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(57) ABSTRACT

A micro-device structure comprises a source substrate com-
prising sacrificial portions laterally spaced apart by anchors.
Each sacrificial portion is exposed through an opening. A
micro-device is disposed on each sacrificial portion and
laterally attached to an anchor by a multi-layer tether. In
certain embodiments, a micro-device structure is con-
structed by providing the source substrate, disposing micro-
devices on each sacrificial portion, depositing a first tether
layer over at least a portion of the source substrate and the
micro-device, depositing a second tether layer over the first
tether layer, and patterning the first tether layer and the
second tether layer to form (i) a multi-layer tether for each
of the micro-devices such that the multi-layer tether laterally
attaches the micro-device to one of the anchors, and (ii) an
opening exposing each of the sacrificial portions.
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MULTI-LAYER TETHERS FOR
MICRO-TRANSFER PRINTING

TECHNICAL FIELD

[0001] The present disclosure relates generally to micro-
transfer printing micro-devices from source wafers and, in
particular, to tethers physically connecting micro-devices to
source wafers.

BACKGROUND

[0002] Substrates with components such as electronically
active devices or other structures distributed over the extent
of the substrate can be used in a variety of electronic
systems, for example, flat-panel imaging devices such as
flat-panel liquid crystal or organic light emitting diode
(OLED) display devices and in flat-panel solar cells. A
variety of methods may be used to distribute components
over a substrate, including forming the components on the
substrate, for example forming thin-film transistors made
using photolithographic methods and materials on the sub-
strate, and forming the components on separate wafers using
integrated circuit techniques and transferring the compo-
nents to a substrate, for example using pick-and-place tools
or micro-transfer printing.

[0003] One exemplary micro-transfer printing method for
transferring active components from one substrate to another
1s described in AMOLED Displays using Transfer-Printed
Integrated Circuits published in the Proceedings of the 2009
Society for Information Display International Symposium
Jun. 2-5, 2009, in San Antonio Tex., US, vol. 40, Book 2,
ISSN 0009-0966X, paper 63.2 p. 947 and in Inorganic
light-emitting diode displays using micro-transfer printing
published in the Journal of the Society for Information
Display 25/10, 2017, 1071-0922/17/2510-06, DOI#
10.1002/551d.610, p. 589. In this approach, small integrated
circuits are formed over a patterned sacrificial layer on the
process side of a crystalline wafer. The small integrated
circuits, or chiplets, are released from the wafer by etching
the patterned sacrificial layer beneath the circuits. A PDMS
stamp is pressed against the wafer and the process side of the
chiplets is adhered to the stamp. The chiplets are removed
from the wafer by the stamp and are pressed against a
destination substrate or backplane coated with an adhesive
and thereby adhered to the destination substrate. The adhe-
sive is subsequently cured. In another example, U.S. Pat.
No. 8,722,458 entitled Optical Systems Fabricated by Print-
ing-Based Assembly teaches transferring light-emitting,
light-sensing, or light-collecting semiconductor elements
from a wafer substrate to a destination substrate or back-
plane.

[0004] After the patterned sacrificial layer is etched and
before the chiplets are transferred, the chiplets are attached
by tethers to anchors in the wafer so that their physical,
spatial relationship to the wafer is maintained and the
chiplets can be printed accurately and precisely. It is impor-
tant that the tether maintain the position of the chiplet with
respect to the wafer and allow the stamp to fracture or
separate the chiplet from the anchor during the micro-
transfer printing process. If the tether is too fragile, the
chiplets can detach entirely from the wafer prior to printing
and if the tether is too robust, the stamp cannot detach the
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chiplets from the wafer. In either case, the result is that the
chiplet is not propetly transferred from the source wafer to
the destination substrate.

[0005] There is a need, therefore, for tether structures and
micro-transfer printing methods that efficiently, accurately,
and precisely enable the transfer of a wide variety of
micro-devices from a source wafer to a destination substrate
with high yields.

SUMMARY

[0006] In one aspect, the present invention is directed to a
micro-device structure comprises a source substrate com-
prising sacrificial portions laterally spaced apart by anchors.
At least a portion (e.g., part or segment) of each sacrificial
portion is exposed through an opening. The micro-device is
disposed exclusively in direct contact with each sacrificial
portion and is laterally attached to an anchor by a multi-layer
tether.

[0007] In some embodiments of the present invention, a
multi-layer tether is a bilayer tether consisting essentially of
two tether layers. In some embodiments of the present
invention, a multi-layer tether has more than two tether
layers, for example three, four, or more tether layers. A
multi-layer tether can comprise a first tether layer adjacent
to a source substrate and a second tether layer on a side of
the first tether layer opposite the source substrate. The first
tether layer can extend over at least a portion of a micro-
device, the second tether layer can extend over at least a
portion of the micro-device, or the first tether layer can
extend over at least a first portion of the micro-device and
the second tether layer can extend over at least a second
portion of the micro-device. The first and second portions
can be the same portion of the micro-device or different
portions.

[0008] In some embodiments, a multi-layer tether com-
prises an oxide, a nitride, or both an oxide and a nitride. In
some embodiments, the multi-layer tether comprises a first
tether layer comprising silicon dioxide and a second tether
layer comprising silicon nitride. In some embodiments, the
first tether layer of silicon dioxide is disposed between the
second tether layer of silicon nitride and the sacrificial
portion. In some embodiments, the first tether layer, the
second tether layer, or both the first tether layer and the
second tether layer encapsulate the micro-device. In some
embodiments, a first tether layer is thicker than a second
tether layer. In some embodiments, the first tether layer is
1.5t0 3 times as thick as the second tether layer, for example
twice as thick.

[0009] In certain embodiments of the present invention,
each micro-device comprises one or more contact pads and
a first tether layer encapsulates each micro-device except for
one or more contact pads and a second tether layer encap-
sulates each micro-device including the one or more contact
pads.

[0010] In some embodiments, sacrificial portions com-
prise a sacrificial material that is a same material as a
material of a source substrate, and the same sacrificial
material is an anisotropically etchable material. In some
embodiments, sacrificial portions comprise a sacrificial
material that is a different material from a material of the
source substrate, and the sacrificial material is differentially
etchable from the material of the source substrate.

[0011] In some embodiments of the present invention,
micro-devices have a thickness greater than or equal to 5
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wm, 10 pm, 15 pm, 20 um, or 50 um. In some embodiments
of the present invention, the micro-devices have a thickness
in the range of 16-17 pm. In some embodiments of the
present invention, micro-devices have one or more of a
length greater than or equal to 250 pm, 500 pm, or 1000 pm
and a width greater than or equal to 250 pm, 500 um, or 1000
um. In some embodiments of the present invention, micro-
devices have at least one of a length and a width that is two
to four times a length of the multi-layer tether, where a
length of the micro-devices and tethers is longer than the
width and is taken in a direction substantially parallel to an
extent or surface of the source substrate.

[0012] In some embodiments of the present invention,
micro-devices are laterally attached to the one of the anchors
only by a single multi-layer tether. In some embodiments,
the micro-devices are laterally attached to a second one of
the anchors by a second tether. The second tether can be
disposed on an opposite side of the micro-device from the
first multi-layer tether. The second tether can be a multi-
layer tether.

[0013] In another aspect, the present invention is directed
to a method of making a micro-device structure comprising:
providing a source substrate comprising sacrificial portions
spaced apart by anchors, disposing micro-devices in asso-
ciation with the source substrate such that each micro-device
is disposed exclusively on, in, or over a sacrificial portion,
depositing a first tether layer over at least a portion of the
source substrate and the micro-devices, depositing a second
tether layer over the first tether layer, and patterning the first
tether layer and the second tether layer to form (i) a
multi-layer tether for each micro-device such that the multi-
layer tether laterally attaches the micro-device to an anchor,
and (ii) an opening exposing each sacrificial portion. In
some methods, the first tether layer and the second tether
layer are each patterned to expose contact pads provided in
each micro-device in separate steps.

[0014] Insome embodiments of the present invention, the
method comprises etching sacrificial portions to release
micro-devices from a source substrate. In some embodi-
ments, each micro-device comprises one or more contact
pads, deposition of the first tether layer is an unpatterned
blanket deposition, and the method comprises removing the
first tether layer at least from the one or more contact pads
of each micro-device before depositing the second tether
layer over the first layer.

[0015] In some embodiments, the second tether layer
deposition is an unpatterned blanket deposition. Some
embodiments of the present invention comprise removing
the second tether layer after patterning the first tether layer
and the second tether layer, for example after etching the
sacrificial portions and before micro-transfer printing the
micro-devices.

[0016] In some embodiments of the present invention, the
method comprises contacting micro-devices on a source
substrate with a stamp to adhere the micro-devices to the
stamp, removing the stamp and the micro-devices from the
source substrate, adhering the micro-devices to a destination
substrate, and removing the stamp from the destination
substrate, to micro-transfer print the micro-devices from the
source substrate to the destination substrate.

[0017] In another aspect, the present invention is directed
to a micro-device structure comprises: a source substrate
comprising anchors that are spaced apart and recessed
portions between the anchors; and a micro-device disposed
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exclusively over each of the recessed portions and laterally
attached to one of the anchors by a multi-layer tether,
thereby defining a gap between the micro-device and the
source substrate, wherein the gap is exposed through an
opening.

[0018] In some embodiments, the multi-layer tether com-
prises a first tether layer comprising silicon dioxide and a
second tether layer comprising silicon nitride.

[0019] In some embodiments, the multi-layer tether com-
prises a first tether layer adjacent to the source substrate and
a second tether layer on a side of the first tether layer
opposite the source substrate, wherein the first tether layer
extends over at least a portion of the micro-device, wherein
the second tether layer extends over at least a portion of the
micro-device, or wherein the first tether layer extends over
at least a first portion of the micro-device and the second
tether layer extends over at least a second portion of the
micro-device. In some embodiments, the micro-device com-
prises one or more contact pads and the first tether layer
encapsulates the micro-device except for the one or more
contact pads and the second tether layer encapsulates the
micro-device including the one or more contact pads.
[0020] In some embodiments, the micro-device has at
least one of a length greater than or equal to 250 um, 500 pm,
or 1000 wm, a width greater than or equal to 250 um, 500
pm, or 1000 pm, and a thickness greater than or equal to 5
um, 10 pm, 15 pm, 20 pm, or 50 pm.

[0021] Certain embodiments of the present invention pro-
vide tether structures and micro-transfer printing methods
that efficiently, accurately, and precisely enable the transfer
of a wide variety of micro-devices from a source wafer to a
destination substrate with high yields.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The foregoing and other objects, aspects, features,
and advantages of the present disclosure will become more
apparent and better understood by referring to the following
description taken in conjunction with the accompanying
drawings, in which:

[0023] FIG. 1 is a schematic cross section illustrating an
exemplary micro-device structure, according to illustrative
embodiments of the present invention;

[0024] FIG. 2 is a flow diagram of exemplary methods,
according to illustrative embodiments of the present inven-
tion;

[0025] FIGS. 3A-31 are successive cross sections illustrat-
ing an exemplary method and micro-device structures,
according to illustrative embodiments of the present inven-
tion;

[0026] FIG. 4 is a perspective micrograph illustrating an
anchor and a detached tether useful in understanding certain
embodiments of the present invention;

[0027] FIG. 5 is a perspective micrograph illustrating a
source wafer having missing micro-devices useful in under-
standing certain embodiments of the present invention;
[0028] FIG. 6 is a perspective micrograph illustrating an
anchor and a tether, according to illustrative embodiments of
the present invention; and

[0029] FIG. 7 is a perspective micrograph illustrating a
source wafer with micro-devices, according to illustrative
embodiments of the present invention.

[0030] The features and advantages of the present disclo-
sure will become more apparent from the detailed descrip-
tion set forth below when taken in conjunction with the
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drawings, in which like reference characters identify corre-
sponding elements throughout. In the drawings, like refer-
ence numbers generally indicate identical, functionally simi-
lar, and/or structurally similar elements. The figures are not
drawn to scale since the variation in size of various elements
in the Figures is too great to permit depiction to scale.

DETAILED DESCRIPTION

[0031] Certain embodiments of the present invention pro-
vide tether structures and micro-transfer printing methods
that efficiently, accurately, and precisely enable the transfer
of a wide variety of micro-devices from a source wafer to a
destination substrate with high yields. In particular, certain
embodiments of the present invention provide tether struc-
tures useful for micro-transfer printing relatively large
micro-devices, for example devices having a width or
length, or both, equal to or greater than 250 um, 400 wm, 500
um, 600 um, 800 pm, 1 mm, 2 mm, or 5 mm. [n some
embodiments, micro-devices have a thickness greater than
or equal to 5 pum, 10 pm, 15 pm, 20 um, or 50 um. In some
embodiments, micro-devices have a thickness that is in the
range of about 16-17 um.

[0032] According to certain embodiments of the present
invention and as illustrated in FIG. 1, a micro-device struc-
ture 99 comprises a source substrate 10 comprising sacrifi-
cial portions 12 laterally spaced apart by anchors 18. A
portion (e.g., part or segment) of each sacrificial portion 12
is exposed through an opening 14 so that process gases or
liquids can be introduced through the opening 14 to the
sacrificial portions 12 to process the sacrificial portions 12,
for example to etch the sacrificial portions 12. A micro-
device 20 is disposed exclusively in direct contact with each
sacrificial portion 12 and is laterally attached to an anchor 18
by a multi-layer tether 16. A micro-device 20 disposed
exclusively in direct contact with each sacrificial portion 12
is in contact only with a sacrificial portion 12 and not with
any other portion of the source substrate 12 or structure
except for one or more tethers 16 (e.g., including at least one
multi-layer tether 16). Sacrificial portions 12 can be a solid
material. In certain embodiments, a sacrificial portion 12 has
been etched such that the volume that was occupied by the
sacrificial portion defines a gap separating micro-devices 20
from a source substrate 10 such that micro-devices 20 are
disposed exclusively over recessed portions 15 of the source
substrate 10 between anchors 18.

[0033] A source wafer 10 can also be a source substrate 10
and can be any of a wide variety of relatively flat, stable
materials suitable for photolithographic or integrated circuit
processing, for example glass, plastic, a crystalline semi-
conductor such as silicon, a compound semiconductor that
comprises materials such as gallium nitride or gallium
arsenide, quartz, or sapphire, or any suitable substrate or
wafer material.

[0034] In some embodiments, sacrificial portions 12 are
anisotropically etchable designated portions of a source
wafer 10, for example portions of a crystalline semiconduc-
tor material on a process side of the source wafer 10. In such
embodiments, sacrificial portions 12 comprise a sacrificial
material that is a same material as a source substrate
material. In some embodiments, a source wafer 10 com-
prises a multi-layer structure including a layer of material on
a process side of the source wafer 10 that is differentially
etchable from a remainder of the source substrate 10. In
some such embodiments, sacrificial portions 12 can com-
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prise a sacrificial material that is a different material from
another material of a source substrate 10. The differentially
etchable layer can be a patterned layer defining sacrificial
portions 12 and can comprise a material that is differentially
etchable from other layers of a source wafer 10 and from a
micro-device 20. For example, a source wafer 10 can be a
semiconductor, glass, quartz, or sapphire source wafer 10
and sacrificial portions 12 can comprise an oxide such as
silicon dioxide or a nitride.

[0035] Sacrificial portions 12 are laterally distributed over
a process side of a source wafer 10 and are separated by
anchors 18. Anchors 18 can simply be portions of the source
wafer 10 that are not etched or otherwise removed from the
source wafer 10 during processing. The processing can be
photolithographic or integrated circuit processing using, for
example, methods and materials known in the art. A sacri-
ficial portion 12 can be etched, thereby defining a gap 13
between a micro-device 20 and a source substrate 10,
particularly after the sacrificial portion 12 is etched to
remove material from the sacrificial portion 12. After etch-
ing, micro-devices 20 are disposed exclusively over
recessed portions 15 of the source substrate 10 (e.g.,
between anchors 18).

[0036] Micro-devices 20 can be any useful structure
intended for micro-transfer printing and comprise any mate-
rial or structure useful for the intended purpose of the
micro-devices 20. Micro-devices 20 can be electronic,
mechanical, or optical structures, can be passive or active, or
can be integrated circuits, electronic devices, or opto-elec-
tronic devices. It is contemplated that there is no inherent
limit to the type, function, or materials of micro-devices 20.
Micro-devices 20 can comprise a same material as a material
of a source substrate 10.

[0037] Each micro-device 20 is disposed exclusively in
direct contact with a sacrificial portion 12 of a source
substrate 10 so that, when the sacrificial portion 12 is etched,
the volume that was occupied by the sacrificial portion 12
defines a gap 13 between the micro-device 20 and the source
substrate 10 and the micro-device 20 is suspended over the
gap 13 by one or more tethers 16 (e.g., as shown in FIGS.
3G and 3H). Thus, a material of the sacrificial portion 12 is
differentially or anisotropically etchable not only with
respect to the remaining portion of the source wafer 10 and
anchors 18 but is also differentially or anisotropically etch-
able with respect to any or all of the micro-device 20, a
substrate of a micro-device 20, and an encapsulating layer of
a micro-device 20. Thus, micro-devices 20 can comprise a
support layer or substrate, for example comprising a material
relatively inert with respect to etchants of sacrificial portions
12, on which an active material is disposed for example a
semiconductor or other structure. Micro-devices 20 can
comprise semiconductor materials such as silicon or gallium
or indium or compound semiconductor materials including
such elements or other elements (e.g., III-V, II-VI, or both
1I-V and II-VI semiconductor compounds) and can com-
prise structures such as electrically conductive contact pads
22 for making electrical contact to the micro-devices 20,
doped semiconductor portions, wires, resistors, capacitors,
or electrical or optical structures, or any combination of
these, and any materials useful in such structures.

[0038] Tethers 16 are structures physically connecting
each micro-device 20 to an anchor 18. In the present
disclosure, a tether 16 can refer to a multi-layer tether 16, a
bi-layer tether 16, or a tether 16 comprising a single layer.
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Each micro-device 20 can be physically connected, for
example laterally attached, by one or more, for example two,
multi-layer tethers 16 to anchors 18. Multi-layer tethers 16
can comprise materials that are part of an anchor 18, part of
a micro-device 20, or can be other materials, including
materials that permanently or temporarily encapsulate a
micro-device 20. In some embodiments of the present inven-
tion, micro-devices 20 are laterally attached to anchors 18
and a source substrate 10 only by a multi-layer tether 16
after the semiconductor portions are etched to define a gap
13 (e.g., such that etching defines the multi-layer tether 16).
In some embodiments of the present invention, a desired
ratio of a length of a multi-layer tether 16 along a side of a
micro-device 20 can depend on a size of the micro-device
20. Thus, according to some embodiments of the present
invention, a micro-device 20 has at least one of a length and
a width that is two to four times (or more) a length of a
multi-layer tether 16 that is attached to the micro-device 20.
In some embodiments, a micro-device 20 has a length that
is substantially three times a length of the multi-layer tether
16, where a length of a multi-layer tether 16 and a micro-
device 20 is taken in a direction L orthogonal to the direction
W of an anchor 18 from a micro-device 20 (as shown in
FIGS. 4-7 and discussed below).

[0039] A multi-layer tether 16 comprises a plurality of
layers. According to some embodiments of the present
invention, a multi-layer tether 16 is a bi-layer tether 16
comprising only two layers. In some embodiments of the
present invention, a multi-layer tether 16 consists essentially
of only two layers, for example a first tether layer 30
adjacent to a source wafer 10 and a second tether layer 40
on a side of the first tether layer 30 opposite to the source
wafer 10, as shown in FIG. 1. A first tether layer 30 and a
second tether layer 40 can have the same or substantially
similar thickness. In some embodiments, a first tether layer
30 and a second tether layer 40 have different thicknesses,
for example the first tether layer 30 can be 1.5 to 3 times
thicker than the second tether layer 40. In some embodi-
ments, a first tether layer 30 is substantially two times
thicker than a second tether layer 40. In some embodiments,
a multi-layer tether 16 comprises more than two layers. For
example, a multi-layer tether 16 can consist essentially of
only three layers or consist essentially of only four layers.

[0040] In some embodiments of the present invention, a
multi-layer tether 16 comprises an oxide, a nitride, or both
an oxide and a nitride. The multi-layer tether 16 can com-
prise a first tether layer 30 comprising silicon dioxide and a
second tether layer 40 comprising silicon nitride. The silicon
dioxide first tether layer 30 can be adjacent to a source wafer
10 or sacrificial portion 12 and the silicon nitride second
tether layer 40 can be on a side of the silicon dioxide first
tether layer 30 opposite the source wafer 10 or sacrificial
portion 12. In such a case, the first tether layer 30 of silicon
dioxide is disposed between the second tether layer 40 of
silicon nitride and the sacrificial portion 12 or sacrificial
portion 12.

[0041] In some embodiments of the present invention, a
first tether layer 30 extends over at least a portion of a
micro-device 20, a second tether layer 40 extends over at
least a portion of a micro-device 20, or a first tether layer 30
extends over at least a first portion of a micro-device 20 and
a second tether layer 40 extends over at least a second
portion of the micro-device 20. The first and second portions
can be the same portion or different portions. In some
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embodiments, a first tether layer 30, a second tether layer 40,
or both the first tether layer 30 and the second tether layer
40 encapsulate a micro-device 20. An encapsulation layer
can protect a micro-device 20 (e.g., the process side thereof,
other portion thereof, or the entirety thereof) from the
environment, for example from photolithographic process-
ing gases or liquids or from environmental gases such as air,
oxygen, nitrogen, and ozone, environmental liquids such as
water, or particulate contamination such as dust or other
airborne particles.

[0042] In some embodiments in which micro-devices 20
each comprise one or more contact pads 22, a first tether
layer 30 can encapsulate the micro-devices 20 except for the
one or more contact pads 22 and a second tether layer 40 can
encapsulate the micro-device 20 including the one or more
contact pads 22.

[0043] Referring to the FIG. 2 flow diagram and the
corresponding successive cross sections of FIGS. 3A-3], a
method of making a micro-device structure 99 comprises
providing a source substrate 10 comprising sacrificial por-
tions 12 laterally spaced apart by anchors 18 in step 100 and
as shown in FIG. 3A. As shown in FIG. 3B, in step 105 a
micro-device 20 is disposed in association with the source
substrate 10 on, in or over each sacrificial portion 12. Each
micro-device 20 can be located entirely and exclusively over
a sacrificial portion 12 so that each micro-device 20 is
disposed exclusively on, in, or over one of the sacrificial
portions 12 and none of the micro-devices 20 are disposed
over or in contact with the anchors 18 or other portions of
the source substrate 10. Micro-devices 20 can comprise a
contact pad 22 for making electrical contact to each micro-
device 20 to operate the micro-device 20. Micro-devices 20
can be formed using photolithographic methods and mate-
rials found in semiconductor fabrication facilities such as
integrated circuit foundries and can be, for example, elec-
tronic or opto-electronic integrated circuits.

[0044] As shown in FIG. 3C, in step 110 a first tether layer
30 is disposed over at least a portion of anchors 18 and
micro-devices 20 and a source substrate 10 using a first
deposition method. Referring to FIG. 3C, where sacrificial
portions 12 are exposed (not covered by a micro-device 20),
the first tether layer 30 covers the exposed parts of the
sacrificial portions 12. Deposition of a first tether layer 30
can be a blanket (unpatterned) deposition, for example a first
deposition method such as continuous, single-frequency
plasma-enhanced chemical vapor deposition (PECVD). As
shown in FIG. 3D, in step 115 the first tether layer 30 is
patterned, for example by using photolithographic pro-
cesses, masks, and etchants to remove portions of the first
tether layer 30, to expose the contact pads 22 and an operning
14 to the sacrificial portion 12, and to form a tether 16 so that
the tether 16 is the only portion of the first tether layer 30
that physically connects the micro-devices 20 to an anchor
18.

[0045] In step 120, and as shown in FIG. 3E, a second
tether layer 40 is deposited over a first tether layer 30 using
a second deposition method, for example a second deposi-
tion method such as a pulsed, multi-frequency plasma-
enhanced chemical vapor deposition (PECVD). Deposition
of the second tether layer 40 can be a blanket (unpatterned)
deposition and can employ a second deposition method that
has at least some different attributes from the first deposition
method of the first tether layer 30, thus forming a multi-layer
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tether 16 for each micro-device 20 such that the multi-layer
tether 16 laterally attaches each micro-device 20 to an
anchor 18.

[0046] Generally, a second deposition can be, but does not
need to be, made using a second deposition method. Accord-
ing to some embodiments of the present invention, deposi-
tion of a first tether layer 30 and deposition of a second tether
layer 40 are done using at least partially different deposition
methods or the second deposition method deposits a differ-
ent material that has a different deposited structure from the
first deposition method. For example, a first tether layer 30
can be deposited using PECVD with a continuous plasma
generation method having one frequency to deposit silicon
dioxide and a second tether layer 40 can be deposited using
PECVD using a pulsed plasma generation method with two
different frequencies to deposit silicon nitride. Two different
deposition methods of two different materials can form first
and second tether layers 30, 40 with different attributes and
structures. In step 125 and as shown in FIG. 3F, the second
tether layer 40 is patterned to form an opening 14 exposing
each sacrificial portion 12. One or more depositions can be
used to form a second tether 16 that connects a micro-device
to the same or a different anchor 18 as a multi-layer tether
16. The one or more depositions can, but do not necessarily,
include one or more depositions used to make the multi-
layer tether 16.

[0047] In step 130, and as shown in FIG. 3G, sacrificial
portions 12 are etched to release micro-devices 20 from a
source substrate 10, so that micro-devices 20 are suspended
over gaps 13 (and thus over recessed portions 15 of the
source substrate 10) separating micro-devices 20 from the
source substrate 10 and are attached to anchors 18 and the
source wafer 10 with multi-layer tethers 16 (e.g., with only
multi-layer tethers 16), for example by introducing an
etchant into an opening 14. The etchant selectively etches
each sacrificial portion 12 while leaving micro-devices 20
and the remainder of the source substrate 10 substantially
undisturbed. In some embodiments, after etching sacrificial
portions 12, a micro-device 20 is physically connected to
one or more anchors 18 with one or more tethers 16 and
suspended over a recessed portion 15 of a source wafer 10,
wherein at least one of the one or more tethers 16 is a
multi-layer tether 16 (e.g., all are multi-layer tethers 16) and
each of the one or more tethers 16 connects the micro-device
20 to only one of the one or more anchors 18.

[0048] In step 135, and as shown in FIG. 3H, a second
tether layer 40 can be removed by an unpatterned blanket
etch, exposing contact pads 22. Such a process can essen-
tially reduce the number of layers in a tether 16 (e.g., such
that a bilayer tether 16 becomes a single layer tether 16). In
this way, a layer (e.g., second tether layer 40) can serve to
stabilize a tether 16 during an etching process (e.g., etching
of sacrificial portions 12) before being removed by a sepa-
rate etching process. Micro-devices 20 are then physically
connected to a source wafer 10 with a tether 16 that
physically holds micro-devices 20 in place with respect to
the source wafer 10 so that micro-devices 20 can be micro-
transfer printed in step 140 from the source wafer 10. For
example, micro-devices 20 can be micro-transfer printed in
step 140 by contacting each of the micro-devices 20 with a
respective stamp post 52 of a transfer stamp 50 to adhere the
micro-devices 20 to the stamp posts 52, and then removing
the transfer stamp 50 from the source wafer 10, thereby
fracturing or separating the tethers 16 (FIG. 31). The stamp
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50 is then relocated to a destination substrate, micro-devices
20 are pressed against the destination substrate to adhere
micro-devices 20 to the destination substrate, and the stamp
50 is removed from micro-devices 20 and the destination
substrate. The destination substrate can comprise an adhe-
sive layer to assist in adhering micro-devices 20 to the
destination substrate. After micro-devices 20 are adhered to
the adhesive layer, the adhesive layer can be cured to
permanently affix micro-devices 20 to the destination sub-
strate.

[0049] Micro-transfer printing micro-devices 20 compris-
ing different materials from different source wafers 10 to a
common destination substrate with one or more stanips 50
enables the construction of heterogeneous micro-systems
useful in applications for which a small size and a variety of
device structures and materials are desirable. The use of a
multi-layer tether 16 enables micro-transfer printing with a
wider variety of micro-devices 20 sizes, types, and materi-
als, (in particular, larger micro-devices 20) thereby realizing
a wider variety of micro-systems.

[0050] Certain embodiments of the present invention pro-
vide advantages in forming micro-transfer printable micro-
devices 20 that are relatively thicker (for example greater
than or equal to 10 um thick, greater than or equal to 15 pm
thick, or greater than or equal to 20 um thick, for example
about 16-17 um thick) than other micro-devices 20 (for
example less than or equal to 10 um thick). Because of the
increased thickness of the micro-devices 20, the deposition
of selectively etchable materials, such as silicon dioxide,
useful in constructing tethers 16 can be problematic. The
greater thickness of micro-devices 20 form taller micro-
device sidewalls 25 that can obscure portions of the source
substrate 10, especially between micro-devices 20 and
anchors 18, inhibiting a conformal and consistent deposition
of a first tether layer 30, thus preventing a continuous
tether-to-device interface structure. Referring to the micro-
graph of FIG. 4 for silicon semiconductor micro-devices 20
having a length of 1000 pm, a width of 200 pm, and a
thickness of 17 pm, the interface between the anchors 18 and
the first tether layer 30 is discontinuous and the first tether
layer 30 is not well adhered to the micro-device sidewall 25.
This discontinuity can result in micro-devices 20 detaching
from the source substrate 10 so that the micro-devices 20
cannot be reliably and accurately micro-transfer printed, as
shown in FIG. 5. FIG. 5 is a micro-graph of an array of
micro-devices 20 disposed on a source wafer 10 with a
single layer tether 16 (comprising only a first tether layer
30). The absent micro-device locations 23 in the array are
locations in which the micro-devices 20 became detached or
dislodged and floated away from the source wafer 10 and are
absent or removed and not available in place for micro-
transfer printing; mis-located micro-devices 21 are mis-
located with respect to the source wafer 10, inhibiting
accurate and precise transfer despite remaining present on
the source wafer 10.

[0051] According to embodiments of the present inven-
tion, therefore, a second tether layer 40 is deposited using
different materials or different deposition methods or param-
eters from the first tether layer 30. Because the deposition
process and materials are different, the second tether layer
40 fills in areas of the source wafer 10 that can be discon-
tinuous and were not adequately coated with the first depo-
sition method, as shown in FIG. 6. FIG. 6 illustrates a source
wafer 10 with a bilayer tether 16 attached to an anchor 18
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and comprising a first tether layer 30, and a second tether
layer 40. An opening 14 exposes a part of the sacrificial
portion 12, and contact pads 22 covered with the second
tether layer 40. This structure corresponds to that of FIG. 3F
after step 125 and before etching step 130 of FIG. 2. FIG. 6
is a micro-graph of an array of micro-devices 20 attached to
a source wafer 10 (as in FIG. 5) but comprising both a first
tether layer 30 and a second tether layer 40 according to
some embodiments of the present invention. In FIG. 7, a
micro-device 20 is found in all of the locations in the array,
demonstrating the improvement in tether structures for
micro-devices 20 according to certain embodiments of the
present invention, and enabling micro-transfer printing with
improved accuracy, precision, and consistency for all micro-
devices 20 disposed on the source wafer 10.

[0052] Furthermore, certain embodiments of the present
invention provide improved manufacturing efficiency and
flexibility. Photolithographic patterning typically requires
coating a rather viscous photoresist liquid over the surface to
be patterned, exposing the liquid to a patterned mask to form
a patterned layer, etching the patterned layer and an under-
lying layer, and then stripping (removing) the patterned
layer. If micro-devices 20 are poorly attached to a source
substrate 10 (for example with a single layer tether 16
consisting essentially of only a first tether layer 30) and the
micro-devices 20 have been released by etching the sacri-
ficial portion 12, the photolithographic patterning process
(especially a coating process or any contact masking pro-
cess) can remove or disturb the micro-devices 20 attached to
the source substrate 10. Hence, patterning the first tether
layer 30 to open the contact pads 22 after the micro-devices
20 have been released is problematic, as shown in FIG. 5.
[0053] Ifcontact pads 22 are opened (e.g., exposed) before
micro-devices 20 are released, an etchant used to etch
sacrificial portions 12 can attack a contact pad 22 material,
damaging contact pads 22 and degrading any subsequent
electrical contact to micro-devices 20. In an alternative
process, contact pads 22 are opened (e.g., exposed) after
micro-devices 20 have been micro-transfer printed to a
destination substrate, but this requires an additional process
step and a much greater quantity of expensive patterning
materials and more expensive photolithographic equipment
(because a destination substrate is typically much larger than
a source substrate 10). Moreover, removing a first or second
tether layer 30, 40 after micro-devices 20 are micro-transfer
printed onto the destination substrate can damage other
devices on the destination substrate that are susceptible to
the layer removal process (e.g., an etchant removing a first
or second tether layer 30, 40 on the destination substrate
could undesirably etch other devices or structures on the
destination substrate or the destination substrate itself). By
opening contact pads 22 before etching the sacrificial por-
tion 12 and releasing the micro-devices 20 and using a
blanket coated second tether layer 40 during the sacrificial
portion 12 etch, the contact pads 22 are protected. If per-
formed, selective removing of the blanket-coated second
tether layer 40 after the etch step (130) does not require
photolithographic patterning and so avoids the problems of
photo-resist deposition, any contact masks, and additional
etching required. Therefore, some embodiments of the pres-
ent invention require fewer process steps and may utilize
steps less likely to possibly cause damage.

[0054] According to some embodiments of the present
invention, micro-devices 20 can be any one or more of
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integrated circuits, sensors, and organic or inorganic light-
emitting diodes. U.S. Pat. No. 6,825,559 describes methods
of making micro-transfer-printable inorganic micro-devices
20, the disclosure of which is hereby incorporated by
reference.

[0055] Structures and elements in accordance with certain
embodiments of the present invention can be made and
assembled using micro-transfer printing methods and mate-
rials. In some embodiments, micro-devices 20 are prepared
on a native source wafer 10, for example a sapphire wafer
with compound semiconductors such as GaN or silicon
wafers with CMOS circuits thereon, each type of micro-
device 20 prepared on a different source wafer 10 and
released for micro-transfer printing with one or more micro-
device multi-layer tethers 16 physically connecting the
micro-device sidewall 25 of each micro-device 20 to an
anchor 18 of the source wafer 10. In certain embodiments,
micro-devices 20 are then contacted with a micro-transfer
printing stamp 50 to fracture, separate, or otherwise break
micro-device tethers 16 and adhere micro-devices 20 to a
transfer stamp 50. The transfer stamp 50 then contacts
micro-devices 20 to a destination substrate, to which micro-
devices 20 are then adhered.

[0056] For a discussion of micro-transfer printing tech-
niques see, U.S. Pat. Nos. 8,722,458, 7,622,367 and 8,506,
867, the disclosure of each of which are hereby incorporated
by reference. Methods of forming micro-transfer printable
structures are described, for example, in the paper AMOLED
Displays using Transfer-Printed Integrated Circuits (Jour-
nal of the Society for Information Display, 2011, DOI #
10.1889/JSID19.4.335, 1071-0922/11/1904-0335, pages
335-341) and U.S. Pat. No. 8,889,485. Micro-transfer print-
ing using compound micro-assembly structures and methods
can also be used with certain embodiments of the present
invention, for example, as described in U.S. patent applica-
tion Ser. No. 14/822,868, filed Aug. 10, 2015, entitled
Compound Micro-Assembly Strategies and Devices, the
disclosure of which is hereby incorporated by reference in
its entirety. Additional details useful in understanding and
performing certain embodiments of the present invention are
described in U.S. patent application Ser. No. 14/743,981,
filed Jun. 18, 2015, entitled Micro Assembled LED Displays
and Lighting Elements, the disclosure of which is hereby
incorporated by reference in its entirety.

[0057] As is understood by those skilled in the art, the
terms “over”, “under”, “above”, “below”, “beneath”, and
“on” are relative terms and can be interchanged in reference
to different orientations of the layers, elements, and sub-
strates included in the present invention. For example, a first
layer on a second layer, in some embodiments means a first
layer directly on and in contact with a second layer. In other
embodiments, a first layer on a second layer can include
another layer there between.

[0058] Having described certain embodiments, it will now
become apparent to one of skill in the art that other embodi-
ments incorporating the concepts of the disclosure may be
used. Therefore, the invention should not be limited to the
described embodiments, but rather should be limited only by
the spirit and scope of the following claims.

[0059] Throughout the description, where apparatus and
systems are described as having, including, or comprising
specific components, or where processes and methods are
described as having, including, or comprising specific steps,
it is contemplated that, additionally, there are apparatus, and
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systems of the disclosed technology that consist essentially
of, or consist of, the recited components, and that there are
processes and methods according to the disclosed technol-
ogy that consist essentially of, or consist of, the recited
processing steps.

[0060] It should be understood that the order of steps or
order for performing certain action is immaterial so long as
the disclosed technology remains operable. Moreover, two
or more steps or actions in some circumstances can be
conducted simultaneously. The invention has been described
in detail with particular reference to certain embodiments
thereof, but it will be understood that variations and modi-
fications can be effected within the spirit and scope of the
invention.

PARTS LIST
[0061] L length direction
[0062] W width direction
[0063] 10 source substrate/source wafer
[0064] 12 sacrificial portion
[0065] 13 gap
[0066] 14 opening
[0067] 15 recessed portion
[0068] 16 tether/multi-layer tether/bilayer tether
[0069] 18 anchor
[0070] 20 micro-device
[0071] 21 mis-located micro-device
[0072] 22 contact pad
[0073] 23 absent micro-device location
[0074] 25 micro-device sidewall
[0075] 30 first tether layer
[0076] 40 second tether layer
[0077] 50 stamp
[0078] 52 post
[0079] 99 micro-device structure
[0080] 100 provide source substrate step
[0081] 105 dispose micro-device step
[0082] 110 deposit first layer step
[0083] 115 open contact pads and sacrificial layer opening
step
[0084] 120 deposit second layer step
[0085] 125 pattern second layer to form sacrificial layer
opening step
[0086] 130 release micro-devices step
[0087] 135 strip second layer step
[0088] 140 micro-transfer print micro-device step

What is claimed:

1. A micro-device structure, comprising:

a source substrate comprising sacrificial portions laterally
spaced apart by anchors, wherein at least a portion of
each of the sacrificial portions is exposed through an
opening; and

amicro-device disposed exclusively in direct contact with
each of the sacrificial portions and laterally attached to
one of the anchors by a multi-layer tether.

2. The micro-device structure of claim 1, wherein the
multi-layer tether is a bilayer tether consisting essentially of
two tether layers.

3. The micro-device structure of claim 1, wherein the
multi-layer tether comprises an oxide, a nitride, or both an
oxide and a nitride.
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4. The micro-device structure of claim 3, wherein the
multi-layer tether comprises a first tether layer comprising
silicon dioxide and a second tether layer comprising silicon
nitride.

5. The micro-device structure of claim 4, wherein the first
tether layer of silicon dioxide is disposed between the
second tether layer of silicon nitride and the sacrificial
portion.

6. The micro-device structure of claim 1, wherein the
multi-layer tether comprises a first tether layer adjacent to
the source substrate and a second tether layer on a side of the
first tether layer opposite the source substrate, wherein the
first tether layer extends over at least a portion of the
micro-device, wherein the second tether layer extends over
at least a portion of the micro-device, or wherein the first
tether layer extends over at least a first portion of the
micro-device and the second tether layer extends over at
least a second portion of the micro-device.

7. The micro-device structure of claim 6, wherein the first
tether layer, the second tether layer, or both the first tether
layer and the second tether layer encapsulate the micro-
device.

8. The micro-device structure of claim 6, wherein the
micro-device comprises one or more contact pads and the
first tether layer encapsulates the micro-device except for the
one or more contact pads and the second tether layer
encapsulates the micro-device including the one or more
contact pads.

9. The micro-device structure of claim 6, wherein the first
tether layer is thicker than the second tether layer.

10. The micro-device structure of claim 6, wherein the
first tether layer is 1.5 to 3 times as thick as the second tether
layer.

11. The micro-device structure of claim 1, wherein the
sacrificial portions comprise a sacrificial material that is the
same material as a material of the source substrate, and
wherein the sacrificial material is an anisotropically etchable
material.

12. The micro-device structure of claim 1, wherein the
sacrificial portions comprise a sacrificial material that is a
different material from a material of the source substrate,
and wherein the sacrificial material is differentially etchable
from the material of the source substrate.

13. The micro-device structure of claim 1, wherein the
micro-device has a thickness greater than or equal to 5 pm,
10 pm, 15 pm, 20 pm, or 50 pm.

14. The micro-device structure of claim 1, wherein the
micro-device has one or more of a length greater than or
equal to 250 um, 500 pm, or 1000 pm and a width greater
than or equal to 250 um, 500 um, or 1000 pum.

15. The micro-device structure of claim 1, wherein the
micro-device has at least one of a length and a width that is
two to four times a length of the multi-layer tether.

16. The micro-device structure of claim 1, wherein the
micro-device is laterally attached to the one of the anchors
only by the multi-layer tether.

17. The micro-device structure of claim 1, wherein the
micro-device is laterally attached to a second one of the
anchors by a second tether.

18. A method of making a micro-device structure, com-
prising:

providing a source substrate comprising sacrificial por-

tions spaced apart by anchors;
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disposing micro-devices in association with the source
substrate such that each of the micro-devices is dis-
posed exclusively on, in, or over one of the sacrificial
portions;

depositing a first tether layer over at least a portion of the

source substrate and the micro-devices;

depositing a second tether layer over the first tether layer;

and

patterning the first tether layer and the second tether layer

to form (i) a multi-layer tether for each of the micro-
devices such that the multi-layer tether laterally
attaches the micro-device to one of the anchors, and (ii)
an opening exposing each of the sacrificial portions.

19. The method of claim 18, comprising etching the
sacrificial portions to release the micro-devices from the
source substrate.

20. The method of claim 18, wherein each of the micro-
devices comprises one or more contact pads, deposition of
the first tether layer is an unpatterned blanket deposition, and
the method comprises removing the first tether layer at least
from the one or more contact pads of each of the micro-
devices before depositing the second tether layer over the
first layer.

21. The method of claim 18, wherein the second tether
layer deposition is an unpatterned blanket deposition.

22. The method of claim 18, comprising removing the
second tether layer after patterning the first tether layer and
the second tether layer.

23. The method of claim 22, comprising contacting the
micro-devices with a stamp to adhere the micro-devices to
the stamp, removing the stamp and the micro-devices from
the source substrate, adhering the micro-devices to a desti-
nation substrate, and removing the stamp from the destina-
tion substrate.
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24. A micro-device structure, comprising:

a source substrate comprising anchors that are spaced

apart and recessed portions between the anchors; and

a micro-device disposed exclusively over each of the

recessed portions and laterally attached to one of the
anchors by a multi-layer tether, thereby defining a gap
between the micro-device and the source substrate,
wherein the gap is exposed through an opening.

25. The micro-device structure of claim 24, wherein the
multi-layer tether comprises a first tether layer comprising
silicon dioxide and a second tether layer comprising silicon
nitride.

26. The micro-device structure of claim 24, wherein the
multi-layer tether comprises a first tether layer adjacent to
the source substrate and a second tether layer on a side of the
first tether layer opposite the source substrate, wherein the
first tether layer extends over at least a portion of the
micro-device, wherein the second tether layer extends over
at least a portion of the micro-device, or wherein the first
tether layer extends over at least a first portion of the
micro-device and the second tether layer extends over at
least a second portion of the micro-device.

27. The micro-device structure of claim 26, wherein the
micro-device comprises one or more contact pads and the
first tether layer encapsulates the micro-device except for the
one or more contact pads and the second tether layer
encapsulates the micro-device including the one or more
contact pads.

28. The micro-device structure of claim 24, wherein the
micro-device has at least one of a length greater than or
equal to 250 pm, 500 pm, or 1000 pum, a width greater than
or equal to 250 um, 500 um, or 1000 um, and a thickness
greater than or equal to 5 pm, 10 pm, 15 pm, 20 pm, or 50

pm.
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