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THERMALLY-DRAWN FIBER
INCLUDING DEVICES

CROSS-REFERENCE TO RELATED APPLICATION
[ad61} This appheation claims the benefit of U.B. Provisional Patent
Application No. 62/367,690, filed July 28, 2016, the entivety of which is herehy

incorporated by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This mmvention was made with Government support under
Contract No. DMR-1419807, awarded by the National Science Foundation, and
under Contract No, WOLINF 13-D-00081, awarded by the United States Army

Reseavch Office. The Government has certain vights in the invention.

BACKGROUND
[0003] This invention relates generally to fibers, and more particalurly

relates to fiber-based micreelectronie devices.

[0004] The field of wearable electronics has recently received substantial
attention zs a possible platform for connection between humans and flexible
electronie devices, So-called ‘wearable’ devices are now available, but are
separate and distinct from wearable fabric becanse the devices cannot be
meorporated into & fabric produchion process, genervally due to the non-fiber

form of the devices. Yet fibers and varas ave the main building blocks of

textiles.
[0005] Optical fiber is the main building block of modern communication

systems. There has been demonstrated the ability to produce multifunctional
optical fibers by combining different sets of materials to achieve covresponding
fiber functions, Additionally, here has been demonstrated the use of optical
hber as a platform for supporting external devices, e.g., as a carrier for

microelectronic devices that are positioned on the surface of the fiber.

{0006} The thermal drawing of optical fiber s a powerful and well

established process that enables the production of a wide range of fiber
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geometries. Buf thermal drawing imposes imifs on the functionality of the
drawn fiber. For example, the set of materials that can be thermally drawn
into a fiber is limited by the thermomechanical properties of the materials,
Conventionally, in erder to achieve a successful fiber draw, all fiber materials
to be co-drawn must flow at the same temperature, requiring the materials to
have similar vigcosities while mairdaining chemical compatibility with each
other at the draw temperature. As the draw temperature 18 lowered, the set of
materials that can be integrated inte the fiber is nereasingly Hmited. As the
draw temperature is increased, diffusion and mixing of and undesived chemical
reaction between drawn materials inereases, often prohibiting the use of
matertals that are required to achieve desived fiber structure andfor
functionality.

[0007] The materials employed in conventional, commercial
microelectronic devices are not in general compatible for co-drawing into fiber
form because such devices reguire a large set of materialy, including
crystalline semiconductors, high melting temperature alloys, thin films, and
thermoset polymers, and these in geneval are not compatible for co-drawing.
For example, light emitting diedes typically include at least two doped
semiconductor matevials as well as metallization materials, which are not in
general compatible for thermal co-drawing. As a vesult of these material
imitations, as well ag fabrication requirements for micro-seale dimensional
control imposed by microslectronic devices, the full integration of devices, such
as microelectronic devices, into fiber-bagsed textiles has not historically been

achievable.

SUMMARY
[O00R] There is provided herein a fiber that includes a fiber body with &
fHber body material and having a longitudinal axis along a fber body length, A
plurality of devices is disposed as a linear sequence of devices within the fibey
bhody along at least a portion of the fiber body length. Each device Includes at

least one electrical contact pad. At least one slectrical conductor is disposed
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within the fiber body aleng at least a portion of the fiber body length. The

electrical conductor 1s slectrically connected to an electrical contaet pad of

devices in the plurality of devices within the fiber body.

[0065] In a corresponding fber preform there is provided a frst veglon of
fiber body material and a second region of fiber body material. A plurality of
operational devices is disposed as a linear sequence of devices between the fivst
region of fiber body material and the second region of fiber hody matervial

Bach device includes at least one electyical contact pad. At least one
continuous groove is in at least one of the first region of fiber body material
and the second region of fiber body material, This continuous groove ig aligned
with the linear sequence of devices for orienting an electrical conductor with

the linear sequenece of devices.

{0010} In a method for forming such a fiber, a preforn: is assembled
including a fiest region of fiber body material and a second region of fiber body
material. A plurality of operational devices 1s disposed as a linear sequence of
devices between the first regon of fiber hody material and the second region of
fiber body material. Each device includes at lrast one slectrical contaet pad.
At Jeast one continuous groove is provided i at least one of the frst reglon of
fiber body material and the second region of fiber body material; the
conttinuous groove being aligned with the lnear sequence of devices for
ortenting an electvical conductor with the lineay sequence of devices.
Blectrically conducting wive is fed into the continucus grooves in the preform,

and the preform is thermally drawn into a fiber.

[oe11} This enables a fabric that includes a plurality of fibers woven
together in an arrangement of a selected fabwic weave pattern. At least a
portion of the plurality of fibers consist of device fibers. Each device fiber
ineludes a fiber body with a fiber boedy material and having o longitudinal axis
along a fiber body length. A plurality of devices is disposed as a linear
sequenvce of devices within the fiber body along at least a portion of the fiber

body length, Each device includes at least one electrical contact pad. At least
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one electrical conductor 1s dizposed within the fiber body along at least &

portion of the fiber body length, The electrical conductor is electrically
connected o an electrical contact pad of devices 1n the plurality of devices

within the fiber body.

[o012] This further ensbles 8 weavable electronic device. The weavable
devices includes at least one device material, selected from the group of an
electronic material and a photonie material, that 18 ayvanged in a planay device
configuration. At least one elecivical contact pad 18 connected to the deviee
material, An electrically inswdating, mechanically flexible fiber body material
encapsitlates the planar device configuration and contact pad and has a fiber
body length greater than about 10 m. At least one electrical conductor is
electrically connected to a deviee contact pad and extends the fiber body
length. The fiber body material encapsudates the electrical conductor while
mainfaining electrical connection between the electrical conductor and the

device contaet pad.

[00138] The structures and methodelogy provided herein enable
imndependently funclional, fully fabricated microelectronie devices such as
LEDs, detectors, transistors, and other devices, including commercially-
available mieroelectronic and optoslectronic devices, to be included in a
thermally drawn fiber. Any devices in a wide range of micro-seale electronmes,
such as LEDw and photodiodes, or other miero-seale deviees, e.g., having eross
sections on order of 100 microns, which are conventicnally available
corumercially, can be included in the fiber. The Gber paradipgm provided herein
provides an ability to exploit in a fiber the benefits of high performance devices
without the need to fabricate the devices from fiber materials themselves.
Thus, the fiber formation paradigm provided hevein combines the benefits of
several technologies, namely, high-efficiency, high-performance device
microfabrication technology and well-controlled, fiber drawing technology, to

produce kilometer-long fibers that can be woven into highly functional fabrics,
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textiles, and other fibey arrangements for a wide vange of communication and
sensing applications.
[0014] Further features and advantages will be apparvent lvom the

following desceription and accompanying drawings, and from the claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1A is a schematic side view of a length of fiber including

devices that ave sited along the Gber length and that are electrically connected

to conducting wires by deviee contact pads;

[0018] Figure 1B is a cross-sectional view of the fiber of Figure 1A taken

at cross-section 1B-1Bin Figure 14;

{60171 Figure 1C i= 3 schematic pevspective view of an extended length

of the fiber of Figure 1A,

[0018] Figure 2 iv a flow chart of steps in a method for thermally

drawing the fiber of Figure 1A;

[0015] Pigure 3 is an exploded schematic view of the components of a

preform for producing the ber of Figure 14;

10020} Figures 4A-4C are a top view, a side view, and a bottom view,
respectively, of a commercial LED that can be employed as s deviee in the fiber
of Figure 1A;

f0021] Figures BA-DG are cross-sectional side views showing a sequence
of steps for assembling the components in the preform of Figure 3;

[0022} Figure 6 15 a schematic perspective view of a fiber preform being
thermally drawn into a fiber including devices, with wires being added to the
preform during the thermal deawing,

[0023] Figure 7 ix an exploded schematic view of the components of a
preform for producing a fibey ineluding devices and three electrical conductors

therein;
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[0024] Figure 8 is an exploded schematic view of the components of a

preform including two stacked layvers of devices, and grooves for corregponding
electrical conductors, for producing a fiber including devices with a reduced

distance hetween adjacent devices along the fiber length;

[0025] Figure 9 is an exploded schematic view of the components of a
preform inchuding two laterally spaced lines of devices, and grooves for
corvesponding electrical conductors, for producing a fiber including devices

with a reduced distance between adjacent devices along the fiber length and

[0026] Figures 10A-10B arve plots of measured device currvent as a
function of voltage, and current amphiude as a function of frequencey,

respectively, for an experimental fiber including GaAs P-I-N photodetector

devices,

DETAILED DESCRIPTION
[0027] Referring to Figures 1A-18, a section of a fibey 10 as-provided
herein is shown in side-view and in cross-sectional view, vespectively; the fiber

is not shown to scale in these figures for clarity of detail. The fiber 10 includes
a fiber body 12 within which are disposed devices 14, such as microelectronie
devices or photonic devices, at sites slong the fiber body 12, The devices are
arranged in 8 linear seguence, i, single file, along at least a portion of the
fber body length, There is a space between adjacent devices along the devies
sequence. Bach device 14 can be a planar device and oriented, e.g., so that the
physical plane of the device is parallel to the longitudinal axis of the Hber
body, defined here as the long axis of the fiber body. Each device 14 1s
provided with electrical contact pads 18 for making one or more glectrieal

connections to the deviee.

[0028] Electrical conductors 18 are disposed within the fiber body 12 along
at least a pertion of the fiber length in contact with device contact pads 16, At
one or both ends 20 of the fiber 10, one or move of the conductors 18 ave

connected Lo a power supply 22 or other circuitey for operation of the devices in

the fiber 10, This configuration is advantageous for enabling an arrangement
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of electrodes along the wive length for making electrical eonnection to the

devices,

[o029] Referring also to Figure 10, the {iber 10 is an elongated,
magcrosenpic structuwre for which the longitudinal dimension is substantially
larger than the other two fiber dimensions, defined as the fiber cross-sectional
dimensions, The body length, {, of the {iber 15 on the order of meters, e.g., 10
m, 20 m, 50 m, 100 m, or longer, while the largest cross sectional extent of the
fiber 13 on the ordev of nuillimeters, resulting ina fiber ongitudinal-to-eross-
sectional ratio that can be above 1000, The fiber cross-section is shown in Fig.
1B as generally vectangular, but such 1s not requived. Any suitable cross-
sectional Bber geometry, e, cveudar, elliptical, rectangular, triangular, or
other cross-sectional geometry, can be employed. The fiber body 12 13
mechanically flexible and is not fixedly rigid. In contrast, the devices 14
disposed at sites along the fibey body length are mechanically rigid stroctuves
held within the flexible fiber body. Even with the rigid devices sited along at
least a portion of the Bber length, or along substantially the entive fiber length,
the fiber and the materials of the fiber body maintain significant mechanical

flexibility; the fiber is sufficiently fexible, e.g., to be cotled around a spool.

[0030] Referring to the flow chart of Figure ¥, v production of the fiber 10,
a fiber preform is thermally drawn into the fiber. Accordingly, in a first step
30 there is assembled a macroscopic fiber preform structure that includes
devices., These devices, .., microelectromie, photome, or other devices to be
included in the fiber, preferably have or ave provided with electrical contact
pads, and are arranged with fiber body material i the fiber preformn structure.
In a next step 32 electrical conductors arve arvranged in the fber preform for
making electrical contact with the devices in the fiber. These two steps can be
accomplished in reverse order or simultansously. Alternatively, the electrical
conductors can be provided for feeding into the fiber preform as the fiber

preform is thermally drawn into a fiber,
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[a031} In & next step 34, the fiber preform is thermally consolidated, if

necessary, e.8., to form intimate material interfaces between materialg
arranged in the fiber preform. As sxplained below, this consolidation step can
be conducted multiple times, e.g., after cach of fiber body materialg, devices,
and conductors are introduced into the preform. Then in a final step 36, the
preform is thermally drawn into a fiber having a fher body within which are
digposed devices and electrical conductors in contact with contact pads of the
devices. The thermal drawing process produces extended lengths of fiber body
material along which are sited rigid devices and along which are provided
electrical conductors for ppevating the devices within the fiber body, all

internal to the fiber body.

{6032} The fiber body material 1s provided as any suitable material that
can flow at the sclected thermal draw temperature. A reasonable eriterion for
this condition is that the fiber body material flow during the fiber draw by
having a vigcosity lower than about 10° Poise at the selected draw
temperature. For example, given a polymer fiber body material that s
arranged to constitube the majority of the fiber preform volume, then a
polymer viscosity of between about 10! Poise and sheout 108 Poise can be
acceptable, with a viscosity of between about 1(% Potse and about 107 Poise
more preferrved; all at the selected fiber draw temperature. The fiber body
material preferably vetains both its structural integrity and its chemical
composition at the fiber draw temperature. Although the fiber body material
may elongate during the {iber draw, when the fiber body material evols and
solidifies, the elemental composition of the material in the drawn fiber is the
same as the elemental composition of the fiber body material in the preform.
[a033] The fiber body material also preferably encapsulates the rigid
devices and contact pads and the electrical conductors disposed along the
length of the fiber. With this arrangement, it can be preferved that the fiber

bhody material be an electrically insulating material. The fiber body material is
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also preferably transparent to wavelengths of radiation of intevest, e.g., for

operation of photonic or opto-electronie devices within the fibey,

{00341 With these considerations, the fiber body matevial can be provided
as, e.g., a thermoplastic polvimer, a glass, an elastomer, a thermoset, or other

material that can flow during thermal fiber deawing. Conventional fiber
cladding materials can be emploved as the fiber body material, mcluding, e.g..
Polyearhonate (PO, Poly-ethylene (PE), Cyclic Olefin copolymers (COQG), Poly-
methyvl methacrviate (PMMA) or any other acwryvlic, Polysulfone (PSS,
Polvetherimide (PELD, Polystyrene (P5). Polyethylene (PE), Polv-ether ether
ketone (PEER), poly-ether sulfone (PES), or other suitable material. Poly-
tetrafluorcethylene (PTFE or Teflon™ and other fluovinated polvmers or
copolymers can also be emploved ag fiber body materials in configurations in
which their characteristically poor ssuface adhesion properties can be
accommodated. While amorphous polymer materials can be preferred for
many applications, it 1s also recognized that some semicrystalling polymers,
e.g., branched PTFE, PE, can be emploved ag a fiber body material. A
necessary condition for any suitable polymerie fiber body material 1s that there
exists a fiber draw temperature at which the polymer can be drawn into a fiber
st a reasonable speed, e.g., greater than about 1 mm/minute, without
decomposition. The fiber body material can also be provided as silica ov any
glassy material such ag borosilicate glass, chalcogenide glass, or other suitable

glassy material,

[0035] The devices that are included at sites along the fiber length, within
the fiber body, can be microelectronie devices, photonic devices, opto-electronic
devices, microelectromechanical devices, or other devices. The devices ave fully
functional outside of the fiber; that is, the devices do not reguire the fiber
configuration for operation and thus are conventional stand-alene devices,

such as a micvofabricated microeleetronic devices. The devices have one or
more opervational functionalities, such as lght emission, e.g. as a hight emitting

diode device (LED devies), light detection, or other functionality.
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[0036] Examples of devices included in the fiber are semiconductor
devices, electronptic devices, transistors, diodes, junction-hased devices, such

as semiconductor junction devices, acoustie devices, and other devices that can
be tncorporated into the fiber, The devices can be formed of any suitable
material, e.g., cluding I-VI semiconductors, HI-V semiconductors, metals,
and other materials. The deviees can include all of electrically conducting,
semiconducting, and insulating materials, including crystalline materials such
as monocrystalline and polycrystalline materialg, ag well as amorphous
materials. The devices can be two-terminal devices, three-teyminal devices, or

other device configurations.

[0037] The devices can be conventional commercial devices of any selected
material. For example, there can be included in the Hiber InGaN deviees, such
as commercial InGaN LED devices, e.g., blue LED Part number C460UT170-
G014-31, from Cree Optoelectronics, Inc., Durham, NC, having dimensions of
170 pm x 170 pm x 50 pin, with electrical contact pads provided on opposite
ree Optoelectronies, Ine., Durham, NC. A {further example of & conmuneraal
microelectronie device that can be incorporvated into the fiber is a silicon
photodiede, Part PD-1018, from Three Five Materials Inc.; New York, NY,
having dimensions of 400 pm x 400 pm x 305 pm. Additional example
commerciallyv-available devices that can be included within the fiber body
include GaAs P-I-N dicdes and photedstectors such as Part No. SPD2010, from
Broadeom, Litd., San Jose, CA, having dimensions of 275 pm x 275 pm x 1580
pm; InGads PN diodes and photodetectors such as Part No. LPD2010, from
Breoadeom, Lid., San Jose, CA, having dimensions of 275 pm x 275 gm x 1580
s LEDs such as Part No. TCO-0TUOR, from Three Pive materials, Ine, New
York, NY: 51 photodiodes such as Part No. PD-30027A-B, from Three Five
matevials, Inc, New York, NY, having dimensions of 700 pm x 700 pm x 220
pm; and laser diode chips, such ag Part number TCU-LD-1310, from Three

Five Materials, Ine., New York, NY, and Part number TCU-LD-836 from Thaeee
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Five Materials, Ine., New York, N¥, both having dimensions of 250 pm x 250

win x 110 pm.

[0038] Whatever devices are to be included within the fiber, it can be
preferable that most, if not all, components, regions, materialg, and structures
of the devices do not flow during the thermal deaw of the fiber preform into the
fiber, and i is preferable that the entire device withstand the temperature and
mechanical stress of a thermal fiber deaw process. Semiconducting,
conducting, and insulating materials all can be included 1n the devices, The
device materials can exhibit morphologies that arve polyarystalline,
monocryvatailine, amorphous, or some combination of morphology or
microstructure. But the devices do not melt or change their dimensions to any
substantially extent durving the thermal fiber draw process. In one example,
this condition requires that at least some or all device components and/or
matevials have a viscostty, at the selected fiber draw temperaturs, that is
much greater than the viscosity of the fiber body material at the selected fiber
draw temperature; a viscosity that is greater than about 108 Puoise

characterizes this high-viscosity condition of the devices.

[0039] The extent of each device in the fiber is less than the cwoss-sectional
extent of the fiber; in other words, the deviees sited along the fiber are
completely encapsulated by the fiber body material and do not protrude from
the fiber surface. Beecause the thermal draw conditions can be adjusted to
control fiber body diameter, @ wide range of device sizes can be accommuodated
to meet this reguirement. The devices do not reside on the surface of the fiber
and do not employ fiber surface materiale. The term fiber body' is aceordingly
herein used to refer to a fiber material that encapsulates the devices within
the fiber.

[6040] The devices mclude or are provided with elecirical contact pads,
e.g., disposed in the fiber preform, to enable electrical connection to the devices
for achieving the intended device operational functionality once the fiberis

drawn. In one preferable confipuration, the devices ave sited along the fiber
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length within the fiber body in a spatial erientation such that contact pads of

the device are exposed on ane or more device surfaces that ave parallel to the
longitudinal sidewall surface of the fiber, in the manner shown in Figs. 1A-B.
With this configuration, electrical conductors disposed along the length of the
fiber within the fiber body can make contact with device contact pads along the
fiber length, The electrical contact pads can be disposed all on one physical
plane of the device, on oppeosing sides of the device, as shown in Figs. 1A-1B, or
on adiscent sides of the device, In any convenient configuration. The contact
pads should be electrically conducting and should have a lateral extent that is
similar to the extent of the electrical convluctor to be emploved for making

contact to the device.

[0041] In one example, contact pads have a diameter of about 80 pm.
There are few commercial devices that contact pads smaller than about 80 yom,
since conventional wive bonding cannot make connections to much smaller
pads. The fiber configuration is not lintted necessarily by this technology, but
it can be more difficult to form a contaet if the size of the contact pad is
extromely small. The device contact pad material can be in a molten state o
can be not molten during the fiber draw. Contact pad material can be of any
suitable composition, such a5 gold, copper, aluminum, silver, or any switable
combination of metals in the conventional arrangement for commercial
microelecivonic devices, or a solder-based material such as Bi-8Bn, Ph-Sn, or
other suitable material. Any suitable contact pad material can be employed, so
long as the electrode material to be emploved in concert with the confact pad
matecial is considered, so that possible corrosion of the two dissimilay
materials s prohibited. Preferably the contact pad material does not include
and 18 not coated with an electrically msulating material that could prohibit

electrical connection between the contact pad and an electrical eonduetor.

[0042] The electrical conductors disposed 1n the fibey for muking slectrical
eentact to the device conducting pads can be provided of materials that co-flow

with the fiber body material at & common Bber draw temperature, or can be
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provided of materials that de not flow at the fiber draw temperatuve. In either

case, the conductors ave electrical conductive connection media, For materials
that do co-flow with the fiber body material, the electrical conductors arve
preferably formed of a material or materials that melt at the fiber draw
temperature. Here, low melting-temperature metals such as Bi-8n alloys, In-
based alloys, Sn-Pb allovs, or any other suitable conducting materials,
prefevably that arve liguid at a selected fiber draw temperature, can he

employed,

{0043] In this scenario, the electrical conduetor material is arvanged in the
fiber preform configuration se that the conductor material makes electrical
contact with device contact pads during the fiber draw, as expladned below. To
facilitate this electrical commection during the fiber draw, the electrical
conductors can be disposed in the fiber preform adjacent to an electrically
conducting polymerie composite material, which in general has a low viscosity
at a range of fiber draw teraperatures. Such a composite can be provided as,
e.g., carbon black or other conducting fller that iz loaded with a thermoplastie
polymer to form, e.g., conducting polycarbonate (CPO), conducting
polyethylene (CPRE}, or other suitable matevial. Such polymerie conductors are
good transversal conductors, and thervefore can form an electrically conducting
bridge between a metallic conductor matenial and a device contact pad, but
have relatively high slectrical resistance, rendering them ineffective for long-

distance longitudinal conductivity along the length of a Gber,

[0044] For electrical conductor materials that do not flow during thermal
fiber draw, electrical contact between device contact pads and solid wires can
be achieved by feeding wives into the fiber during the fiber draw. These wires
can be made of, for example, a metallic material, preferably in a wive form,
ribhon form, or other suitable geometry., The wires that are fed into the fiber
prefevably do not melt during the fiber drvaw. Esample suitable wire materials
include W, Cu, Fe, Al T4, Cr, Ni, Au, Ap orany other allovs of these materials

In general, any conductive material, including metallic materials, but also
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mcluding electrically conduetive organie and tnorganic matenals, can be
emploved. For example, indium tin oxide, lanthanum-doped strontium
titanate, yviinium-doped strontium fitanate, polyaniline, polypyrrole,

PEDOT PSS, and other materials can be employed.

[0045] Whatever material 1s selected for electrical conductors, the selected
material preferably demeonstrates suffivient conductivity and mechanieal
strength and is the corvect size for the fiber configuration. Wires, vibbons, or
ather structures to be emploved as electrical conductors in the fiber preferably
do not include an inswdating surface layer and preferably can withstand the

mechanical stress of the thermal draw process.

{0046} For any electrical conductor material provided within the fiber, the
electrical conductors preforably exist along at least a portion of the fiber
length, and more preferably exist along the enfive length of the fiber,
connected to the devices along the fiber length. To make the electrical
connection from the eleciricad conductors within the fiber to electrical slements
that are external to the fiber, such as a voltage sowres, current souree, sensing
eiveutt, or computational element, the wirves are exposed from the
encapsulating fiber body material at an end of the fiber, in a manner similar to
that employed conventionally for exposing electrical wires that are coated in
outer insulation laver, or any method suitable for exposing wirves in fibers or
cables, e.g., by cutting, chemieal digsolution and removal, plasma and laser

gtching, or other suitable method.

[0047] Where electrical conductors extend along a fiber length connected
to device contact pads along the fiber length, the devices arve elecirically
connected in parallel along the fiber length. For example, LED devices sated
along a fiber length and each connected to electrical conductors along the fiber
length are connected in parallel along the fiber length, Two, theee, four, or
more slectrieal conductors can be provided along the fiber length, within the
fiber body. Thus, devices having move than two electrical terminals, eg.,

transistors, can be operated while digposed within the fiber.
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[004 8] The devices sited along the length of the fiber are diserete and can

he operable separately or can be operable collectively. As shown in Figl 1A,
there exists a region of fiber bady material between adjacent devices, along the
fiber length, in which no device exists and only fiber body material exists along
with electrical conductors and other Dber compeonents that ave not the adjacent
devices. Further, a device within the fiber hody doeg not extend axound the
circumference of the fiber body; the device materials do net form a closed loop
around the fiber clreumference. Bach device is a discrete planar element that
can be oriented in @ selected manner, e.g., aligned with the longitudinal axis of

the fiber body.

[0049] The fiber can include a plurality of different devices. For example,
one fiber can include along the fiber length separate light emitting devices,
light sensing devices, fransistors, and other electronic devices, ag well as
different optical devices, each at a selected site along the fiber length.
Electrical conductors can be positioned in the fiker body so that electrical
connection is made separately to each tyvpe of device or to a plurality of device
tvpes. As aresult, a phurality of electrical vonductors can be included 1 the
fiber and arranged to make connection with contact pads of a selected device or

devices in a plurality of devices included in the fiber.

10050} In addition to devices that are included in the Gber preform for
ineorporation into the fiber, the fiber can include devices that are formed of
preform materials during thermal drawing of the preform matenials into the
fiber. For example, by incorporating electrically conducting, electrically
msulating, and/or dlectrically semiconducting materialg in a selected
arrangement in a fibey preform, there can he formed electronic, optical, and
optoslectronie devices disposed through the cross seetion and along at least a
portion of the length of the fiber, during the thermal fiber draw. Such devices
can be designed, avrangad and formed by fiber drawing in the manner taught

i U8, No. 7,295,734, issued Novembey 13, 2007; US. No, 8,863, 556, 1ssued
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October #1, 2014; and ULS. No. 7,282,758, 1ssued November 8, 2007; the

entivety of each of which 18 hereby incorporated by reference.

[0051] The fiber can mnclude a solid core vegion or a hollow cove region, and
can include muliiple cores, each with a different finction and formed of
electrical signals separate from signals produced by devices in the fiber, and
can deliver optical and electrical signala. For example, optical transmission
slements and/or electrical tranamission elements can be included along the

fiber length, within the fiber body.

[0052] Referring to Figure 8 there 1y shown in exploded view a fiber
preform configuration for producing the fber of Figs. 1A-1C. There is provided
a plurality 50 of microfabricated devices 14 to be included in the thermally-
drawn fiber. Each device includes electrical contact pads 16 for making
electrical contact to the device when encapsulated in the fiber body material.
In Fig. 3, a contact pad is shown on the upper surface of the devices! a second
contact pad s also disposed on the lower surface of the devices. A devige
orientation layer 52 is provided with fopology for accepting and orienting one
or more devices in the fiber preform. In one example, shown in the figure, the
device orientation layer 52 meludes pockets 54 for devicss 14, each pocket
having an extent that is slightly larger than the planar extent of a device, and
having a depth that is shghtly deeper than the height of a device. This slotted
or greoved topology is nwot required but can be helpful for oxtenting the
plurality devices to achieve positioning of the devices within the drawn fibey at
intended dovice sites along the fiber longth. It can be preferved to ayrange
each deviece in the device orientation shown in Fig. 3 se that the devices” planar
componentry 15 parallel to the longitudinal axis of the fiber. This configuration
is advantageous for enabling an arrangement of electrodes along the fiber

length for making electrical connection to the devices, ax explained above. A

separation laver 56 1s ayranged for positioning on the devices on the deviee

surface opposite that to be fitted in the device erientation layer 52
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[0053] If the electrical conductors to be included within the drawn fibey

are formaed of material that melts during the thermal fiber drawing, then the
electrical conductors 18 are provided in the preform for making electrical
connection to the upper and lower contact pads of each of the devices in the
fiber. A conductor evientation layer 58 is provided for each conductor 18 with a
groove 60 for accepting and orienting the conductor 18, While two conductors
are shown in the example of Fig. 3, any number of conductors can be included,
each with a separated groove 60 for ovienting that conductor. The grooves are
configured and sized based on the geometry of the conductors 18 to be
embeadded in the fiber with the deviees for making electrical connection to the

devices,

[0054] Figures 4A-4C show top, side, and bottom views, respeetively, of an
example commercial device 14 that can be included tn a fiber by way of a
preform like that of Figure 8. The example device 14 here iz a LED device
having a device anode on the top surface and a device eathode on the bottom
surface for configuration in the preform arvangement of Fig. 3. Note that the
LED device 1s shown to be a planar devige in which the thickness of the device
plane s much less than the width or length of the device. In other words, the
planar device dimension iy greater than the vertical dimension. This s &
preferved configuration for any device to be included in the fiber. As with any
devieg included within the fiber, the LED device is fullv functional and can
perform an intended operation with power supplied to the deviee; the devies is
not simply a microelectronic material or group of materials, and is not a
particle or arrangement of particles, but rather, is a configuration of device
components that together function to perform an intended device operation.
Having a planar structure, the device s for many applications preferably
oriented in a fiber with the device plane aligned along the longitudinal axis of

a fiber, with device contact pads oriented toward sidewalls of the fiber.

[0055] Referring to Figs. 8A-5Q, there are shown steps in & methaod for
assembling a preform with the components shown in Fig. 3. In a fivst step,
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shown mn Fig. 5A, one or more conductor orientation layers 58 are milled to

define ane or more grooves 80 in the lavers. Then electrieal conductors 18 are
inserfed in the milled grooves as shown in Fig. 5B, Une or move device
ovientation layers 52 arve then disposed on one or more of the conductor
ovientation layers 58 and the structure 1s thermally consolidated, as shown in
Fig. 5C, The device orientation laver 52 1s then milled, ag shownin Fig. 5D, to
form grooves 54, as shown in Fig. 3, for devices 14, Devices 14 ave then
inserted in the grooves 54, as shown in Fig, 8E. Then as shown in Fig. 8F a
spacer laver 58 1s disposed over the device ortentation layver. The entirve
structure 18 then consolidated, vesulting in the completed preform 65 shown in
Fig. 8G. In the conventional manner, a thin cladding layer can be wrapped

arpund the preform assembly prioy to the final consclidation step at Figure 5F.

[0056] In this example process, devices and electrical conductors are
positioned in a preform arrangement. But this example is not meant to be

limiting. As explained above, other materials as well ag other components can
be included in the fiber preform. The fiber preform can be arranged to include
any suitable semiconducting, electrically msulating, and electrically
conducting materials in a configuration of electrical and/or optical devices
andfor transmission channels ov in a configuration that formes electrical andlor
optical devices during the fiber draw. The preform can have a civenlar,
rectangulay, or other thermally-drawable cross-sectional geometry, A fiber
cladding layer can be deposited, wrapped, or otherwise applied to the surface of
the preform srrangement. Other surface materials, including jacket

materials, can be included as-desived for a given application.

[0057] As shown in Fig. 3G, in the assembled preform 65, device contact
pads are spaced apart from electrical conductors. The device confact pads do
not make electyical or mechanical connection with other devices or with the
electrical conductovs in the preform. The material composition and
thicknesses of the device ovientation layer 52, the spacing laver 88, and the

conductor orientation layers 58 n the fiber preform are selected so that for
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given fiber dvaw process conditions, the devices push through the device

ortentation laver 52 and the spacer layer 58 during the draw process to make
contact with the eleeirical econductors in the drawn fiber. The electrical
connection between devices and electrical conductors is thersby achieved

during the thermal fiber deaw step, as the fiber preform is reduced to a fiber.

[0058] As explained above, material selectad as a fiber body material has
& viscosity that allows the material to flow at the fiber draw temperature. In
the example heve, the eloctrical conductors 18 are also formed of a8 matenial
that alse flows at the fiber draw tomperature. Given that the orientation and
spacer layers m the preform consist of fiber body material that flows during
the draw process, then these layvers undergo a reduction in lateral size and
undergo axial elongation i the draw process, while the devices vetain their
shape. And because the devices are much more rigid than the other preform
matevials, the devices can push on and through the preform materials that do
flow and seale down. As a result, if the viscositios of the devices ave high
enough, the deviee orientation layer and the spacer layer will be punched
through and electric contact between device contact pads and slectrical
conductors will form. Thus, it is preferved that the fiber cladding matenial, the
orviemtation layers, the spacer layer, electrical conductors, and other layers that
are intended for the fiber body have a viscostty that is lower than about 108
poise at the drawing tempevature, Conversely, the devices preferably have a
viscosity that is higher than 10% poige at the drawing temperature.

[06059] The orientation layvers, spacer layers, fiber cladding, and other
fiber preform layers that are to flow during the fiber draw can be provided as,
e.g., a polymeric material such as Polyearbonate {(PC}, Poly-ethylene (PE),
Cyehic Olefin copolymers (COQC), Polv-methy! methaceyiate (PMMA) or any
other acryhie, Polysulfone (PSU), Polyetherimide (PED, Polystyrene (PS), Poly-
ether ether ketone (PEER), poly-ether sulfone (PER), Poly-tetralluorvoethylene
{PTFE or Teflon™) or any other suitable material. The orientation layers and
spacer lavers should co-flow with any cladding material during fibey draw,

The fiber body 12, shown in Figs. 1A-1B resulis Hrom these layers and
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cladding, and all these materialg have sinlar viscosities which allew them to

be co-drawn together at the chosen drawing temperature. The electrieal
conductor material preferably melts at the drawing temperature, and is
provided as, e.g., one of Bi-Sn alloys, In-based alloys, Sn-Pb alloys, or other

suitahle material.

[0060] To facilitate connection between the electrical conductors and
device contact pads, there can be ncluded in the preform, adjacent to the
slectrical conduetors, a layver, film or stripe of a polymerie composite material,
which has low viscosity at the draw femperature. Such can be provided as,
e.g., carbon black, or ancther filler that 1s loaded with a thermoplastic polymer
such as electrical conducting polycarbonate (CPC), conducting polyethylene
(CPE), orother suitable electrically conducting material such as conductive
ceramie particles, conduchive organic particles, or metallic particles. These
polymeric conductors are good transversal conductors, and therefore can aid in
formation of an electrieally conducting connection bridge between a device
contaet pad and an electrical conductor, but have relatively high electrical
resistance, rendering them ineffective as long-distance axial conductors along
the length of & fiber. The conducting polyvmerie laver then forms an electrical
contact between a device contact pad and an electrical conductor by
redistribution of materials at the intecface of the contact pad when the device

and conducting polymeric laver push through the device orientation layer.

[0061]

In the process steps shown in Figs 8A-BG, electrical conductors 18
are arvanged in a preform 85 prioy to final consolidation of the preform. This
example methodology is not required and In some applicationg, may not be
preferred. Electrical conductors can be incorporated into the preform in
alternative methods. In one example, a preform like that of Fig 3 is fivst
assembled with devices 14 and fiber body material provided as one or more
device orientation lavers including topology for orienting electrical conductors
within the Sber preform. But eleetricsl conductors are not inserted in the

preform prior to consolidation of the preform. The preform grooves provided
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for ortenting electrical conductors can be filled with a selected spacer material,

such as PTFE, during the consolidation step to maintain open grooves.

[0062] Then, as shown schematically in Fig. 6, electrical conductors such
as ribbon or wire 68 a shown can be fed into the consolidated preform 65, after

consolidation and spacer removal, and more speaifically, can be fed into the
open preform grooves as the preform iz fed info a fiber draw tower, shown
schematically here as a heating zone 70. One or more spools 72 can be
svaployed to provide the wire 88 for introduction info the prefovm. Wires to be
fed into a preform to be employved as electrical conductors preferably do not
include a surface ingulation layer and ean withstand the mechanical stress of

the thermal draw process.

[0063] Reforring alse fo Fig. 7, a preform can be arvanged to incorporate
any mwumber of wires introduced into the preform. For example, as shown in
Fig. 7, there can be included three grooves 80 for incorporating three separate
wires within a fiber preform as the preform iz fed to & draw tower. In the
example of Fig. 7, the devices 14 in the preform are three-terminal devices
having two contact pads on one planar face of the device and having one
contact pad on the opposing planar face of the device. A device orientation
Iayer 52 includes grooves for orienting the devices, and a spacer layer 58 18

inclhuded adjacent to the device orientation laver 52

[0064] In one example of wire fed into a preform, round W wire, having a
diameter of about 50 pm, s employed as the material of electrical conductors

within the fiber. In this example, a wire orientation groove in the preform can
be, e.g., LE3 mm-wide and 1.65 muy-deep, all preforn long. The wire diameter
is preferably greater than the extent of the groove that will resull in the drawn
fiber. During the fiber draw, as the wire 13 fed into the preform, the wire fills
the groove in the preform. Having a dicmeter greater than that of the groove,
the wire pushes through the device orientation layer and the spacer layer, to

make anelectrical conmection with device contact pads. The rvigid devices also
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push through preform material in the manner deseribed above, cooperating in

a process for making connection with device contact pads.

[0065] Preferably, the fiber parameters, e.g., viscosity of the orientation
layer and spacer layer material, are confrolled so that the wive does not pugh
so far through the layers to form an electrical short with the wire on the
opposite side of the Dber. There are several ways to prohibit this condifion,
e.g., control of wire size, control of groove extent, control of fiber draw speed,
draw temperature, and control of prefovn material viscosity, all of which
comntrol the characteristies of the final structwre of the fiber. If the grooved
preform layer and spacer layer are of the same material as the fiber cladding
e.g., PC, then wires can effectively make electrical contact with device contact
pads without forming an electrical short. Thus, the viscosity of the preform
spacer layer should be suitable to allow the wires to only partially cut through

this laver.

[0066] Whatever methodology is empleved for introducing electrical
conducters into a preform, the devices arve preferably arranged within the
preform in a sequence of devices having a linear density that produces a
corresponding desived linear device density in the drawn fiber. The Hnear
distance between devices in the fiber is proportional to the square of the draw
down ratio for a given Bber deawing process. During the fiber draw, the
preform s vertically fed through the drawing zones with a selected feed speed,
for example, about 1 mun/nun, and a selected draw speed, for example, 1.6
mimin. The ratio of the {eed speed to the draw speed sets the fiber draw down
ratin. For example, these feed and draw speeds result in a draw down ratio of
forty, meaning that all lateral dimensions of the preform are decreased hy a
factor of forty in the fiber, while all axial distaneces of the preform ave
increased hy a factor of 1600 in the fiber. The distance between adiacent
devices in g preform is therefore in this example increased by a factor of 1800
in the drawn fiber. It is recognized, thervelore, that for some applications 1t can

be preferred to optimize fiber drawing conditions to enable a reduction in fiber
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draw down ratio, and corvesponding reduction in distance between devices

along the fiber length, while maintaiming necessary mechanical and thermal

drawing parameters.

[0067] In addition, or alternatively, devices can be arranged in a preform
in any suitable fashion that can aid in obtaining a desived linear device density

in & drawn fiber. The example preform arrangements shown in Fig, 3 and Fig.
5 are nol meant to be loting. For example, the distance between adjacent
devices within the preform can be any suitable distance, v.g,, with devices
placed as far apart as desired, or place immediately adjacent to each other.
[0068] In addition, device density control can be achieved by arvranging
devieas in a preform in two or more layers, horizontally and/or vertically, with
clectrical condustors and spacer lavers arranged accordingly. In other words,
two or more sequences of devices can he included in the preform, either across
a layer or m stacked layers. As the number of device layers in the preform s
increased, the resulting Hnear density of devices within the fberis
corvespondingly increased.

[0069] In one method for achieving this, two or more device layers ave
arranged in the preform, with a slight lateral musmatch between the sequences
of devices in the different layers. Thig lateral mismateh along the sequences of
devices causes all of the devices to be drawn into the fiber in a singls ineay
sequence, at ditferent points along the fiber length, rather than next to each
other in the fiber eross section, thus ensuring that no two devices are sited at
exactly i the same point along the fiber length. Because a shight lateral
mismatch hetween two sequences of devices in the preform is amplified by the
squarve of the draw down ratio in the fiber, the draw process acts fo unstack the
deviees from the preform layers and to site the devices at different positions
along the fiber. A longitudinal mismateh between two or more sequences of
devices in the preform of as little ag ten microns or less is sufficient to produce
a single linear sequence of deviges in the fiber. A ten micron-nusmateh results
in a 18 mm distance betwesn devices for a draw down ratio of forty, Asa

result, even though two oy more sequences of devices may be stacked or spaced
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apart laterally in a preform, the devices are arvanged in a single-file sequence

within the resulting drawn fber.

{0070} Figure & 18 an exploded schematic view of an example preform
including two vertical lavers of devices for incorporation within a fiber. In this
preform two sequences 50 of devices 14 ave disposed in grooves 54 in two
corvesponding devies orientation layers B2, Preferably the two lines of devices
are offset from each other laterally along the seguences so that the devices are
incorporated into the drawn fiber in single-file sequence. Upper and lowex
preform lavers 58 providing grooves 80 for electrical conductors ave provided
along with an additional groove 60 provided in one of the device ortentation
lavers 52, Two separation lavers 56 are here emploved.

[ap71} Figure 8 is an exploded schematic view of a further example
preform inclhuding two sequences 50 of devices 14 that are arranged in one
common layer of & preform. Here a single device orientation layer 58 mncludes
fwo lines of grooves 54 for separately orienting the two sequences 50 of devices
14, Preferably the two hines of grooves and devices are laterally offset from
each other along the sequences to achieve single-file incorporation of the
devices into the deawn Ober. In other words, the devices in one of the

3

sequences of devices 1s offset along the other sequence of devices. The preform

lzvers B8 providing grooves 80 for electrical eonductors here include at least
four grooves for veceiving four wires, whereby four electrical conductors ave

included within the drawn fiber along the fiber length.

[o072] In one example thermal fiber drawing process, a deaw tower is
configured in a conventional three-zone draw setup, with, e.g., top zone
tevaperature, middle-zone temperature, and bettom zone temperature each
hetween about 100°C and about S00°C. The muddle-zone temperature should
be the highest of the three zone tempervatures, and is consmdered to be a stated
draw femperature. One oy more drawing zones are sufficient if three are not
available, The drawing temperature should be primarily selecied based on the
fiber body material fo be used. For example, the higher the glass trausition

temperature of the fiber hody material to be used, the higher the required
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draw temperature. Example fiber body materials and corrvespending middle-

zone fiber drawing temperature ranges are as follows PCdraw temperature
between about 143°C and about 400°C; PSU-draw temperature between about
180°C and about 400°C; PEL-draw temperature hetween about 217°C and
about 400°C; PE-draw temperature between about 100°C and abeut 400°C;
COC-draw texperature between about T0°C and about 400°C; PMMA-deaw
ftemperature between about 85°C and about 4007C; PS-draw temperature
hetween about 100°C and about 400°C; PEER-draw temperature betwesn
about 140°C and sbout 500°C; and PES-draw temperature between about
200°C and about 500°C. Other fiber body materials anud Hbey draw

femperatures can he employed azx-suitable for a given application.

[0073] As shown schematieally in Fig. 8, during the fiber dvaw, the
preform 68 is vertically fed through the drawing zones 70 with a selected feed
speed, for example, about 1 mm/min, and a selected draw speed, for example,
1.6 m/min. The vatio of the feed speed to the draw speed setg the fiber draw
ratio, as explained above. For example. for these feed and draw speeds, a draw
atio of 40 1s produced, meaning that all latersl dimensions of the preform are
decreased by a factor of 40 in the fiber, while all axial distances of the preform
are increased by a factor of 1600 in the fiber. These conditions set the final
dimension of the dravwn fiber. Thus, to obtain a different size of & fiber out of
the same preform, the feed and draw speeds ave adjusted to produce a selected
fiber dimensionality. The tension applied to the fiber during the fiber draw

can be, e.g., in the range of between about 10 gr/mm?® and about 800 gr/imm?2

100741 If & golid wive or wives are guided into the preform during the draw,
the tension fo be used is highly dependent on the turn of the wire spool, given
that the spool will oscillate according to the spin of the spool. In the draw,
solid wires that are inserted into the preform can be tied to the bate-off weight
of the preform. Once the bate-off occurs, the fiber body material clamps
arpund the wires and wires become embedded In the fiber body material, The

wires are pulled inte the preform from a spool 72 just by the pulling on the
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fiber theough the draw tower, sinee the wires are embedded inzide the fiber

and do not gip. No external feeding mechanisms are required, although use of
ball bearings or a feeding motor can he emploved, if desirved, to deersase the

stress fluctuation, since there is no dependence on spool spinning intervals,

Example
[0075] A fiber mcluding LED devices and elseirical conductors for making
electrical connection to the devices was thermally drawn, First a fiber preform
was assembled of fiber body matenial provided as two polyvearbonate (PC) bars
as shown in Figo 4A having a width of about 17, a length of about 8%, and a
thickness of about %", A groove 80 having a width of about 1.25 mm and a
depth of about 1.65 mm was milled across the length of each bar. A PC device
orientation layer, shown in Fig. 51, having a thickness of about .8 mm, was
consolidated on top of one of the bars, with Teflon spacers placed inside the
electrical conductor grooves during the vonselidation, to prevent the device
aricntation layer material from fowing into the electrical conductor grooves
during the consolidation step. The consolidation was conducted in a hot press,
at a temperature of 170°C, for  minutes. Small round porkets having a
diameter of 250 i and depth of 70 pm were milled in the device ovientation
layer, spaced 1.25 mm apart. A tofal of 40 pockets were milled, 80 mm from

the preform ends.

[0076] Commercial LED devices, Part No. C480UT170 from Cree
Optoelectronies, Inc. Durham, NCO, ware manually placed in the milled packets,
with the anodes of all devices oriented in the same direction, which was
marked on the preform. Forty LED devices were included in the preform,
corresponding to the 40 pockets, A PO spacer layer 56 shown in Fig. 5F, of 0.5
mm in thickness, was consclidated on top of the device orientation layer with a
S-minute hot press consolidation. The second PO electrical conductor
arientation layver 58 was then consolidated on top of the PC spacer layer
fogether with a thin PC film of sbout 25 pm in thickness that was wrapped

arvound the entive preform.
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[0077] The preform was then attached to a guiding rod and placed ina

draw tower, Two 50 pm-diameter W wires were guided through the channels
in the preform as in the manner shown in Fig. 6. A 32-cunce weight was
attached to the bottom of the preform and the W wives that were guided
through the preform were tied to the weight. The bate-off of the preform was
achieved at the three zous thermal drawing temperature. The fop zone
femperature was set to 150°C, the nuddle zone temperature was set to 270°0,
and the hottom zone temperature was set to 110°C, Alter the onset of the bate-
off the fiber was guided through a capstan and drawn, The drawing conditions
were set with a feed gpeed of 1 nm/min and a draw speed of 1.6 mm/min. The
middle drawing zone femperature was then lowered to 260°C. With these
drawing conditions, the drawn fiber diameter was 650 ym, and each rigid LED

device in the fiber had dimensions of 170 pm X 170 pum X 50 pm.

[0078] After the draw, a few & m-long sections were cut from the fiber,
with the remaining length kept continuous. The sites of devices along the fiber
sections were located by external examination of the fiber through an optical
nvicroseope. After the Ibcating the devices in a fiber section, the two wires in
the fiber section were exposed out of the fiber body material at the end of the
fiber section using & sharp vazor, and were connected with the anode wive to
the negative terminal of a diode curvent devver. A voltage of between about 2.7
Vand about 3 V and a curvent of about 10 mA was supplied to the two wires in
a fiber section to light the LEDs in the fiber section. The LED devices in a
fiber section demonstrated suceessful Humination when current was provided
to the LED devices through the wires incorporated in the fber along the fibex
length.

Example 11
{0079} A fiber including high-bandwidth photodetecting P-1-N diode
devices and electvical conductors making electrical connection to contact pads
of the devices was thermally drawn, Beferving to Figure 7, fivst a fiber

preform was assembled of fiber body material provided as two polycarbonate
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{(PC) bars 58, as shown in Fig. 7, having a width of about 17, & length of about

8", and a thickness of about ¥7. Two grooves 60 having a width of about 1.25
mm and a depth of about 1.65 mm were milled acvoss the length of one bar,
and a single groove with similar dimensions were milled into the surface of the
second bar. A PC device orientation laver 52, having a thickness of about 1.5
mm, was consolidated on top of one of the bars, with Teflon spacers placed
inside the electrical conductor grooves during the consolidation, to prevent the
device erientation layver material from flowing into the electrical conductor
grooves during the consolidation step. The consolidation was conducted in a
hot press, at a tempervature of 170°C, for H minutes. Small square pockets
having a length and width of 400 wm and depth of 200 um were milled into the
device orientation layver, spaced 0.5 mm apart. A total of 40 pockets were

milled, 80 mm from the preform ends,

[0080] Commercial high bandwidth, GaAs photodetecting P-I-N diode
devices, Part No. SPD2010 from Breadeom, Ine. Tevine, CA, were manually
placed in the milled pockets, with the contacts of all devices oriented in the
same direction both in the plane and facing the same divection, which was
marked on the preform. Forty devices were included in the preform,
corresponding to the forty pockets. A PO spacer laver 56, of 1.5 mm in
thickness, was consolidated on top of the device ortentation layer with 5 5-
minute hot press consohidation. The second PC electrical conduetor evientation
layer 58 was then consolidated on top of the PC gpacer layer together with a
thin PC film of about 25 pm in thickness that was wrapped around the entive

preform. The preform was then attached to a guiding rod and placed in a draw

tower,
[0081] Three &0 pm-diameter W wires were guided into the three grooves

60 in the preform as in the manner shown in Fig. 6. Two wires were
irdroduced to make electrical connection with the device contact pads and the
third wag infbroduced to prevent tilt of the deviee during fiber draw. A 32-

ounce weight was attached to the bottom of the preform and the W wives that
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were guided through the preform were tied fo the weight. The bafe-off of the

preform was achieved at the three zone thermal drawing temperature., The
top zone temperature was set to 180°C, the middle rone temperature was set
to 27070, and the bottom zone temperature was set to 110°C. After the onset
of the bate-off the fiber was guided through a capstan and drawn. The
drawing conditions wers set with a feed speed of 1 mn/min and a draw speed
of 1.6 mm/min. The muddle drawing zone temperature was then lowered to
260 °C. With these drawing vonditions, the resulting fiber diameter was 650
i and dimensions of the devices within the fiber were 275 pm x 275 pm x 150

pm each.

{0082} After the draw, the resualting fiber was eut into several 5 m-long
sections with the remaining fibey length being continuous. The sites of devices
along the fiber sections were located by external examination of the fiber
through an optical microseope. After the locating the devices in a fiber section,
the two wires in the fiber section were exposed out of the fiber body material at
anode wire tp a Keithly 6487 picotunmeter/voliage source and a Keithly 6517

Electrometer.

[0083] An optical signal was divected to a fiber section by arvanging a fiber
inchuding commercial LED devices, Part No, TCQ-OTUQR, from Three Five
Materials, New York, NY; about § mm from a photodiode device in the drawn
fiber. The voltage applied to the fiber wires was swept between a range of

voltages first under dark conditions and then under iHumination conditions.

[00R4] The current generated by the fiber devices i converting the
impinging optical signal into an clectuical signal was fransmifted from the
devives through the wires embedded in the fibers to the external Keithly 6517
electrometer. Figuwre 104 is a plot of measured current from the photodetector
devices as a function of voliage applied to the devices within the fiher. The
devices were demonstrated to operate suctessfiully under reverse voltage, or

without application of any voltage.

SUBSTITUTE SHEET (RULE 26)



L3

10

15

30

WO 2018/022856 PCT/US2017/044127

a0
[0085] The operational bandwidth of the fiber photodetecting devices was

measured using a Tektronix AFG3252 function generator connected to a fiber-
pigtatied laser diode, Thorlabs LPM-680-5MA, configured as the Hlumination
source, The electrieal conductors of the experimental fiber were connected to a
the Thorlabs TTABUG transimpedance amplifier and the Agilent Technologies
DSO-X 30144 oscilloseope. The frequeney of the laser dicde lumination was
swept across a vange of frequencies as the lumination source was directed to
& photodetecting device in the fber; and the amplitads of the resulting
photodiode device veltage was measured with the oseilloscope at each
frequency point. Figure 10B 18 a plot of measured amplitude as a function of
frequency, indicating a detection bandwidth of about 3 MHz. This

demonstrates very successful operation of devices within a fiber body,

{0086] With the description and examples provided above, it 1=
demonstrated that the methodology provided herein enables independently
functional, fully fabricated micrcelectronic devices such as LEDs, detectors,
transiztors, and other devices, including commercially-available
microelectronic and optoslectronic devices, to be included in g thermally drawn
fiber. Any devices in & wide range of micro-scale electronies, such as LEDs and
photodiedes, or other micro-scale devices, e.g., having cross sections on order of
100 microng, which ave conventionally avatlable commercially, can be included
in the fiber. Such devices are readily commuercially available, are inexpensive,
and have been optimized for high efficiency performance. The fiber formation
paradigm provided herein provides an ability to include the benefits of high
performance devices without the need to fabricate the devices from fiber
materials themselves. Thus, the fiber formation parvadigm provided hevein
combines the benefits of several technologies, namely, the high-efficiency high-
performuance of device microfabrication teehnology and the well-eontrolled,
fiber drawing technology, to produce kilometer-long fibers that can be woven
into highly funetional fabries, textiles, and other fiber arrangements for a wide

range of communication and sensing apphications.
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[0087] The thermal draw of a fiber inchuding fabricated devices enables
the integration of commercial microfabricated micreelectronies into fabries,
woven and non-woven textiles, cloth, and other such materials, and presents
enormous opportunity to address a wide range of fiber-based applications. Of
particular importance s the high mechanieal flexibility and the long lengths
achieved by the thermally deawn fibers. Even with planay, vigid device
structures disposed along a fiber length, the fiber maintains significant
mechanical flexibility and thus is & weavable or knittable varn or textile fiber,
meaning that the fiber can be employed in textile fabrication processes, like
weaving, that are designed to employ conventional varns, fbevs, filaments, o
thread. A fabric can he woven out of many fibers or out of one continuous
fiber. Fibers with different devices can be woven together to provide a cloth
containing many different devices. “Wearable” electronics thus ave truly
wearable with the in-Biber microelectronics achieved herein: the electronies-

articulated fibers can be woven into fabrics, grids, cloth and textiles in general,

[0088] The fiber provided herein can be arvanged in any switable fashion,
e.g., woven into an electronie shirt with light emission functionality for safety
or fashion, or woven into an electronic fabric with energy havvesting
capabilities that incorporate photovoltaic cells into the fabric fibers. Endowing
fibers with setive devices establishes a new generation of multifunctional
fibers, with highly-desived electronic properties. For example, light emitting
devices can be integrated with an optical fiber to enable covert, optical signal
transmission from fabric in & garment to the external world; different
wavelength emitting devices can be employed simultaneously and high-
bandwidth photodetectors can be eo-embedded to allow two-way transmission
and reception of communication between the wearer of the garment and
command contrel, or between two or more fabries andfor garvments. Sumilarly,
the body movement of the wearer of the garment can be monitored, e.g., for
virtual reality applications. Further, the fabrie and/or garment can be
employed ag an enabling medivm for LiFi to a fabric information transferving
system. Here, light is modulated for the transfer information from an external

o
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Light emifting souree to photodetecting fabries embedded in a garment er other

textile-basaed structure.

[0089] The fiber provided hevein further can be arranged as a body
monitoring device, wherein the fiber, with hght emitting diodes and/or
photodetectors incorporated therein, 1 employed to measure body funetion,
such as pulse, by means of photoplethysmography, a blood oxygen saturation
measurement (Oxymetry) system. Other fiber applications, such as road
ilumination with fibers incorperated into pavement for safety and novel

design, are enabled by the in-fiber microelectronics provided herein.

{0080} It 15 recogmized that those skilled in the art may make various
modifications and additions to the embodiments deseribed above without
departing from the spirtt and scope of the present contribution to the art.
Accordingly, it is {0 be understood that the protection sought to be afforded
heraby should be deemed to extend to the subject matter claims and all

equivalents thereof fairly within the scope of the invention.

[0091] We claim!
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1. A fiber comprising:

a fiber bady comprising a Hber hody material and having a
longitudinal axis along a fiber body length;

a plurality of devices disposed as & linear sequence of devices
within the fiber body along at least a povtion of the fiber body length,
each device including at least one slectrical contact pad; and

at least one electrical conductor disposed within the fiber body
along at least a portion of the fiber body length, the electrical conductor
bheing electyvically connected to an electrical contact pad of devices in the

plurality of devices within the fiber body.

2, The fiber of claim 1 wherein the Hber body material comprises &

polymerie, electrically insulating material,

3. The fiber of ¢claim 1 wherein the fiber hody material mcludes at
least one material selectad from the group consisting of a thermoplastic
material, a polvimide material, a thermoset material, a glass material, a
polysulfone material, a polycarbonate material, a polymethyl
methacrylate maferial, a polyethvlene material, a polyether sulfone
material, a polyether ether hetone material, a cychic olefin copolymer

material, and a fuvorinated polymer matenial,

4. The fiber of claim 1 wherein the fiber body material is
transparent to at least one wavelength of radiation.

5. The fiber of claim 1 wherain at a common fiber draw temperature,
the fiber body material has a viscosity that is less than about 107 Poise
and each device within the fiber body has a viseosity that is greater than

about 10° Poise.
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8. The fibey of claim 5 wherein at a common fiber draw temperature,

the electrical conductor has a viscosity that s geeater than about 108

Poise.
7. The fiber of elaim 5 wherein at a common fiber draw temperature,

the fiber body material hag a vigcosity that ig greater than about 104

Paoise and that is less than about 107 Poise.

8. The fiber of claim 1 whevein the fiber body length is greater than

about 50 meters.

9, The fiber of claim 1 wherein the fiber body has a cross-sectional
extent and wherein a ratio of fiber body length to fiber body eross-

sectional extent is greater than about 1000,

10, The fiber of claim 1 whevein the fiber body has a cress-sectional

geometry that is selected from the group consisting of gensrally civendar,

generally elliptical, generally rectangular, and generally trniangular.
11. The fiber of elairm 1 wherein a cross-zectional extent of the fAber

body i greater than a lavgest dimension of each device disposed within

the fiber body.

12, The fiber of elaim 1 whevein the fiber body material encapsulates
devices and electrical conductors within the {iber body while
maintaining electrical connection between the electrical conductors and

electricad contact pads of the devices within the fiber body.

13.  The fiber of claim 1 wherein at least one device disposed within

the fiber body comprises a photonie device,
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14.  The fiber of claim 1 whevein at least one device disposed within

the fiber body eomprizses 3 microeleetranie device,
15, The fiber of claim 1 wherein af least one device disposed within
the fiber body comprises a device selected from the group consisting of

diode, photodiode, light emitting diods, laser dinde, and photodetector.

18, The fiber of claim 1 wherein at least one device disposed within

the fiber body comprizes a transistor.

17.  The fiber of clatim 1 wherein at least one device disposed within

the fiber body comprises a semiconductor junction deviece.

18,  The fiber of claim 1 wherein at least one device disposed within
the fiber body s a two-terminal electronic device and meludes at least

two electrical contact pads.

19, The fiber of claim 1 wherein at least one device disposed within
the fiber body 18 a three-terminal electronic device and inchudes at least

three electrical contact pads.

20.  The fiber of ¢laim 1 wherein sach device disposed within the fiber

hody 18 mechanecally nigid.
21.  The fiber of claim 1 wherein cach device disposed within the fiber
1% spatially oriented within the fiber body such that contact pads of each

device are parallel to the longitudinal axis of the fiber body.

22, The fiber of claim 1 wherein sach contact pad comprises a contact

pad material that is electyically conducting.
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23. The fiber of claim 1 whevein the linear sequence of devices along

at least a portion of the Hiber length includes at least two different

deviees.

24, The fiber of elaim 1 wherein the linear sequence of devices along
at least a portion of the fiber length includes at least two devices that

are separately operable.

28. The fiber of claim 1 wherein each device disposed within the fiber
bady is a diserete planay clement having a planar dimension that is

ereater than a vertical dimension of the planay element.

26.  The fiber of elaim 1 wherein cach deviee disposed within the fiber
hody has a first planar surface opposite a second planar surface, and
wherein a first electrical contact pad is disposed on the first planar
surface and a second electrical contact pad is disposed on the second

planay surface.

27.  The fiber of claim 26 wherein the fivst and second planar surfaces

are priented parallel with the fiber body longitudinal axis.

28, The fiber of cdaim 26 wherein at least two elecirical contact pads
are disposed on at least one of the device fivst and second planay

surfaces.

29, The fiber of claim 1 wherein at least one device disposed within

the fiber body comprises an anode and a cathode.
30, The fiberof claim 1 wherein at least one deviee disposed within

the fiber body comprises semiconducting, electrically conducting, and

slectrically insulating materials.
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31, The fiber of elatm 1 wherein at least one device disposed within

the fiber body comprises a semiconducting matevial selected from the

semicondueting materials,

32, The fiber of claim 1 wherein at least one device disposed within

the fiber body comprises a crystalline material selected from the group

conststing of monocrystalline material and polyverystalline material.
33, The fiber of clatm 1 wherein the electrical conductor comprises an

clement selected from the group consisting of an electrically conducting

wire and an electrically conducting ribbon.

34.  The fiber of ¢laim 1 wherein the electrical conductor comprises an
electrically conducting material selected from the group consisting of

metals and metal alloys,

35.  The fiber of claim 34 wherein the electrical conductor comprises a
wire material selected from the group consisting of copper, ivon,

aluminum, titanium, chromium, nickel, gold, and silver.

38.  The fiber of claim 34 wherein the elecirical conductor comprises
an alloy material selected from the group consisting of Bi-8n alloys, In-
based alloys, and Pbh-Snalloys,

37. The fiber of claim 1 wherein at least one device disposed within
the fiber body comprizses semiconducting, electrically condueting, and

slectrically insulating matenials.
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38, The fiber of elaim 1 wherein the at least one electrical conductor

digposed within the Hher body comprises a plurality of electrical
conductors each disposed within the fiber body along at least a portion of
the fiber body length, each electrical conductor being electrically
connected to an electrical contact pad of each deviee in the plurality of

devices within the fbher body.

38. The fiber of claim 38 wherein cach eleetrieal conducior in the
plurality of electrical conductors 1s electrically connected to electrical
contact pads of different devices in the plurality of devices within the

fiber body.

40,  The fiber of elatm 1 wherein the electrical conductor is exposed at
an end of the fiber body length and includes an electnical connection, at

the end of the fiber body length, to an external circutt element.,

41, A fiber preform comprising:

a fivst region of fiber body matervial and a second region of fiber
body material;

a plurality of operational devices disposed as a linear seguence of
devices between the first region of fiber body material and the second
region of fiber body material, each device including at least one
electrical contact pad; and
fiber body material and the second region of fiber body material, the
continuous groove heing aligned with the Hunear sequence of devices for

arienting an electrical eonductor with the linear sequence of devices,

42.  The fiber preform of claim 41 wherein the fibey body material

comprises a polymerie, electyically insulating material
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44, The fibey preform of elaim 41 wherein the fiber body material

meludes at least one material selected from the group consisting of &
thermoplastic material, a polvimide material, & thermoset material, a
glags material, a polysulfone material, a polvearbonate material, a
polymethyl methacrylate material, a polyethyvlene material, a polyether
sulfone material, a polvether ether ketone material, a evelie olefin

copelymer material, and a fuorinated polymer material.

44.  The fiber preform of claum 41 wherein at a common fiber draw
teniperature, the fber body material has a viscosity that i less than
about 107 Poise and each device within the fibey preform has a viscosity

that is greater than about 10% Poise,

45.  The fiber preform of claim 41 further comprising an electrical
conductor disposed i each of the at least one grooves, and whersin at a
common fiber draw tempevature, the electrical conductor has 1 viscosity

that is greater than about 10% Poise.

46.  The fiber preform of claim 453 wherein at a common fiber draw
temperature, the fber body material has a viscosity that is greater than

about 10¢ Poise and that is less than about 107 Puise.

47, The fiber preform of claim 41 wherein at least one device disposed
between the two Bber body material regions comprises a device selected
from the group consisting of diede, photodiode, light emitting diode,
laser diode, photedetector, transigtor, and semiconductor junetion

device.

48.  The fiber preform of claim 41 wherein each deviece disposed

between the two fiber body material regions s mechanically vigid,
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48, The fibey preform of elaim 41 wherein each contaet pad eomprises

a contact pad material that s electrically conducting.

0. The fiber preform of claim 41 wherein the linear zequence of

devices includes at least two different devices.

51.  The fiber preform of claim 41 wherein the linear sequence of

devices includes at least two devices that are separately operable.

52. The fiber preform of claim 41 wherein at least one device disposed
between the two fiber body material regions comprises semiconducting,

electrically conducting, and electrically insulating materials,

53.  The fiber preform of cliim 41 wherein at least one device disposed
hetween the two fiber body material regions comprises a cryvstalling
material selected from the group consisting of monoerystalline material

and polyerystalline material.

G4.  The bber preform of elaam 41 further comprising an electrical
conductor disposed in each of the at leasgt one grooves, the electrieal
conductor comprising an element selected from the group consigting of
an electrically conducting wire and an eleetrieally conducting ribbon.
55, The fiber preform of claim 54 wherein the electrical conductor
comprises an clectrically conducting material selected from the group

conststing of metals and metal allovs,
56, The fiber preform of claim 55 wherein the electrical conductor

comprises a wire material selected from the group consisting of copper,

iron, aluminum, ttanium, chromium, nicked, gold, and silver.
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7.  The fiber preform of elaim 54 wherein the electrical conductor
comprises an alloy material selected from the group consisting of Bi-Sn

alloys, In-based allovs, and Sn-Ph alloys.

5% The fiber preform of elaim 41 further comprising a device
orientation layver disposed between the two fiber body materiad reginus,
the device orientation layer including a linear sequence of grooves in

which the lnear sequence of dovices 1s disposed,

59, The fiber preform of cladm 41 further comprising at least one
separation layer disposed between the linear sequence of devices and

one of the two fiber body material regions.

80.  The fiber preform of claim 41 wheremn the inear sequence of
devices comprises a fiest linear sequence of devices, and further
comprising a second linear sequence of devices disposed laterally
adiacent to and separated from the fivst lnear sequence of devices,
between the fivst region of fiber body material and the second region of
fiber body material, each device in the second hnear sequence of devices
mchuding at least one electrical contact pad and being offset along device

sequence from the first device seguence.

61, The fibey preform of claim 41 further comprising a device
orientation layer disposed between the two fiber body material regions,
the device orvientation laver including a Brst linear sequence of grooves
in which the first linear sequence of deviees is disposed and including a
second linear sequence of grooves in which the second hinear sequence of

devices is disposed.
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62, The fiber preform of elaim 41 wherein the linear sequence of

devices comprises a first linear sequence of devices, and further
comprising:

a second linear sequenee of devices disposed vertically adjacent to
and separated from the fivst linear sequence of devices; and

at least one separation layer digposed between the first and

second Hnear sequence of devices.

83.  The fiber preform of claim 41 further comprising;

a frst device ovientation layver disposed between the twa fiber
body material vegions, the fivst device orientation layer including a first
linear sequence of grooves in which the first linear sequence of devices is
digposed;

a second device ovientation layer digposed between the two fiber
hody material regions, the second device orientation layer including a
second hinear sequence of grooves in which the second linear sequence of
devices s disposed; and

at least one separation layer disposed between the fivst and

second device ortentation layers.

64. A weavable elechronie device comprising:

at least one devies material, selected from the group of an
glectronde material and a photonie materiad, arvanged in a planay
device configuration;

at least one electrical contact pad connected to the device
material;

an electrically insulating, mechanically flexible fiber body
material encapsulating the planay device configuration and contact
pads and having a fiber body length greater than about 10 m; aowd

at least one electrical conductor electrically connected to a deviee

sontact pad and extending the fiber body length, the fiber body material
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encapsulating the electrical conductor while mainfaining electrical

connection between the elsctrical conductor and the device contaet pad.

65. The electronic device of ¢laim 84 wherein the planay device
configuration is a device configuration selected from the group
congisting of microslectronic device, photonie device, dicde, photodiods,
light emitting diode, laser diode, photodetector, transistor, and

semiconductor function device.

66, The eleciromie dovice of claim 64 wherein at least one dovice

material comprises a mechanically rigid matenial.

87. The electronie device of elatmn 84 wherein at least one device
material comprises a crystalline material selected from the group

consisting of monoerystalline material and polycrystaliine material,

88,  The elecivonie device of claim 64 wherein the fiber body matertal
inchades at least one material selected from the group consisting of &
thermoplastic matenial, a polyimide materal, a thermoset matenal, a
glass material, a polysulfone material, a polyvcarbonate material, a
polvmethyl methacrylate matevial, a polvethylene material, a polyether
sulfone material, a polyether ether ketone material, o cyclic olefin

copolymer material, and a fluorinated polymer material
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89, The electronie device of elaim 64 wherein the at least one
electrical conductor comprises a plurality of electrical conductors each
disposed within the fber body along at least a portion of the fiber body

length, each electrical conductor being electrically connected to an

electrical contact pad of the device.

70, A fabric comprising:

a plurality of fibers woven together in an arrangement of a
selected fabric weave pattern, st leagt @ portion of the plucality of fibers
consisting of device fibers, cach device fiber comprising:

a Dber body comprising a fiber body material and having a
longitudinal axis along a {iber body length;

a plurahity of devices disposed as a inear sequence of
devices within the fiber body along at least a portion of the fiber body
length, each device including at least one electrical contact pad; and

at least one electrical conductor disposed within the fiber
body along at least a portion of the fiber body length, the electrical
conductor being electrically connected to an alectrical contact pad of

devices n the plurality of devices within the fiber body.

71. The fabric of claim 70 wherein each deviee is a device selected
from the group consisting of microelectronic device, photonie device,
diode, photodiode, hght emitting diode, laser diode, phoetodetectar,

transistor, and semiconductor junction device.
72, The fabric of claim 70 wherein at least one deviee comprises &

crvstalline material selected from the group consisting of

monceryvstalline maternial and polyervstalline material
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i 73, The fabric of claim 70 wherein the fiber body material includes at

2 least one material selected from the group consisting of & thermoplastic

3 material, a polvimide material, a thermoset material, a glass material, a

4 polysulfone material, a pelycarbonate material, a polymethyl

5 methacrylate material, a polyethylene material, a polyether sulfone

6 material, a polyether sther ketone material, a eyclic olefin copolymer

7 material, and a fluorinated polymer material.

1 74,  The fabric of elaim 70 wherein the at least one electrical

2 conductor comprizses # plurality of electrical conductors each disposed

3 within the fiber body along at least a portion of the fiber body length,

4 each slecivical conductor being electrically connected to an electrical

g contact pad of the device,

1 5. A method for forming a fiber comprising:

2 assembling a preform comprising a fivst region of fiber body

3 matenal and a second region of Ober body material, a plurality of

4 operational devices digposed as a hnear seguence of devices between the

5 first region of fiber body material and the second region of fiber body

6 material, each device including at least one electrical contact pad, with

¥ at least one continuous groove being provided in at least one of the first

8 region of fiber body material and the second region of fiber body

9 material, the continuous groove being aligned with the hnear sequence
10 of devices for orienting an dlectrical conductor with the linear sequence
11 of devices;
12 feeding electrically conducting wire into the continuous grooves in
13 the preform; and
14 thermally drawing the preform into a fber.
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76. The method of claim 75 wherein the at least one continuous

groove in the preform coraprises a plurality of grooves, and wherein
feeding electrically conducting wire into the confinuous grooves
compriges feeding a different conducting wire into each of the
eonfinuous greoves,

77, The method of claim 78 wherein thermally drawing the preform
mto a fiber comprises thermally drawing the preform at a drawing
temperature at which the fiber body material flows and the operational

devices are mechanically ngid.

78, The method of claim 75 wherein thermally drawing the preform
into a fiber comprises thermally drawing the preform at a drawing
temperature at which the fiber body muaterial flows and the condueting

wirve iszelid

79, The method of claim 75 further comprising:

before feeding electrically conducting wire into the continuous
grooves in the preform, dispesing spacer material in the continuous
grooves in the preform;

consolidating the preform including the spacer material: and

removing the spacer material from the consolidated preform.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-40, 64-74, drawn to a fiber.
Group I, claims 41-63, 75-79, drawn to a fiber preform.
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I invention: electrical conductor disposed within the fiber body 8 along at least a portion of the fiber body length, the electrical conductor
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