and dielectric layer are anisotropically 
back etched, thereby generating relief features comprising a 
photoresist layer, gate material layer, dielectric layer and 
silicon layer and, preferably having Smooth side walls. Next, 
the photoresist layer is reflowed, for example by annealing to 
a temperature selected from the range of about 100 degrees 
Celsius to about 130 degrees Celsius. Reflowing the photo 
resist transfers a portion of the photoresist to the side walls of 
the relief features. As shown in FIG. 18B, the exposed Si 
Surface is isotropically etch using wet or dry etching methods, 
thereby releasing the relief features and generating composite 
printable semiconductor elements, preferably having Smooth 
Surfaces. Isotropic etching of the silicon may be achieved 
using a HNO:NHF:HO 64:3:33 solution. Advantages of 
this fabrication method are the relatively low cost of the 
silicon Substrate starting materials and the ability to reuse the 
mother substrate after planarization (ECMP). 
0.167 FIG. 18C shows another exemplary method of fab 
ricating printable semiconductor elements from a bulk silicon 
Substrate, preferably a single crystalline silicon Substrate. In 
this method, the external surface of a bulk silicon substrate is 
selectively patterned with photoresist. This patterning step 
defines the shape and some of the physical dimensions (e.g. 
length and width for a ribbon) of the printable semiconductor 
elements to be fabricated. The patterned substrate surface is 
anisotropically etched, preferably using dry etching methods 
Such as reactive ion etching and inductive coupled plasma 
etching, thereby generating relief features, preferably relief 
features having Smooth side walls. At least a portion of the 
side walls of the relief features are masked by depositing a 
masking material such as a thin layer of metal, SiO, or SiN. In 
one embodiment, masking material is applied to the side 
walls of relief features by angled evaporative or Sputtering 
deposition techniques combined with sample rotation to 
ensure deposition all exposed side walls. As shown in FIG. 
18C, the exposed Si surface is isotropically etched using wet 
or dry etching methods, thereby releasing the relief features 
and generating printable semiconductor elements, preferably 
having Smooth surfaces. Isotropic etching of the silicon may 
be achieved using a HNO:NHF:HO 64:3:33 solution. 
Advantages of this fabrication method are the relatively low 
cost of the silicon Substrate starting materials and the ability 
to reuse the mother substrate after planarization (ECMP). 
0168 FIG. 18D shows yet another exemplary method of 
fabricating printable semiconductor elements from a bulk 
silicon Substrate, preferably a single crystalline silicon Sub 
strate. In this method, the external surface of a bulk silicon 
substrate is selectively patterned with photoresist. The pat 
terned substrate surface is anisotropically etched, thereby 
generating relief features. Next the silicon substrate is 
annealed, for example by annealing in a quartz, furnace at a 
temperature of about 1100 degrees Celsius and in nitrogen. 
Next, the surface of the annealed silicon substrate is patterned 
by masking selected regions with photoresist. This patterning 
step defines the shape and some of the physical dimensions 
(e.g. length and width for a ribbon) of the printable semicon 
ductor elements to be fabricated. As shown in FIG. 18D, the 
patterned surface of the annealed Si Substrate is anisotropi 
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cally etched using wet or dry etching methods, thereby gen 
erating printable semiconductor elements, preferably having 
Smooth surfaces. Advantages of this fabrication method are 
the relatively low cost of the silicon substrate starting mate 
rials, the ability to reuse the mother substrate after planariza 
tion (ECMP) and the ability to integrate source electrode, 
drain electrode, gate electrode and dielectric device compo 
nents after the annealing step. In addition, wet etching may be 
used in the first etching step with a 110 silicon wafer. 
0169 FIG.18E shows an exemplary method of fabricating 
printable semiconductor elements from an ultra thin silicon 
substrate. In this method, the external surface of an ultra thin 
silicon substrate is selectively patterned with photoresist. 
This patterning step defines the shape and some of the physi 
cal dimensions (e.g. length and width for a ribbon) of the 
printable semiconductor elements to be fabricated. The pat 
terned Substrate Surface is anisotropically etched through 
thickness of the ultra thin silicon substrate, thereby printable 
semiconductor elements. Ultra thin silicon Substrates having 
thicknesses selected from the range of about 10 microns to 
about 500 microns are preferred for some applications of this 
fabrication method. An advantage of this fabrication method 
is the relatively low cost of the ultra thin silicon substrate 
starting materials. 
(0170 FIGS. 18F and 18G show exemplary methods for 
making printable semiconductor elements from thin films of 
polycrystalline silicon. In this method, a thin layer of poly 
crystalline silicon is deposited on a Supporting Substrate. Such 
as glass or silicon Substrate, having a sacrificial Surface lay 
ers, such as a coating comprising SiN or SiO. The polycrys 
talline thin film is thenannealed, and selective regions of a the 
exposed Surface are selectively masked by depositing a mask 
material. Such as a thin films comprising a metals, SiO2 or 
SiN. This masking step defines shape and some of the physi 
cal dimensions (e.g. length and width for a ribbon) of the 
printable semiconductor elements to be fabricated. The pat 
terned surface is anisotropically etched by either dry or wet 
chemical etching methods, generating relief features of sili 
con supported by the sacrificial layer, preferably relief fea 
tures having Smooth side walls. Isotropically etching the sac 
rificial layer releases the relief features, thereby generating 
printable semiconductor elements. An advantage of this fab 
rication method is that the Supporting Substrate can be 
cleaned an reused. Alternatively, a thin layer of polycrystal 
line silicon may be deposited directly on a SiO substrate. As 
shown in FIG. 18G, similar annealing, patterning, anisotropic 
etching and lift off steps may be used to generate printable 
semiconductor elements. Optionally, Source electrode, gain 
electrode, gate electrode, dielectric element or any combina 
tions of these may be integrated into the semiconductor ele 
ment prior to lift off in either of these methods. 
(0171 FIGS. 18H(1) and 18H(2) illustrate a method for 
making single crystalline semiconductor films using print 
able semiconductor elements of the present invention. As 
shown in FIG. 18H(1), an amorphous or poly-crystalline 
semiconductor thin film is prepared on the Surface of a Sub 
strate comprising an insulating material. Such as SiO2. The 
thin amorphous or poly-crystalline semiconductor film may 
prepared by any means known in the art including, but not 
limited to, deposition techniques such as vapor deposition or 
sputtering deposition. Also referring to FIG. 18H(1), a print 
able semiconductor element comprising a single crystalline 
semiconductor structure is transferred onto the surface of the 
substrate covered with the thinamorphous or poly-crystalline 
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semiconductor film. Use of a single crystalline semiconduc 
tor structure having one long lateral dimension is preferred 
for some applications of this method. The present invention 
also includes methods wherein the printable semiconductor 
element comprising a single crystalline semiconductor struc 
ture is transferred onto the substrate surface prior to deposi 
tion of the amorphous or poly-crystalline semiconductor thin 
film. 

0172. As shown in FIG. 18H(2), the thin amorphous or 
poly-crystalline semiconductor film is annealed while in con 
tact with the single crystalline semiconductor structure, for 
example by annealing at high temperatures such as tempera 
tures greater than 1000 degrees Celsius. In this embodiment 
of the present invention, the single crystalline semiconductor 
structure acts as a seed promoting a phase transition through 
out the thin film from an amorphous or poly-crystalline state 
to a well organized single crystalline state. As shown in FIG. 
18H(2), the phase transition follows a front of a high tem 
perature gradient which moves across the entire Surface of the 
wafer. Different high temperature furnaces or focused optical 
systems may be used to produce the temperature gradient 
necessary to obtain an efficient phase conversion of the semi 
conductor thin film. An advantage of this process is that it may 
significantly reduce the cost of producing single crystalline 
semiconductor thin films, such as single crystalline silicon or 
germanium films. 
0173 FIG. 18I shows an exemplary method of fabricating 
printable semiconductor elements comprising micro-wires 
from GaAs substrate. As shown in this figure, the exposed 
surface of the GaAs substrate is patterned with mask material, 
Such as photoresist. Patterning may beachieved by microcon 
tact or nanocontact printing or via conventional photolithog 
raphy, as shown in FIG. 18E. The patterned surface is aniso 
tropically etched using wet etching methods. In the example 
method shown, re-entrant profiles of side walls are obtained 
using a HPO, H2O HO Solution, and the relief features 
formed are etching until they are released from the GaAs 
Substrate, thereby generating GaAs micro-wires. As shown, 
the photoresist layer may be removed by washing with 
acetone and exposure to O. reactive ion etching. An advan 
tage of this technique is that the GaAs Substrate may be reused 
after planarization (ECMP). This technique may also be used 
to fabricate micro-wires from an InP substrate. 

0.174 FIG. 18J shows an alternative method for fabricat 
ing printable semiconductor elements comprising single 
crystalline silicon ribbons. The starting material in this 
method is a Si (110) wafer. As shown in FIG. 18.J., an exterior 
surface of the Si (110) wafer is selected patterned with thin 
films of SiO, which serves as a mask during processing. This 
masking step defines shape and some of the physical dimen 
sions (e.g. length and width for a ribbon) of the printable 
semiconductor elements to be fabricated. The exposed (i.e. 
unmasked) surface of the Si (110) wafer is then isotropically 
etched by either dry or wet chemical etching methods. This 
processing step generates relief features of silicon, preferably 
having Smooth side walls separated by a series of trench have 
a selected depth. The silicon relief features are then released 
from the Si (110) wafer by isotropic etching and liftoff pro 
cessing, thereby generating printable semiconductor ele 
ments. Optionally, Source electrode, gain electrode, gate elec 
trode, dielectric element or any combinations of these may be 
integrated into the semiconductor element prior to lift off. An 
advantage of this fabrication method is that the mother sub 
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strate can be cleaned and re-used. FIG. 18J also shows SET 
micrographs of Si (110) at various points in the processing 
method. 

(0175 FIG. 18K shows an alternative method for fabricat 
ing printable semiconductor elements comprising single 
crystalline silicon ribbons. The starting material in this 
method is a Si (111) wafer. The Si (111) wafer is selective 
isotropically etched for example using a combination of con 
ventional photolithography masking and wet etching meth 
ods. This processing step generates relief features of silicon. 
As shown in FIG. 18K, the side walls, surface or both of the 
silicon relief features are coated using a passivation process. 
Printable single crystalline silicon ribbons are released from 
the Si (111) wafer by isotropic etching and liftoff processing. 
FIG. 18J also shows SET micrograph of single crystalline 
silicon ribbons generated by this method just prior to liftoff. 

Example 4 

Methods of Making Semiconductor Nanowires and 
Microwires 

0176 It is a goal of the present invention to provide meth 
ods of making semiconductor nanowires and microwires hav 
ing good mechanical and electrical properties allowing for 
their use in a wide variety of devices, device components and 
device settings. It is further a goal of the present invention to 
provide methods of assembling nanowires and microwires to 
construct selected single layer structures, multilayer struc 
tures and functional devices comprising these elements. To 
assess the utility of the methods of the present invention, 
nanowires and microwires of GaAs and InP were fabricate 
and evaluated with respect to their electrical conductivity and 
mechanical flexibility in a range of device configurations. In 
addition, the ability of the present methods to assemble large 
numbers of nanowires and microwires in well defined posi 
tions and orientations corresponding to large Substrate Sur 
face areas was evaluated by fabricating a number of complex 
nano/microwire assemblies comprising single layer struc 
tures and multilayer structures. The present methods of mak 
ing and assembling GaAs and InP nanowires and microwires 
were demonstrated to provide excellent control over wire 
width, length and spatial orientation. In addition, the GaAS 
and InP nanowires and microwires fabricated exhibited good 
mechanical and electrical properties when integrated into 
microelectronic devices. 

0177 FIG. 19 provides a schematic diagram illustrating 
the steps of an exemplary method of generating and transfer 
ring nanowire arrays of GaAs to a Substrate. Such as plastic 
substrate comprising poly(ethylene terephthalate) (PET) 
sheet coated with a thin layer of cured polyurethane (PU). As 
shown in FIG. 19, the process begins with a piece of GaAs 
wafer with its surface oriented along the (100) direction 
(American Xtal Technology, Fremont, Calif.). Defining a etch 
mask of SiO in the form of lines oriented along the (OTT) 
direction prepares the structure for anisotropic etching using 
an aqueous solution of HPO and HO comprising HPO. 
(85 wt %):HO, (30 wt %):HO=1:13:12 in volume (step i in 
FIG. 19). This etching chemistry, when applied in this fash 
ion, exhibits high anisotropy, thereby generating sharply 
defined reverse mesa-shaped profiles of GaAs under the SiO, 
mask Stripes. For Sufficient etching times, the two side walls 
of each reverse mesa intersect, resulting in the formation of a 
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wire with triangular cross section. This triangular cross sec 
tion is exemplified in the top inset of panel A (left side) of FIG. 
19. 

0178. In one embodiment, the patterned SiO lines are 
surrounded by bulk SiO film, which results in both ends of 
each GaAs wire being connected to the mother wafer. This 
connection confines the wires and preserves the spatial ori 
entation and layout as defined by the pattern of SiO. FIG. 
20A provides a scanning electron micrograph of free-stand 
ing GaAs wires obtained from GaAs wafer patterned with 
isolated SiO lines. It is worthy of note that lateral undercut 
ting of GaAs occurs along with the vertical etching, resulting 
in the ability to decrease the width of resultant GaAs wires 
down to nanometer scale even with SiO, lines that have 
micron widths. 
0179 GaAs wire arrays prepared by the present methods 
may be transfer printed to plastic sheets with retention of the 
orientation and relative position of individual wires in the 
array. In the embodiment illustrate in FIG. 19, a conformable 
elastomeric transfer element, such as a flat piece of poly 
(dimethylsiloxane), or PDMS, Sylgard 184, A/B-1:10, (Dow 
Corning), is placed on the GaAs wafer to pickup the wires (as 
shown in step ii of FIG. 19). In this embodiment, relatively 
strong bonding between PDMS sheet and the SiO, mask layer 
is required to break the crystalline connections to the under 
lying Substrate at the ends of wires. 
0180 Cleaning the PDMS stamp and GaAs wafer having 
the SiO, mask with a weak oxygen plasma promotes forma 
tion of covalent siloxane (Si-O-Si) bonds between PDMS 
and SiO, by a condensation reaction (see the middle inset of 
FIG. 19). The present invention includes methods, therefore, 
wherein the elastomeric transfer element, semiconductor 
wafer having the SiO, mask or both are exposed to a weak 
oxygen plasma to provide effective and mechanically strong 
transfer of the semiconductor wafer having the SiO, mask to 
the elastomeric transfer element. The density of bonds over 
the interface is proportional to the number of O.Si(OH), 
on the PDMS surface, which is highly dependent on the 
intensity of oxygen plasma and the treatment time. Treatment 
with a strong plasma for a long time can induce bonding that 
is too strong to release the wires from PDMS to the desired 
plastic substrates. Controlled experiments indicate that the 
PDMS and SiO, coated GaAs wafer treated by the plasma 
generated from O at pressure of 10 mTorr, flow rate of 10 
sccm, and power intensity of 10 W (Uniaxis 790, Plasma 
Therm Reactive Ion Etching System) for 3 and 60s, respec 
tively, generated the best results. In these embodiments, the 
interaction between the e-beam evaporated SiO, mask layer 
and GaAs is strong enough to prevent delamination during the 
transfer process. Peeling the PDMS stamp away from the 
GaAs substrate after leaving it in contact with the GaAs wafer 
having the SiO, mask for ~2 hrs lifts off all of the wires (as 
illustrated in step iii of FIG. 19). 
0181. The present methods make the fabrication and 
assembly of large numbers of nanowires and/or microwires 
practically feasible. For example, the GaAs wafer after the 
transfer step (step iii of FIG. 19) can be polished to regenerate 
a flat surface for another run of wire fabrication (step iv of 
FIG. 19). The combination of wafer polishing with wire fab 
rication as described above makes it possible to generate a 
huge number of GaAs wires from a single piece of wafer. For 
example, one piece of GaAs wafer with diameter of 10 cm and 
thickness of 450 Lum (commercially available from American 
Xtal Technology) can generate enough wires (~2.2 billions 
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wires with widths of ~400 nm and lengths of 100 um) to 
densely cover the entire surface of a plastic substrate with an 
area of 1.76 m if one cycle of anisotropic etching and pol 
ishing consumes 2 um GaAs in thickness. These conditions 
are typical of the results described in the present example. 
Accordingly, Such repetitive application of wire fabrication 
followed by wafer polishing steps enables highly cost effec 
tive use of the bulk wafers. 

0182. As shown in steps V and vi of FIG. 19, the GaAs 
wires having SiO, mask elements can be effectively trans 
ferred to a substrate, such as a plastic Substrate having an 
adhesive layer on its outer Surface. In one embodiment, the 
PDMS stamp with bonded GaAs wires is exposed to ambient 
environment for one day or rinsed it with ethanol to reconsti 
tute the PDMS surface to its native, hydrophobic status. This 
hydrophobic property of the PDMS surface substantially pre 
vents the PDMS from strongly interacting with adhesives that 
are normally hydrophilic. When the recovered PDMS stamp 
is placed against an adhesive layer, Such as a PU layer (ob 
tained from Nolarland products, Cranbury, N.J.) spin-coated 
onto a plastic substrate (e.g., PET of ~175um in thickness, 
Mylar film, Southwall Technologies, Palo Alto, Calif.), only 
the GaAs wires attached to SiO, mask stripes are wettable to 
the adhesive. The thickness of PU layer can be varied from 1 
to tens of microns by controlling the spin speed. Illuminating 
the sample with an ultraviolet lamp (Model B 100 AP, Black 
Ray, Upland, Calif.) for 1 hr cures the PU layer and forms a 
strong bond between the cured PU and the GaAs wires and 
SiO, mask stripes and between the cured PU and the under 
lying PET sheet (step v in FIG. 19). Peeling away the PDMS 
stamp leaves the GaAs wires and SiO, stripes embedded in 
the matrix of cured PU with preservation of order and crys 
tallographic orientation similar to those of wires prior to 
lift-off (step vi in FIG. 19). The separation of SiO, from 
PDMS stamp is enabled by two effects: i) moderate adhesion 
strength associated with sparse siloxane bonds at the interface 
between PDMS and SiO, which further weaken during the 
process of reconstituting PMDS surface; and ii) ultra-thin 
layer of SiO (with thickness of several nanometers) that 
remains on the PDMS after cohesive failure of the SiO, 
which can be amorphous, incompact and fragile. Immersing 
the plastic sheet in a solution of buffered oxide etchant (BOE, 
NHF (40 wt %):HF (49 wt %)=10:1) for 15 min removes the 
SiO, mask stripes, leaving the clean (100) top surfaces of the 
GaAs nanowires (step vii of FIG. 19) facing out. 
0183 This simple top down approach to the fabrication 
and dry printing of GaAs wire arrays offers many advantages. 
For example, the geometries (i.e., length, width and shape) of 
the wires and their spatial organization can be defined by the 
initial lithographic step to satisfy the design of the desired 
electronic or optical end application. The transfer printing 
technique can generate yield as high as 100% with preserva 
tion of the patterns defined by the lithography. The well 
oriented crystallographic facets of the transferred wires (i.e., 
the top (100) surface) on plastic substrates provide an 
extremely flat top Surface (having a flatness similar to that of 
original wafer), which is very useful for device fabrication. 
Furthermore, the SiO, mask stripes prevent the top surfaces 
of GaAs wires from becoming contaminated by organics, 
such as PDMS, PU and solvents used in the processing. 
Embedding the GaAs wires in cured PU immobilizes them, 
thereby preventing them from moving in lateral or vertical 
directions, especially when the plastic Substrates are bent or 
twisted. it is important to note that PU and PET are only 
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examples of materials usable in the present invention. 
Accordingly, it will be understood by persons skilled in that 
art that other adhesives, for example NEA 155 (NorlandR) 
and other types of plastic sheets, for example Kapton R or 
polyimide film, can be used in the methods of the present 
invention. 

0184. Unlike bottom up approaches of the prior art, the 
top down processes of the present invention can generate 
GaAS nanowires with uniform lengths from several microns 
up to tens of centimeters (i.e., the diameter of original 
wafers). FIG. 20A shows an SEM image of free-standing 
GaAs nanowires with widths of ~400 nm and lengths of 2 cm 
which were randomly assembled on a mother wafer. The long 
nanowires formed curved structures during drying process, 
indicating the high degree of flexibility that is afforded by 
their narrow widths. As shown in the lower inset of FIG. 20A, 
the circled nanowire has a bend radius as Small as ~20 um, 
which suggests that nanowires with width of ~400 nm could 
withstand stain of ~1.3%. The upper inset in FIG. 20A pro 
vides a scanning electron micrograph image of the cross 
section before a nanowire lift off, which clearly shows for 
mation of inverse mesa profiles of GaAs and undercutting 
from anisotropic etching. 
0185. In one aspect of the present invention, the width of 
the GaAs wires is controlled by selectively adjusting the 
width of SiO, mask lines, selectively adjusting the etching 
time or both. Widths between hundreds of microns and tens of 
nanometers are attainable using the present methods. Con 
trolling etching time provides an easy way to generate nanow 
ires from SiO patterns having micron widths. FIGS. 20B-E 
show scanning electron micrograph images of individual 
wires obtained by etching the GaAs wafer patterned with 2 
um wide SiO lines. The wires were transferred to a PDMS 
Surface using the procedures described above to measure 
precisely the average width of their top surfaces (referred to as 
w. FIG. 20F provides a plot showing the dependence of 
the average width, was of the top surfaces of wires fabri 
cated by the present methods on etching time. This plot indi 
cates that GaAs wires with widths down to 50 nm can be 
obtained using this embodiment of the present methods. The 
linear relationship between width and etching time is consis 
tent with previous studies on etching kinetics of GaAs in 
HPO HO-HO Solution, i.e., the etching rate was pro 
portional to etching time when the molar ratio between H.O. 
and HPO (no.2/noa) was larger than 2.3 and the molar 
fraction of H2O (r2) was equal to or less than 0.9 (no.2/ 
noa and r2 of the etchant used in our experiments were 
7.8 and 0.9, respectively). The statistical results show that the 
distributions of the widths of the wires (as determined by 
averaging along their lengths) was <9% for wires with widths 
of ~50 nm, which is somewhat narrower than the > 14% 
variation in one type of bottom up nanowires that has been 
reported to provide average widths of ~16.8 nm. 
0186 The Scanning electron micrograph images shown in 
FIGS. 20B-D also show that the triangular cross sections of 
the wires is preserved during the thinning process, indicating 
the etching is highly anisotropic even for the free-standing 
GaAs wires. Close observations of the wires show that there 
is some roughness on their side walls. Much of this roughness 
comes directly from the lithographic procedures used to 
define the SiO, mask stripes; some is induced by the mis 
alignment of mask lines and etching itself. This roughness 
determines the width of the smallest continuous wires that we 
could obtain using this embodiment of the present invention. 
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As shown in FIG. 20F, the ratio between the width variation 
along individual wires and average wire width (ew) was also 
highly dependent on the etching time. Continuous GaAS 
nanowires can be prepared when the ratio was less than 100%. 
The curve provided in FIG. 20F indicates that the width of 
nanowires obtained from application of this embodiment of 
the present invention can be decreased down to ~40 nm. 
Nanowires with different average widths exhibited essen 
tially the same width variation along individual wires (i.e., 
~40 nm), which was close to the width variation along indi 
vidual SiO, mask lines (i.e., ~36 nm). This comparison con 
firms that the roughness of wire side walls is mainly initiated 
by the rough edges of SiO, mask stripes regardless of etching 
times. Accordingly, use of lithographic procedures that 
reduce the roughness of the mask stripes reduces the rough 
ness on the edges of the wires. It is important to note that the 
transfer printing process described in this example exposes 
the pristine, ultraflat unetched top surface of the wires for 
electrical connection and device fabrication on the final sub 
strate (i.e. the PET of FIG. 19). 
0187 FIGS. 21 A-G shows images of a variety of GaAs 
wire arrays printed on PDMS and PU/PET substrates. The 
wires in this case have widths of ~400 nm and lengths of ~100 
um. The corresponding SiO, mask lines had widths of 2 um 
and lengths of 100 um oriented along the (OTT) direction on 
the (100) GaAs wafers. FIG. 21A is a scanning electron 
micrograph image taken from an GaAs wire array bonded to 
a flat PDMS stamp via the SiO, mask layer, indicating that the 
order of wires was preserved. The inset of FIG.21A shows the 
ends of three wires with relatively higher magnification, 
clearly revealing the breakage at their ends. As shown in FIG. 
21B, peeling the PDMS stamp away from the cured PU left a 
smooth surface (as smooth as that of the PDMS) with the SiO, 
mask Stripes facing out. As shown in FIG. 21C, etching away 
the SiO, layers with BOE exposes the pristine top surfaces of 
GaAs wires. FIG. 21D presents an optical image collected 
from a PU/PET substrate with embedded GaAs wires, indi 
cating that large-area of wire arrays can be routinely printed 
on the PU/PET substrate using the method illustrate FIG. 19. 
GaAS wire arrays with other patterns (e.g., patches consisting 
of wires with different lengths) can also be transferred to 
PU/PET Substrates. 

0188 The transfer process is repeated to print multiple 
layers of GaAs wire arrays on the same PET substrate by 
spin-coating a new layer of PU. These methods provide 
important pathways to generating multilayer structures com 
prising nanowires and/or microwires. FIGS. 21E and 21F 
give typical images of multilayer structures having double 
layers of GaAs wire arrays. In one embodiment, such multi 
layer structures are obtained by rotating the second layer with 
different angles (-90° and ~45° for E and F, respectively) 
relative to the first layer. FIG.21G provide images of PU/PET 
substrates having three layers of GaAs wire array obtained by 
repeating the printing process on samples shown in FIGS. 
21E and 21F. The thickness of the PU layer, which can be 
controlled by tuning the spin speed, controls the spacing 
between the wire arrays. This type of multilayer capability 
does not, of course, require any form of epitaxial growth, and 
the PU insulates the arrays in different levels. This fabrication 
capability is useful for a large number of device fabrication 
applications. 
0189 The wire fabrication and printing techniques of the 
present invention can be used to generate wire arrays of other 
semiconductor materials on plastic Substrates by using Suit 
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able anisotropic etchants. For example, InP wires with trian 
gular cross sections are fabricated by etching an (100) InP 
wafer having SiO, mask lines along (OTT) direction in a 1% 
(v/v) methanol solution of Br. FIGS.22A-C shows scanning 
electron micrograph images of an InP wire array on PMDS 
and PU/PET substrates. These wires were fabricated from an 
InP wafer patterned with SiO lines of 50 um in length and 2 
um in width. The wires shown have lengths and widths of -35 
um and ~1.7 um, respectively. The etching behavior of InP in 
methanol solution of Br is significantly different from that of 
GaAs in aqueous solution of HPO. H.O. in terms of pro 
file of wire ends and lateral undercutting. For example, the 
etching process disconnected all the ends of InP wires from 
the mother wafer even with an etch mask that was similar to 
the one used in fabrication of GaAs wires (FIG. 21). Further 
more, the degree of undercutting in InP is less than that in 
GaAs, indicating that InP wires with small widths (less than 
500 nm) can be more easily prepared by using narrow SiO, 
stripes rather than by controlling the etching time. 
0190. The mechanical flexibility of a simple two terminal 
diode device made with GaAs wire arrays (same as those 
shown in FIG. 21 which were fabricated from Si-doped 
n-GaAs wafer with carrier density of 1.1-5.6x10'7 cm) on a 
PU/PET substrate was evaluated by measuring the electrical 
properties as a function of bend radius. The structures were 
fabricated with GaAs wire arrays defined according to the 
methods of FIG. 19. Photolithography and metal deposition 
defined on these wires two Schottky contacts made of Ti/Au 
(5 nm/150 nm) and separated by 10um. FIG. 23A provides a 
schematic diagram and image of an exemplary two terminal 
diode device comprising GaAs wire arrays. Dipping the Sub 
strate into a concentrated HCl solution for 10 min removed 
the native oxide layers on the surfaces of GaAs wires just 
before deposition of electrodes. 
(0191 FIG. 23B shows the current-voltage (I-V) curves 
recorded at different bend radii. These curves all exhibit 
expected diode characteristics. The Small differences among 
these curves Suggest that almost no GaAs nanowires were 
broken even when the bend radius (R) of substrate was 0.95 
cm. The strain on the PET surface in this case was ~0.92%, 
which is less than that estimated to exist in the free-standing 
GaAs nanowire shown in the inset of FIG. 20A. These results 
further confirm that GaAs nanowires generated by the present 
top down fabrication methods are flexible and are able to be 
integrated with bendable plastic sheets. We note that the data 
show that when the substrate was relaxed after first bending it, 
the current was ~40% smaller than that recorded from origi 
nal device before bending. FIG. 23C shows the current-volt 
age (I-V) curves measured for the two terminal diode device 
after relaxation after bending at different bend radii. For the 
sake of comparison, the black curve in FIG. 23C shows the 
current-Voltage curve corresponding to the device configura 
tion prior to bending. The lack of variation in the I-V charac 
teristics with bend radius and with multiple bending/unbend 
ing cycles after the first one suggest, however, that the one 
time decrease in current might be caused by an initial 
variation in the properties at the interface between the elec 
trodes and the wires. 

0.192 The combined use of traditional photolithography 
and anisotropic chemical etching with bulk high quality 
single crystal wafers of these materials forms an attractive 
top down route to micro and nanowires of GaAs and InP 
with triangular cross sections. The dimensions of the wires 
and their organization are selectively adjustable by appropri 
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ate selection of the lithography and etching conditions, for 
example etching time. The as-obtained wire arrays on the 
mother substrates are able to be effectively transfer printed 
with high fidelity to plastic substrates coated with a thin layer 
of adhesive in which the wires are embedded. The mother 
wafer is able to be re-used after polishing, which enables large 
numbers of wires to be generated from a single wafer. This 
“dry” transfer printing of top down nanowires/micron wires 
represents a new class of transfer processes that offer many 
advantages over “wet' assembly of bottom up nanowires in 
terms of preservation of order and crystallographic orienta 
tion of the wires as well the purity of their active surfaces. For 
macroelectronics applications in particular, where wires 
wider than 100-200 nm are useful, the “top down” fabrication 
methods of the present invention has many attractive features. 
The systems of wires on plastic substrates demonstrated here 
illustrate excellent bendability and significant potential for 
use in this class of application. 

Example 5 

Solution Printing Methods for Printable Semicon 
ductor Elements 

0193 The present invention provides solution printing 
methods capable of transferring and assembling printable 
semiconductor elements over large areas of many Substrates. 
This aspect of the present invention provides continuous, high 
speed fabrication methods applicable to a wide range of semi 
conductor devices and device components. 
0194 In one method of this aspect of the present invention, 
a printable semiconductor element is provided having a 
handle element. In the context of this description, the term 
“handle element” refers to a component that allows for con 
trolled manipulation of the position and/or orientation of a 
printable semiconductor element after solution phase deliv 
ery to a Substrate Surface. In one embodiment, a semiconduc 
tor element is provided having one or more handle elements 
each comprising a layer of material that is responsive to a 
magnetic field, electric field, or both. This aspect of the 
present invention is useful for providing methods of aligning, 
positioning and/or orienting printable semiconductor ele 
ments on Substrate Surfaces using electrostatic forces, and/or 
magnetostatic forces. Alternatively, the present invention 
provides methods wherein a semiconductor element is pro 
vided having one or more handle elements each comprising a 
layer of material that is responsive to laser induced momen 
tum transfer processes. This aspect of the present invention is 
useful for providing methods of aligning, positioning and/or 
orienting printable semiconductor elements on Substrate Sur 
faces by exposing the printable semiconductor element hav 
ing one or more handle elements to a series of laser pulses 
(e.g. laser tweezers methods). Alternatively, the present 
invention provides methods wherein a semiconductor ele 
ment is provided having one or more handle elements each 
comprising a droplet that is response to forces generated by 
capillary action. The present invention includes methods and 
devices using printable semiconductor elements having one 
or more handle elements or one or more different types of 
handle element, Such as handle elements responsive to differ 
ent types of fields. Handle elements may be provide in many 
types of printable semiconductor elements of the present 
invention including, but not limited to, microstructures, nano 
structures, microwires, nanowires, microribbons and nanor 
ibbons. 
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0.195. In this aspect of the present invention, one or more 
printable semiconductor elements each having one or more 
handle elements are dispersed into a solution or carrier fluid 
and delivered to a substrate surface. Delivery of the mixture of 
printable semiconductor elements and solution/carrier fluid 
distributes the printable semiconductor elements randomly 
about the substrate surface. Next, the semiconductor ele 
ments randomly distributed on the Substrate Surface are con 
certedly moved into selected positions and orientations on the 
Substrate Surface by application of forces arising from the 
presence of handle elements of the printable semiconductor 
elements. This aspect of the present invention is useful for 
aligning printable semiconductor elements having handle 
elements into well order arrays or into positions and orienta 
tions corresponding to a selected device or device component 
configuration. For example, printable semiconductor ele 
ments having one or more handle elements comprising a layer 
of magnetic material may be moved into selected positions 
and orientations on a Substrate surface by application of a 
magnetic field having appropriate distributions of intensities 
and directions. In this embodiment, a magnetic field having 
selected distributions of intensities and directions may be 
applied by positioning one or more ferromagnetic elements or 
electromagnetic elements proximate to the Substrate (such as 
positioned behind the substrate surface, above the substrate 
Surface and/or along side the Substrate), thereby generating 
selected distributions of intensities and directions which cor 
respond to a desired assembly, pattern or structure of print 
able semiconductor elements or a selected device or device 
component configuration. In this aspect of the present inven 
tion, solvent, carrier fluid or both may be removed before, 
during or after selective positioning and orientation of print 
able semiconductor elements via manipulation of handle ele 
ments by any means known in the art, including by evapora 
tion or by desorption methods. 
0.196 FIG.24 provides a schematic diagram illustrating an 
exemplary method of the present invention for solution print 
ing printable semiconductor elements having handle ele 
ments comprising magnetic tags. As shown in FIG. 24, print 
able semiconductor elements are provided, each of which 
have a plurality of magnetic tags comprising thin nickel lay 
ers. In one embodiment, thin nickel layers are provided on the 
Surface of a microsized or nanosized semiconductor struc 
ture. The use of nickel for handle elements in this example is 
only by way of example and any crystalline or amorphous 
ferromagnetic material may be used in these methods, includ 
ing but not limited to, Co, Fe, Gd, Dy, MnAs, MnBi, MnSb, 
CrO, MnOFeO, NiOFeO, CuOFeO, MgOFeO and 
amorphous ferromagentic alloys such as transition metal 
metalloid alloys. 
0.197 As shown in step I of the schematic diagram in FIG. 
24, a plurality of printable semiconductor elements each hav 
ing handle elements are dispersed into Solution and cast onto 
the surface of a substrate. This step provides the printable 
semiconductor elements to the Substrate surface in a random 
distribution of positions and orientations. As shown in step II 
of the schematic diagram in FIG. 24, a magnetic field is then 
applied to the printable semiconductor elements, preferably a 
magnetic field having selected distributions of intensities and 
directions. In the schematic shown in FIG. 24, a magnetic 
field having selected distributions of intensities and direc 
tions is applied by positioning the magnetic poles of one or 
more magnets on opposite sides of the Substrate Surface hav 
ing printable semiconductors thereon. As a ferromagnetic 
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material, interaction of the magnetic field and the nickel lay 
ers comprising the handle elements generates forces which 
move the printable semiconductors into desired positions and 
orientations on the substrate surface. In the embodiment 
shown in FIG. 24, a magnetic field is applied that orients the 
printable semiconductor elements into a well ordered array 
characterized by a Substantially parallel alignment of the long 
sides of the printable semiconductor elements. As shown in 
step III of the schematic diagram in FIG. 24, electrical con 
nections can be deposited on the ends of printable semicon 
ductor elements comprising the ordered array in a manner 
establishing an electric connection and in a manner preserv 
ing the orientations prepared by application of the magnetic 
field. 
0198 FIG.25 provides several optical images demonstrat 
ing the use of solution printing methods of the present inven 
tion to generate well order arrays of microstructures compris 
ing printable semiconductor elements having handle 
elements comprising thin nickel layers. The optical images 
presented in the panels on the left of FIG. 25 correspond to a 
Substrate Surface having printable semiconductors dispersed 
on a Substrate Surface without the application of a magnetic 
field. As shown in these images, the printable semiconductor 
elements are randomly distributed on the substrate surface. 
The optical images presented in the panels on the right of FIG. 
25 correspond to a Substrate Surface having printable semi 
conductors dispersed on a Substrate surface upon the appli 
cation of a magnetic field. In contrast to the images presented 
in the left panels, the optical images corresponding to condi 
tions wherein a magnetic field is applied show that the print 
able semiconductor elements are provided in selected orien 
tations and positions corresponding to a well ordered array. 
Comparison of the images presented in the left panels and 
right panels of FIG.25 indicate that application of a magnetic 
field having selected distributions of intensities and direc 
tions is capable of generating forces that move individual 
printable semiconductor elements into selected positions and 
orientations. 
0199 As will be understood by persons of skill in the art of 
device fabrication, the positions and orientations of printable 
semiconductor elements in the right panels of FIG. 25 are but 
one example of orientations and positions achievable using 
the solution printing methods of the present invention. Selec 
tion of appropriate positions of handle elements on printable 
semiconductor elements and selection of appropriate mag 
netic fields having selected distributions of intensities and 
directions may be used to generate virtually any distribution 
of semiconductor element positions and orientations. 

Example 6 

Fabrication of High Performance Single Crystal Sili 
con Transistors on Flexible Plastic Substrates 

0200. It is a goal of the present invention to provide bend 
able macroelectronic, microelectronic and/or nanoelectronic 
devices and device components comprising printable, high 
quality semiconductor elements assembled on flexible Sub 
strates. In addition, it is a goal of the present invention to 
provide bendable electronic devices, such as bendable thin 
film transistors that exhibit field effect mobilities, on-off 
ratios and threshold Voltages similar to or exceeding that of 
thin film transistors fabricated by convention high tempera 
ture processing methods. Finally, it is a goal of the present 
invention to provide bendable electronic devices compatible 
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with efficient high throughput processing on large areas of 
flexible Substrates at lower temperatures, such as room tem 
perature processing on plastic Substrates. 
0201 The ability of the present methods, devices and 
compositions to provide useful macroelectronic and/or 
microelectronic devices and device components exhibiting 
high device performance characterizing in bent and planar 
configurations was verified by experimental studies. The 
results of these measurements demonstrate that the present 
invention provides dry transfer contact printing techniques, 
exhibiting excellent registration capability, that are capable of 
assembling bendable thin film transistors by depositing a 
range of high quality semiconductors, including single crys 
tal Siribbons, Ga—As and InP wires and single-walled car 
bon nanotubes onto plastic Substrates. For example, the 
results of these experimental studies indicate that bendable 
thin film type transistors comprising spatially well defined 
arrays of dry transferred printable single crystal silicon ele 
ments exhibit high device performance characteristics, such 
as average device effective mobilities, evaluated in the linear 
regime, of ~240 cm/Vs, and threshold voltages near 0 V. 
Further, these studies show that the thin film transistors of the 
present invention exhibit bendability (i.e. strain at which fail 
ure occurs) comparable to devices made with organic semi 
conductors, and mechanical robustness and flexibility when 
subjected to frontward and backward bending. 
0202 High performance printed circuitry on large area 
flexible substrates represents a new form of electronics that 
has wide ranging applications in sensors, displays, medical 
devices and other areas. Fabricating the required transistors 
on plastic Substrates represents a challenge to achieving these 
macroelectronic systems. Some approaches that have been 
explored over the last several years are based on modified, 
low temperature versions of the types of process steps used to 
fabricate conventional silicon based thin film transistors 
(TFTs) on glass/quartz. Substrates. The high temperatures 
associated with the directional solidification processes devel 
oped for producing single-crystal silicon films (i.e., Zone 
melting recrystallization of Si films on SiO, using a cw laser, 
a focused lamp, an electron beam, or a graphite-strip heater) 
make this approach unsuitable for use with plastic Substrates. 
Laser based approaches have achieved some limited degree of 
Success, although uniformity, throughput and use with low 
cost plastics poses significant continuing experimental chal 
lenges. Direct full wafer transfer of preformed circuits onto 
plastic Substrates yield some useful devices, but this approach 
is difficult to Scale to large areas and it does not retain printing 
type fabrication sequences that might be important for low 
cost, large area macroelectronics. Organic semiconductor 
materials provide an alternative pathway to flexible electron 
ics; wherein the organic based electronic materials can be 
naturally integrated, via room temperature deposition, with a 
range of plastic Substrates. The organic semiconductors mate 
rials currently known, however, enable only modest device 
mobilities. For example, even high quality single crystals of 
these materials have mobilities in the range of 1-2 cm/Vs and 
~10-20 cm/Vs for n and p-type devices, respectively. 
0203 Other fabrication techniques such as fluidic self 
assembly separate the high temperature steps for producing 
high mobility materials from the low temperature processing 
that is required for building devices on plastic Substrates. 
These methods do not, however, allow efficient control of the 
organization or location of the deposited objects. 
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0204 FIG. 26A illustrates the steps used to fabricate 
exemplary bendable thin film transistors devices of the 
present invention. First, photolithography defined a pattern of 
photoresist on the Surface of a silicon-on-insulator wafer 
(Soitec unibond SOI with a 100 nm top Silayer and 145 nm. 
buried oxide). This resist served as a mask for dry etching the 
top silicon layer of the SOI wafer with a SF plasma (Plas 
matherm RIE system, 40 sccm SF flow with a chamber base 
pressure of 50 mTorr, 100 W RF power for 25s). A concen 
trated HF solution etched the buried oxide and freed (but did 
not completely float off) the printable single crystal silicon 
semiconductor elements from their substrate. A flat piece of 
poly(dimethylsiloxane) (PDMS) was brought into conformal 
contact with the top surface of the wafer and then carefully 
peeled back to pickup the interconnected array of ribbons. 
The interaction between the photoresist and the PDMS was 
sufficient to bond the two together for removal, with good 
efficiency. 
0205 An Indium-Tin-Oxide (ITO; thickness -100 nm) 
coated poly(ethyleneteraphtalate) (PET; thickness ~180 um) 
plastic sheet served as the device substrate. Washing it with 
acetone & isopropopanol, rinsing it with deionized water and 
then drying it with a stream of nitrogen cleaned its surface. 
Treating the ITO with a short oxygen plasma (Plasmatherm 
RIE system, 20 sccm Oflow with a chamber base pressure of 
100 mTorr, 50 W RF power for 10 s) promotes adhesion 
between it and a spin cast dielectric layer of epoxy (3000 
RPM for 30 S of Microchem SU8-5 diluted with 66% of 
SU8-2000 thinner). This photo sensitive epoxy was pre-cured 
at 50° C. on a hot plate during ~ 1 min. Bringing the PDMS 
with a printable single crystal silicon semiconductor element 
on its Surface into contact with the warm epoxy layer and then 
peeling back the PDMS led to the transfer of the printable 
single crystal silicon semiconductor element to the epoxy. 
This result suggests that the bonding forces between the sili 
con and the Soft epoxy layer (some of which are mechanical, 
due to the flow of epoxy around the edges of the printable 
single crystal silicon semiconductor elements) are stronger 
than those between the photoresist and the PDMS stamp. The 
epoxy layer was fully cured at 100° C. for 5 min, exposed to 
UV light from the back side of the transparent substrate for 10 
s and then post baked at 115° C. for 5 minto crosslink the 
polymer. The photoresist mask (which, conveniently, pre 
vents contamination of the top surface of the printable single 
crystal silicon semiconductor elements during the transfer 
steps) was dissolved with acetone and the sample was then 
abundantly rinsed with deionized water. 
0206 Source and drain electrodes were formed with Ti 
(-70 nm: Temescal e-beam evaporator) deposited on the top 
Surface of the printable single crystal silicon semiconductor 
elements. Etching (1:1:10 HF:HO:DI for -2 s) through a 
photoresist mask (Shipley S1818) patterned on the Tidefined 
the geometry of these electrodes. The last step of the fabrica 
tion involved dry etching (SF using the RIE parameters given 
above) through a photoresist mask to define islands of silicon 
at the locations of the devices. FIG. 26B presents a schematic 
illustration of the bottom gate device configuration of the thin 
film transistor together with high and low magnification opti 
cal images of part of the device array. 
0207 FIG. 27A presents current voltage characteristics of 
a bendable thin film transistor of the present invention that 
shows an effective device mobility of 140 cm/Vs in the 
saturation regime and 260 cm/Vs in the linear regime, as 
evaluated by application of standard field effect transistor 
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models that ignore the effects of contacts. The high resistance 
(-90 G2cm) of the Schottky contacts in these devices, how 
ever, has a significant effect on the device response. FIG.27B 
presents transfer characteristics of several devices, plotted on 
linear (left axis) and logarithmic (right axis) scales. The plot 
in the inset shows that the threshold voltages have a narrow 
distribution near OV. Small (<4% in current for at 10V cycle) 
hysteresis in the transfer characteristics indicates a low den 
sity of trapped charge at the interface between the silicon 
(with native oxide) and the epoxy dielectric. The small values 
(s13 V-nF/dec-cm) of the normalized subthreshold slopes 
confirm the good quality of this interface, which may be 
governed primarily by the interface between the silicon and 
its native oxide. FIG. 27C shows the distribution of the linear 
effective mobilities of several bendable thin film transistors 
fabricate by the present methods. A Gaussian fit indicates a 
center value of 240 cm/Vs with a standard deviation of 30 
cm/Vs. Some of the low values are associated with visible 
defects in the electrodes or other components of the devices. 
The uniformity of the epoxy dielectric was investigated by 
building, using the same Substrate and methods used to pre 
pare the transistor gate dielectric, an array of 256 (200x200 
um) square capacitors. The inset in FIG. 27C shows the mea 
Sured capacitance values. A Gaussian fit indicates a standard 
deviation lower than 2% confirming the excellent electrical 
and physical properties uniformity of the epoxy layer. 
Capacitance measurements carried out at various frequencies 
(between 1 kHz and 1 MHz) indicted a small (<3%) fre 
quency-dependence of the dielectric constant. 
0208. The mechanical flexibility and robustness of the 
bendable thin film transistors of the present invention were 
investigated by performing frontward and backward bending 
tests. FIG. 28A presents a high-resolution scanning electron 
micrograph of solution cast ribbons (left inset) illustrating the 
remarkable flexibility of the printable single crystal silicon 
semiconductor elements. The right inset in FIG. 28 shows a 
picture of the experimental setup used to bend the bendable 
thin film transistors evaluated in this study. To maximize the 
strain induced in the thin film transistors when the plastic 
sheet is bent, a relatively thick (~180 um) plastic substrate 
was used in these studies. FIG. 28B shows the small (~<1%) 
linear variation of the epoxy dielectric capacitance when Sub 
ject to tensile and compressive strains (see top inset). The 
bending radius and strain values where computed using a 
finite element model of the buckling sheet. Comparisons of 
the bending profiles of the buckling sheet (for several bending 
radius) to the profiles obtained with the finite element method 
confirmed the accuracy of the simulations. The lower inset in 
FIG. 28B presents the variation of the saturation current of a 
device measured foragate and drain bias Voltages of both 4V. 
The maximum value of the tensile strain at which the bend 
able thin film transistor can be operated seems to be limited by 
the failure of the ITO gate electrode (which fails a tensile 
strain value of ~-0.9%). The bendable thin film transistor 
operate well even at compressive strains as high as 1.4%. This 
level of bendability is comparable to that recently reported for 
organic transistors based on pentacene. Failure of the present 
bendable thin film transistors is likely to occur only at very 
high Strains, as Takahiro et al. recently demonstrated that 
micron-sized single crystal silicon objects etched from the 
top layer of a SOI wafer can withstand remarkably high 
tensile stress (>6%) T. Namazu, Y. Isono, and T. Tanaka J. 
MEMS 9,450 (2000) 






























