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(57) ABSTRACT

A method of micro-transfer printing a micro-device from a
support substrate comprises providing the micro-device,
forming a pocket in or on the support substrate, providing a
release layer over the micro-device or the pocket, optionally
providing a base layer on a side of the release layer opposite
the micro-device, disposing the micro-device in the pocket
with the release layer between the micro-device and the
support substrate so that no portion of the support substrate
or the optional base layer is in contact with the micro-device,
etching the release layer to completely separate the micro-
device from the support substrate or the optional base layer,
providing a stamp having a conformable stamp post and
pressing the stamp post against the separated micro-device
to adhere the micro-device to the stamp post, and removing
the stamp and micro-device from the support substrate.
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MICRO-DEVICE POCKETS FOR TRANSFER
PRINTING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Provisional
U.S. Patent Application No. 62/477,834, filed Mar. 28, 2017,
entitled Micro-Device Pocket for Transfer Printing, pp. 4-57
of which are hereby incorporated by reference.

[0002] Reference is made to Provisional U.S. Patent
Application No. 62/422,365 filed Nov. 15, 2016, entitled
Micro-Transfer-Printable Flip-Chip Structure and Method,
the contents of which are incorporated by reference herein in
their entirety. U.S. patent application Ser. No. 15/811,959,
filed Nov. 14, 2017, entitled Micro-Transfer-Printable Flip-
Chip Structures and Methods, claims the benefit of Provi-
sional U.S. Patent Application No. 62/422,365. U.S. patent
application Ser. No. 15/811,959 is hereby incorporated by
reference in its entirety.

FIELD OF THE INVENTION

[0003] The present invention relates generally to struc-
tures and methods for providing micro-integrated circuits on
substrates that can be printed using massively parallel trans-
fer printing methods (e.g., micro-transfer printing methods).

BACKGROUND OF THE INVENTION

[0004] Integrated circuits (ICs) are widely used in elec-
tronic devices. Integrated circuits are typically formed on a
semiconductor wafer using photolithographic processes and
then packaged, for example in a ceramic or plastic package,
with pins or bumps on the package providing externally
accessible electrical connections to the integrated circuit. An
unpackaged integrated circuit is often referred to as a die.
Each die typically has electrical contact pads on the top of
the integrated circuit that are electrically connected to elec-
tronic circuits in the integrated circuit. The die is placed in
a cavity in the package, the electrical contact pads are
wire-bonded to the package pins or bumps, and the package
is sealed. Frequently, multiple identical devices are formed
in the semiconductor wafer and the wafer is cut (for example
by scribing-and-breaking or by sawing the wafer) into
separate integrated circuit dies that are each individually
packaged. The packages are then mounted and electrically
connected on a printed circuit board to make an electronic
system.

[0005] In an alternative flip-chip approach, small spheres
of solder (solder bumps) are deposited on the integrated
circuit contact pads and the integrated circuit is flipped over
so that the top side of the die with the solder bumps is
located adjacent to the package or other destination sub-
strate. This approach is particularly useful for packages such
as pin-grid array packages because they can require less
space than a wire-bond process. However, flipping the
integrated circuit over can be difficult for very small inte-
grated circuits having dimensions in the range of microns.
Such small integrated circuit dies are not easily handled
without loss or damage using conventional pick-and-place
or vacuum tools.

[0006] In some applications, the bare integrated circuit
dies are not separately packaged but are placed on a desti-
nation substrate and electrically connected on the destination
substrate, for example using photolithographic or printed-

Oct. 4,2018

circuit board methods, to form an electronic system. How-
ever, as with flip-chip handling, this can be difficult to
accomplish when the integrated circuit dies are small. None-
theless, an efficient method of transferring bare dies from a
relatively small and expensive source substrate (e.g., crys-
talline semiconductor) to a relatively large and inexpensive
destination substrate (e.g., amorphous glass or plastic) is
very desirable, since the integrated circuits can provide
much higher data processing efficiency than thin-film semi-
conductor structures formed on large substrates.

[0007] One approach to handling and placing small inte-
grated circuits (chiplets) uses micro-transfer printing, for
example as described in U.S. Pat. Nos. 8,722,458, 7,622,367
and 8,506,867, each of which is hereby incorporated by
reference in its entirety. In exemplary embodiments of these
methods, an integrated circuit is formed on a source wafer,
for example a semiconductor wafer, and undercut by etching
a gap between a bottom side of the integrated circuit and the
wafer. A stamp contacts a top side of the integrated circuit
to adhere the integrated circuit to the stamp, the stamp and
integrated circuit are transported to a destination substrate,
for example a glass or plastic substrate, the integrated circuit
is contacted and adhered to the destination substrate, and the
stamp removed to “print” the integrated circuit from the
source wafer to the destination substrate. Multiple integrated
circuits can be “printed” in a common step with a single
stamp. The integrated circuits can then be electrically con-
nected using conventional photolithographic or printed-
circuit board methods, or both. This techmque has the
advantage of locating many (e.g., tens of thousands to
millions) small integrated circuit devices on a destination
substrate in a single print step. For example, U.S. Pat. No.
8,722.458 teaches transferring light-emitting, light-sensing,
or light-collecting semiconductor elements from a wafer
substrate to a destination substrate using a patterned elasto-
mer stamp whose spatial pattern matches the location of the
semiconductor elements on the wafer substrate.

[0008] In another method, a handle substrate is adhered to
the side of the integrated circuits opposite the wafer (the top
side), the watfer is removed, for example by grinding, the
integrated circuits are adhered to the destination substrate,
and the handle substrate is removed. In yet another variation,
the handle substrate is the destination substrate and is not
removed. In this case, the integrated circuit is flipped over so
that the top side of the integrated circuit is adhered to the
destination substrate.

[0009] In yet another method, epitaxial semiconductor
layers are formed on a growth substrate, for example a
sapphire substrate. A handle substrate is adhered to the top
side of the semiconductor layers opposite the growth sub-
strate, and the growth substrate is removed. The flipped
semiconductor layers are then processed to form the inte-
grated circuits. For example, U.S. Pat. No. 6,825,559
describes such a method to make light emitting diodes.

[0010] None of these flip-chip methods form a flipped
integrated circuit that can be micro-transfer printed. More-
over, GaN micro-LEDs are typically formed on sapphire
substrates since sapphire has a smaller crystal lattice mis-
match with GaN than other materials, such as silicon. Thus,
it is desirable to form printable integrated circuit structures,
such as micro-LEDs, using a sapphire substrate. However,
there is no known available method in the art for reliably
undercutting a chiplet formed on a sapphire substrate to
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enable release of the chiplet without damaging the chiplet
(e.g., for micro-transfer printing).

[0011] There is a need, therefore, for wafer and integrated
circuit structures and methods that provide micro-transfer
printable integrated circuits and for structures and methods
that enable the construction of micro-LED chiplets formed
on various substrate, including sapphire, that can be micro-
transfer printed. There is also a need for simple and inex-
pensive methods and structures having a reduced area on a
source wafer.

SUMMARY OF THE INVENTION

[0012] A method of micro-transfer printing a micro-device
from a support substrate comprises providing the micro-
device, forming a pocket in or on the support substrate,
providing a release layer over the micro-device or the
pocket, optionally providing a base layer on a side of the
release layer opposite the micro-device, disposing the
micro-device in the pocket with the release layer between
the micro-device and the support substrate so that no portion
of the support substrate or the optional base layer is in
contact with the micro-device, etching the release layer to
completely separate and detach the micro-device from the
support substrate or the optional base layer, providing a
stamp having a conformable stamp post and pressing the
stamp post against the separated micro-device to adhere the
micro-device to the stamp post, and removing the stamp and
micro-device from the support substrate. A surface of the
micro-device can be exposed before etching the release
layer.

[0013] In some embodiments, the micro-device is pro-
vided on a source substrate, the release layer is disposed on
a side of the micro-device opposite the source substrate, the
base layer is optionally formed on a side of the release layer
opposite the micro-device, the support substrate is adhered
to the release layer or optional base layer with a conformable
adhesive to form the pocket with the micro-device disposed
in the pocket and the release layer between the micro-device
and the adhesive, and the source substrate is removed. The
release layer, the optional base layer, or both, can be
patterned, the source wafer can be removed with laser lift
off, and the adhesive can be cured.

[0014] In some embodiments, the pocket is formed in or
on the support substrate, a base layer is optionally formed in
the pocket, the release layer is provided in the pocket on the
support substrate or the optional base layer, and a micro-
device is disposed at least partially in the pocket on the
release layer. The release layer, the optional base layer, or
both, can be patterned or the pocket can be formed by
etching the support substrate. In some embodiments, the
support substrate can be coated with a curable material,
imprinted, and cured to form the pocket. In another
approach, the curable material is cured and etched to form
the pocket. The pocket can extend to the support substrate.
The micro-device material can be deposited in the pocket
and patterned in the pocket to form the micro-device.
[0015] In some embodiments of the present invention, a
micro-transfer printable micro-device structure comprises a
support substrate, an adhesive layer having pockets provided
on or over the support substrate, an optional base layer
provided in the pocket and on a side of the adhesive layer
opposite the support substrate, a release layer provided in the
pocket and on a side of the adhesive layer or the optional
base layer opposite the support substrate, and the micro-
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device disposed at least partially in the pocket with the
release layer between the micro-device and the support
substrate so that no portion of the support substrate or
optional base layer is in contact with the micro-device. The
micro-device can protrude from the pocket, or not. The
release layer. the optional base layer, or both can be pat-
terned over the support substrate. A surface of the micro-
device can be exposed.

[0016] In some embodiments, a micro-transfer printable
micro-device structure comprises a support substrate having
a pocket, an optional base layer provided in the pocket on the
support substrate, a release layer provided in the pocket on
the support substrate or on a side of the optional base layer
opposite the support substrate, and the micro-device dis-
posed at least partially in the pocket with the release layer
between the micro-device and the support substrate so that
no portion of the support substrate or optional base layer is
in contact with the micro-device. The micro-device can
protrude from the pocket, or not. The release layer, the
optional base layer, or both can be patterned over the support
substrate. A surface of the micro-device can be exposed.
[0017] According to some embodiments of the present
invention, a micro-device wafer structure comprises a
source wafer, a micro-device formed over the source wafer,
a release layer disposed over the entire micro-device at least
on a side of the micro-device opposite the source wafer, and
an optional base layer disposed on the release layer. The
source wafer can be sapphire, the micro-device can comprise
a compound semiconductor, and the release layer, the
optional base layer, or both can be patterned over the source
wafer.

[0018] In some embodiments of the present invention, a
micro-transfer printed micro-device substrate structure com-
prises a destination substrate, two or more contact pads
disposed on the destination substrate, and a micro-transfer
printed micro-device. The micro-device has a semiconduc-
tor structure and at least two electrical contacts disposed in
different planes parallel to the destination substrate on the
semiconductor structure. The electrical comntacts are in
physical and electrical contact with the contact pads. An
adhesive layer can be disposed over the destination substrate
and in contact with the micro-device so that the micro-
device is adhered to the destination substrate.

[0019] A micro-transfer printable micro-device, according
to some embodiments of the present invention, includes a
semiconductor structure with at least one side and two or
more electrical contacts on the side and two or more
electrically separate electrodes. Each electrode is disposed at
least partially on the side and extends from the semicon-
ductor structure a distance greater than any other portion of
the micro-transfer printable micro-device to form an elec-
trically conductive connection post electrically connected to
an electrical contact. A patterned first layer can be disposed
on only a portion of the side and a patterned second
electrically conductive electrode can be disposed on at least
a portion of the side and overlapping only a portion of the
first layer to form at least one of the connection posts on the
overlapped portion. In a further embodiment, a patterned
third layer is disposed on only a portion of the side and a
patterned fourth electrically conductive layer is disposed on
at least a portion of the side and overlapping only a portion
of the third layer to form a connection post on the over-
lapped portion. The patterned fourth electrically conductive
layer is in electrical contact with one of the electrical
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contacts. The portion of the patterned fourth electrically
conductive layer can be exposed and extends beyond any
other portion of the micro-transfer printable micro-device
that is not a similarly constructed connection post. The first
layer and the third layer can be the same layer or the second
layer and the fourth layer can be the same layer. The first
layer can be a dielectric.

[0020] In some embodiments of the present invention, a
micro-transfer receivable substrate comprises a substrate
having one or more contact pads, a patterned first layer
disposed on only a portion of the side, and a patterned
second electrically conductive layer disposed on at least a
portion of the substrate and overlapping only a portion of the
first layer to form a spike on the overlapped portion. The
patterned second electrically conductive layer is in electrical
contact with a contact pad and the portion of the patterned
second electrically conductive layer extends beyond any
other portion of the substrate that is not a similarly con-
structed spike.

[0021] A horizontal light-emitting diode, according to
some embodiments of the present invention, includes a
semiconductor structure extending along a length greater
than a width or thickness having first and second ends at
each end of the extent. The first and second ends of the
semiconductor structure have a thickness greater than a
portion of the semiconductor structure between the first and
second ends. A first electrode electrically connects to an
electrical contact adjacent to the first end and a second
electrode electrically connects to an electrical contact adja-
cent to the second end. The first and second electrodes are
at least partially in the same plane.

[0022] In some embodiments of the present invention, a
light-emitting diode structure comprises a destination sub-
strate having two or more contact pads and a semiconductor
structure extending along a length greater than a width or
thickness having first and second ends at each end of the
extent, the first and second ends of the semiconductor
structure having a thickness greater than a portion of the
semiconductor structure between the first and second ends.
A first electrode electrically connects to an electrical contact
adjacent to the first end and a second electrode electrically
connects to an electrical contact adjacent 1o the second end,
wherein the first and second electrodes are at least partially
in the same plane. The first and second electrodes are
adjacent to the destination substrate, the first electrode is
electrically connected to one of the contact pads, and the
second electrode is electrically connected to another of the
contact pads.

[0023] In one configuration, a light-emitting diode struc-
ture comprises a destination substrate having two or more
contact pads, a semiconductor structure with at least one side
and two or more electrical contacts on the side, and a first
electrode electrically separate from a second electrode. Fach
of the first and second electrodes is disposed at least partially
on the side and extend from the semiconductor structure a
distance greater than any other portion of the micro-transfer
printable micro-device to form an electrically conductive
connection post electrically connected to an electrical con-
tact. The first and second electrodes are adjacent to the
destination substrate, the first electrode is electrically con-
nected to one of the contact pads, and the second electrode
is electrically connected to another of the contact pads.
[0024] In one aspect, the present invention is directed to a
method of transfer printing a micro-device from a support

Oct. 4,2018

substrate, comprising: providing the micro-device; forming
a pocket in, on, or over the support substrate; providing a
release layer disposed over the micro-device or in the
pocket; disposing the micro-device in the pocket such that
the release layer is disposed between the micro-device and
the support substrate and no portion of the support substrate
is in contact with the micro-device; and etching the release
layer to completely separate the micro-device from the
support substrate.

[0025] In certain embodiments, the method comprises
forming the pocket in or on the support substrate. In certain
embodiments, the method comprises forming the pocket
over the support substrate by forming the pocket in or on one
or more layers disposed on the support substrate. In certain
embodiments, the method comprises a surface of the micro-
device is exposed before etching the release layer.

[0026] In certain embodiments, the method comprises
providing the micro-device on a source substrate; disposing
the release layer on a side of the micro-device opposite the
source substrate; adhering the support substrate to the
release layer with a conformable adhesive thereby defining
the pocket with the micro-device disposed in the pocket and
the release layer between the micro-device and the adhesive;
and removing the source substrate.

[0027] In certain embodiments, the method comprises
patterning the release layer.

[0028] In certain embodiments, the method comprises
removing the source wafer with laser lift off.

[0029] In certain embodiments, the method comprises
solidifying, heating, cooling, or curing the adhesive.
[0030] In certain embodiments, the method comprises
providing the micro-device on a source substrate; disposing
the release layer on a side of the micro-device opposite the
source substrate; forming a base layer on a side of the release
layer opposite the micro-device; adhering the support sub-
strate to the base layer with a conformable adhesive thereby
defining the pocket with the micro-device disposed in the
pocket and the release layer between the micro-device and
the adhesive; and removing the source substrate. In certain
embodiments, the method comprises patterning the release
layer, the base layer, or both. In certain embodiments, the
method comprises removing the source wafer with laser lift
off. In certain embodiments, the method comprises solidi-
fying, heating, cooling, or curing the adhesive.

[0031] In certain embodiments, the method comprises
forming the pocket in or on the support substrate;

[0032] providing the release layer in the pocket on the
support substrate; and

[0033] disposing a micro-device at least partially in the
pocket and on the release layer.

[0034] In certain embodiments, the method comprises
patterning the release layer.

[0035] In certain embodiments, the method comprises
forming the pocket by etching the support substrate.
[0036] In certain embodiments, the method comprises (i)
coating the support substrate with a curable material; and (i1)
either (a) imprinting the curable material to form the pocket
and curing the curable material or (b) curing the curable
material and etching the pocket.

[0037] In certain embodiments, the method comprises
micro-device material in the pocket and patterning the
micro-device material in the pocket to form the micro-
device.
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[0038] In certain embodiments, the method comprises
forming the pocket in or on the support substrate; forming a
base layer in the pocket; providing the release layer in the
pocket on the base layer; and disposing a micro-device at
least partially in the pocket and on the release layer. In
certain embodiments, the method comprises the release
layer, the base layer, or both. In certain embodiments, the
method comprises the pocket by etching the support sub-
strate. In certain embodiments, the method comprises (i)
coating the support substrate with a curable material; (ii)
imprinting the curable material to define the pocket; and (iii)
curing the curable material or both curing the curable
material and etching the pocket. In certain embodiments, the
method comprises depositing micro-device material in the
pocket and patterning the micro-device material in the
pocket to form the micro-device.

[0039] In certain embodiments, the method comprises
providing a stamp comprising a conformable stamp post;
pressing the stamp post against the separated micro-device
to adhere the micro-device to the stamp post; and removing
the stamp and micro-device from the support substrate.

[0040] In another aspect, the present invention is directed
to a transfer printable micro-device structure, comprising: a
support substrate; an adhesive layer comprising a pocket
provided on or over the support substrate; a release layer
disposed in the pocket and on or over a side of the adhesive
layer opposite the support substrate; and a micro-device
disposed at least partially in the pocket, wherein the release
layer is disposed between the micro-device and the support
substrate such that no portion of the support substrate is in
contact with the micro-device.

[0041] In certain embodiments, the micro-device pro-
trudes from the pocket.

[0042] In certain embodiments, the micro-device does not
protrude from the pocket.

[0043] 1In certain embodiments, the release layer is pat-
terned over the support substrate.

[0044] In certain embodiments, the release layer is unpat-
terned over the support substrate.

[0045] In certain embodiments, a surface of the micro-
device is exposed.

[0046] In certain embodiments, the transfer printable
micro-device structure comprises a base layer disposed on
the adhesive layer, wherein at least a portion of the base
layer 1s disposed in the pocket, the release layer is disposed
on a side of the base layer opposite the support substrate, and
no portion of the micro-device is in contact with the base
layer.

[0047] In certain embodiments, the base layer is patterned
over the support substrate. In certain embodiments, the base
layer is unpatterned over the support substrate.

[0048] In another aspect, the present invention is directed
to a transfer printable micro-device structure, comprising: a
support substrate comprising a pocket; a release layer pro-
vided in the pocket on the support substrate; and the micro-
device disposed at least partially in the pocket with the
release layer between the micro-device and the support
substrate such that no portion of the support substrate is in
contact with the micro-device.

[0049] In certain embodiments, the micro-device pro-
trudes from the pocket. In certain embodiments, the micro-
device does not protrude from the pocket.
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[0050] 1In certain embodiments, the release layer is pat-
terned over the support substrate. In certain embodiments,
the release layer is unpatterned over the support substrate.
[0051] In certain embodiments, a surface of the micro-
device is exposed.

[0052] In certain embodiments, the transfer printable
micro-device structure a base layer disposed on the support
substrate, wherein at least a portion of the base layer is
disposed in the pocket, the release layer is disposed on a side
of the base layer opposite the support substrate, and no
portion of the micro-device is in contact with the base layer.
[0053] In certain embodiments, the base layer is patterned
over the support substrate. In certain embodiments, the base
layer is unpatterned over the support substrate.

[0054] In another aspect, the present invention is directed
to a micro-device wafer structure, comprising: a source
wafer; a micro-device formed over the source wafer; and a
release layer disposed over the entire micro-device at least
on a side of the micro-device opposite the source wafer.
[0055] In certain embodiments, a base layer disposed on
the release layer on a side of the release layer opposite the
micro-device.

[0056] In certain embodiments, the source wafer is sap-
phire.
[0057] In certain embodiments, the micro-device com-

prises a compound semiconductor.

[0058] In certain embodiments, the release layer is pat-
terned over the source wafer. In certain embodiments, the
base layer is patterned over the source wafer.

[0059] In another aspect, the present invention is directed
to a micro-device wafer structure, comprising: a source
wafer comprising a pocket; a release layer disposed at least
in the pocket on, over, or in direct contact with the source
wafer; and a micro-device formed over, on, or in direct
contact with the release layer at least in the pocket, and
exclusively in contact with the release layer on a side of the
release layer opposite the source wafer.

[0060] In certain embodiments, the release layer is pat-
terned over the source wafer.

[0061] In certain embodiments, the micro-device has a
thickness that is greater than the depth of the pocket.
[0062] In certain embodiments, the micro-device has a
thickness that is less than or equal to the depth of the pocket.
[0063] In certain embodiments, the micro-device wafer
structure comprises a base layer disposed on the source
wafer, wherein at least a portion of the base layer is disposed
in the pocket, the release layer is disposed on a side of the
base layer opposite the support substrate, and no portion of
the micro-device is in contact with the base layer. In certain
embodiments, the base layer is patterned over the support
substrate. In certain embodiments, the base layer is unpat-
terned over the support substrate.

[0064] In another aspect, the present invention is directed
to a transfer printed micro-device substrate structure, com-
prising: a destination substrate; two or more contact pads
disposed on the destination substrate; a transfer printed
micro-device, the micro-device comprising a semiconductor
structure and at least two electrical contacts disposed in
different planes parallel to the destination substrate on the
semiconductor structure; and wherein the at least two elec-
trical contacts are in physical and electrical contact with the
two or more contact pads.

[0065] In certain embodiments, the transfer printed micro-
device substrate structure comprises an adhesive layer dis-
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posed over at least a portion of the destination substrate and
in contact with the micro-device such that the micro-device
is adhered to the destination substrate by the adhesive layer.

[0066] In another aspect, the present invention is directed
to a transfer printable micro-device, comprising: a semicon-
ductor structure with at least one side and two or more
electrical contacts on a side of the at least one side; and two
or more electrically separate electrodes, each electrode dis-
posed at least partially on the side and extending from the
semiconductor structure a distance greater than any other
portion of the transfer printable micro-device such that each
define an electrically conductive connection post electrically
connected to an electrical contact.

[0067] In certain embodiments, the transfer printable
micro-device comprises a patterned first layer disposed on
only a portion of the side; and a patterned second electrically
conductive electrode disposed on at least a portion of the
side, overlapping only a portion of the first layer, and
defining at least one of the connection posts on the over-
lapped portion.

[0068] In certain embodiments, the transfer printable
micro-device comprises a patterned third layer disposed on
only a portion of the side; and a patterned fourth electrically
conductive layer disposed on at least a portion of the side,
overlapping only a portion of the third layer, and defining a
connection post on the overlapped portion, wherein the
patterned fourth electrically conductive layer is in electrical
contact with one of the electrical contacts, wherein the
portion of the patterned fourth electrically conductive layer
and extends bevond any other portion of the transfer print-
able micro-device that is not a similarly constructed con-
nection post.

[0069] In certain embodiments, the first layer and the third
layer are a same layer or wherein the second layer and the
fourth layer are a same layer.

[0070] In certain embodiments, the first layer is a dielec-
tric.
[0071] In another aspect, the present invention is directed

to a substrate for receiving transfer printable micro-devices,
comprising: a substrate comprising one or more contact
pads; a patterned first layer disposed on only a portion of a
side of the substrate; and a patterned second electrically
conductive layer disposed on at least a portion of the
substrate and overlapping only a portion of the first layer,
wherein the patterned second electrically conductive layer
defines a spike on the overlapped portion, the patterned
second electrically conductive layer in electrical contact
with one of the one or more contact pads, wherein the
portion of the patterned second electrically conductive layer
extends beyond any other portion of the substrate that is not
a similarly constructed spike.

[0072] In another aspect, the present invention is directed
to a horizontal light-emitting diode, comprising: a semicon-
ductor structure having an extent along a length, wherein the
extent has a first end and a second end and the length is
greater than a width or thickness of the semiconductor
structure, the semiconductor structure having a thickness at
each of the first end and the second end that is greater than
a thickness of a portion of the semiconductor structure
between the first end and the second end; and a first
electrode electrically connected to an electrical contact
adjacent to the first end and a second electrode electrically
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connected to an electrical contact adjacent to the second end,
wherein the first and second electrodes are at least partially
in a common plane.

[0073] In another aspect, the present invention is directed
to a light-emitting diode structure, comprising: a destination
substrate comprising two or more contact pads; a semicon-
ductor structure having an extent along a length, wherein the
extent has a first end and a second end and the length is
greater than a width or thickness of the semiconductor
structure, the semiconductor structure having a thickness at
each of the first end and the second end that is greater than
a thickness of a portion of the semiconductor structure
between the first end and the second end; a first electrode
electrically connected to an electrical contact adjacent to the
first end and a second electrode electrically connected to an
electrical contact adjacent to the second end, wherein the
first and second electrodes are at least partially in the same
plane; and wherein the first electrode and the second elec-
trode are adjacent to the destination substrate, the first
electrode is electrically connected to one of the two or more
contact pads, and the second electrode is electrically con-
nected to another of the two or more contact pads.

[0074] In another aspect, the present invention is directed
to a light-emitting diode structure, comprising: a destination
substrate comprising two or more contact pads; a semicon-
ductor structure with at least one side and comprising two or
more electrical contacts disposed on one side of the at least
one side; a first electrode electrically separate from a second
electrode, each of the first and second electrodes disposed at
least partially on the one side and extending from the
semiconductor structure a distance greater than any other
portion of the semiconductor structure, such that each define
an electrically conductive connection post electrically con-
nected to an electrical contact; and wherein the first and
second electrodes are adjacent to the destination substrate,
the first electrode is electrically connected to one of the two
or more contact pads, and the second electrode is electrically
connected to another of the two or more contact pads.
[0075] In another aspect, the present invention is directed
to a micro-device structure, comprising: a micro-device
comprising a body portion, at least two electrical connec-
tions that extend a first distance from the body portion, and
a mesa portion that extends a second distance greater than
the first distance from the body portion; and a substrate
comprising two or more contact pads, the two or more
contact pads each extending a distance from the substrate
that is equal to or greater than a difference between the first
distance and the second distance; wherein each of the at least
two electrical connections is in contact with and electrically
connected to one of the two or more contact pads.

[0076] In certain embodiments, the mesa is disposed
between the at least two electrical connections. In certain
embodiments, the mesa is disposed between at least two of
the two or more contact pads. In certain embodiments, the
mesa is non-conductive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0077] 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:

[0078] FIGS. 1A-17 are successive cross sections illustrat-
ing sequential steps in an exemplary method according to
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illustrative embodiments of the present invention and illus-
trating a semiconductor structure according to illustrative
embodiments of the present invention;

[0079] FIGS. 2A-2K are successive cross sections illus-
trating sequential steps in another exemplary method
according to illustrative embodiments of the present inven-
tion and illustrating another semiconductor structure accord-
ing to illustrative embodiments of the present invention;

[0080] FIG. 3 is a flow diagram illustrating exemplary
embodiments of the present invention including those
described in FIGS. 1A-1] and 2A-2K;

[0081] FIGS. 4A-4B are successive cross sections illus-
trating sequential steps in an exemplary method according to
some embodiments of the present invention;

[0082] FIG. 5is a cross section illustrating a semiconduc-
tor device with an ablation layer in accordance with some
embodiments of the present invention;

[0083] FIGS. 6A-6G are successive cross sections illus-
trating sequential steps in an exemplary method according to
some embodiments of the present invention and illustrating
a semiconductor structure according to some embodiments
of the present invention;

[0084] FIG. 7 is a flow diagram illustrating exemplary
embodiments of the present invention including the exem-
plary method and structures illustrated in FIGS. 6A-6G;

[0085] FIGS. 8A-8B are successive cross sections illus-
trating sequential steps in a method of the present invention
and illustrating a semiconductor structure of the present
invention;

[0086] FIGS.9A-9G are cross sections illustrating various
release and base layer structures according to various
embodiments of the present invention;

[0087] FIGS. 10A-10E are cross sections illustrating a
variety of completed semiconductor devices with a corre-
sponding variety of connection post structures in accordance
with embodiments of the present invention;

[0088] FIGS. 11A-11C are successive cross sections illus-
trating sequential steps in a method of the present invention
describing the use of overlapping layers to form connection
posts;

[0089] FIGS. 12A-12E are successive cross sections illus-
trating sequential steps according to embodiments of the
present invention describing the use of physical vapor
deposition to form connection posts;

[0090] FIGS. 13A-13D are a set of micrographs showing
various connection posts made using physical vapor depo-
sition according to embodiments of the present invention;

[0091] FIGS.14A-14B are a cross section and correspond-
ing plan view of a micro-device having connection posts
according to embodiments of the present invention;

[0092] FIG. 14C is a cross section of a micro-device of
FIGS. 14A-14B micro-transfer printed onto a destination
substrate in some embodiments of the present invention;

[0093] FIG. 15 is a cross section illustrating micro-trans-
fer-printed completed semiconductor devices and a destina-
tion substrate with a connection post structure in accordance
with an embodiment of the present invention;

[0094] FIG. 16 is a cross section illustrating micro-trans-
fer-printed completed semiconductor devices with a connec-
tion post structure and a destination substrate in accordance
with an embodiment of the present invention;
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[0095] FIG. 17 is a cross section illustrating a completed
semiconductor device with a connection post structure and
a destination substrate in accordance with an embodiment of
the present invention;

[0096] FIGS. 18A-18F are schematic cross sections of a
micro-device and destination substrate structure, respec-
tively, according to embodiments of the present invention;
[0097] FIG. 18G is a plan view and corresponding cross
section of a micro-device having an electrical contact or
contact pad according to some embodiments of the present
invention;

[0098] FIGS. 19A-19B are micrographs of the structure
illustrated in FIG. 18D;

[0099] FIGS. 20A-20D are cross sections illustrating a
variety of completed semiconductor devices with a corre-
sponding variety of co-planar electrode structures in accor-
dance with embodiments of the present invention;

[0100] FIG. 20E is a cross section of the FIG. 20B
micro-device micro-transfer printed to a destination sub-
strate according to some embodiments of the present inven-
tion;

[0101] FIGS. 21A-21D are cross sections illustrating a
method of making a micro-device according to some
embodiments of the present invention; and

[0102] FIG. 22 is a cross section of a micro-device struc-
ture according another embodiment of the present invention.
[0103] 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
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 OF THE
INVENTION

[0104] The present invention provides, inter alia, struc-
tures and methods for making transfer printable (e.g., micro-
transfer printable) micro-devices having a reduced area on a
source substrate and reduced potential for particulate con-
tamination in the transfer printing process. A reduction in
source substrate area reduces material costs and increases
transfer density. A reduction in particulate contamination
increases print yields. Micro-transfer printable micro-de-
vices of the present invention can be, for example, a variety
of semiconductor structures, including a diode, a light-
emitting diode (LED), a laser, a photo-diode, a photo-
transistor, a transistor, or an integrated circuit.

[0105] The present invention also provides, inter alia,
structures and methods to enable micro-transfer printing of
flipped integrated circuits adhered to a handle substrate. By
forming completed semiconductor devices before the
removal of a support or growth substrate, photolithographic
processing steps that would otherwise disable or destroy
release layers and structures needed for micro-transfer print-
ing are performed before the construction of the release
layer. Thus, in some embodiments, once a support or growth
substrate is removed, a release layer can be etched and
completed semiconductor devices transfer printed (e.g.,
micro-transfer printed) without exposing the completed
semiconductor device or release layer to destructive photo-
lithographic process steps. Completed semiconductor
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micro-devices are otherwise functional devices that do not
necessarily, but can, include electrical conductors necessary
for providing electrical power to the completed semicon-
ductor devices.

[0106] Referring to the sequential cross sections of FIGS.
1A-1] and also to the flow diagram of FIG. 3, in an
exemplary method according to some embodiments of the
present invention, a source substrate 10 is provided in step
100 and a semiconductor layer 20 disposed on the source
substrate 10 in step 105 (FIG. 1A). Referring to FIG. 1B, the
semiconductor layer 20 is processed in step 110 to form a
completed semiconductor structure 22 (forming a micro-
device 22). A source substrate 10 can be a native substrate
for a semiconductor layer 20 or micro-device 22. In some
embodiments, a micro-device 22 is not a semiconductor
structure. The step 110 processing can include adding other
materials, patterning materials, doping, etching, forming
structures, and other photolithographic or integrated circuit
processes. The completed semiconductor structure 22 can
include an electrical contact 25 for providing electrical
power to the micro-device 22 and a patterned dielectric layer
24 to encapsulate and insulate portions of the semiconductor
structure 22.

[0107] In various embodiments, a source substrate 10 can
be glass, plastic, semiconductor, silicon, compound semi-
conductor, sapphire (e.g., aluminum oxide or Al,O,),
ceramic, quartz, silicon, GaAs, GaN, InP, SiC, GaP, GaSbh,
AIN, MgO, or other substrates suitable for photolithographic
processing. A source substrate 10 can be substantially trans-
parent, for example 50%, 70%, or 90% transparent to
visible, UV, or IR electromagnetic radiation, or to laser
radiation. A source substrate 10 can include multiple layers,
can include one or more semiconductor layers, can be a
growth substrate, or can include a growth or semiconductor
seed layer on which the one or more semiconductor layers
20 are formed or disposed. A source substrate 10 can be
crystalline or have a crystalline layer. A source substrate 10
and semiconductor layer 20 can be a single unified structure
with defined layers.

[0108] One or more semiconductor layers 20 can be
organic or inorganic, can be crystalline or polycrystalline,
can be a semiconductor, can be a compound semiconductor,
or can be doped or implanted, for example with p or n
doping to provide desired electrical structures and functions,
or can include one or more of GaN, Si, InP, SiGe, and GaAs.
One or more semiconductor layers 20 can be formed or
disposed in step 105 using photolithographic processes
including, for example, evaporation or sputtering, or formed
or disposed using one of various methods of chemical vapor
deposition. In some embodiments, a source substrate 10 is a
semiconductor substrate and disposing one or more semi-
conductor layers 20 in, on, or over the source substrate 10
(e.g., as in step 105) includes doping or implanting a portion
or layer of the semiconductor substrate (source substrate 10)
to form the one or more semiconductor layers 20. In some
embodiments, disposing the one or more semiconductor
layers 20 in, on, or over the source substrate 10 (step 105)
includes growing the one or more semiconductor layers 20
on the source substrate 10 or on a growth layer on the source
substrate 10, for example using epitaxial techniques. In
some such embodiments, the source substrate 10 is a crys-
talline semiconductor substrate or sapphire substrate.
[0109] The one or more semiconductor layers 20 can be
processed in step 110 using photolithographic methods, for
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example including evaporation, sputtering, chemical vapor
deposition (CVD), physical vapor deposition (PVD),
annealing, or masking using photoresist, exposure to pat-
terned radiation, and etching. Semiconductor layers 20 can
be patterned and structured and additional layers and struc-
tures can be formed on or in the one or more semiconductor
layers 20, for example patterned dielectric layers 24 or
patterned conductors such as electrical contacts 25 formed,
as shown in FIG. 1B. Electrical contacts 25 can be a
metalized portion of one or more of the semiconductor
layers 20 or a patterned metal layer over one or more of the
semiconductor layers 20 (e.g., with Ag, Al, Ni, Ti, Au, Pd,
W, or metal alloys) or simply a designated portion of one or
more of the semiconductor layers 20. Electrical contact 25
portions of a completed semiconductor micro-device 22 to
which electrical connections can be made and power and
signals provided to operate the completed micro-device 22.
Semiconductor layers 20 and any additional layers and
structures necessary to function form the completed semi-
conductor micro-device 22. A plurality of completed semi-
conductor micro-devices 22 can be disposed on a source
substrate 10, as shown.

[0110] A completed semiconductor micro-device 22
includes all of the elements necessary to function but does
not necessarily include electrical connections (electrodes) to
external power or signal sources that enable device opera-
tion, or necessarily include protective layers. FIG. 1B illus-
trates a horizontal LED structure with shaped, structured,
doped, and optionally implanted semiconductor layers 20, a
patterned dielectric layer 24 that defines vias, and two
electrical contacts 25 through which electrical power can be
transmitted to the semiconductor layers 20 to cause the
completed semiconductor micro-device 22 to operate. In
certain embodiments, a completed semiconductor micro-
device 22 is formed by all of the photolithographic steps,
such as processing and patterning steps, to make the com-
pleted semiconductor micro-device 22 functional. Although
illustrated as a horizontal LED structure, the functional
completed semiconductor micro-device 22 in FIG. 1B can
be an integrated circuit and can be a device that provides a
desired electronic, optical, thermal, mechanical, magnetic,
electric field, photonic, opto-electronic effect or circuit
operation when provided with power but does not necessat-
ily include the interconnections necessary to provide power
or control signals, such as electrical power or control sig-
nals. In certain embodiments, a completed semiconductor
micro-device 22 is an integrated circuit and can be a device
that provides a desired electronic, optical, thermal, mechani-
cal, magnetic, electric field, photonic, opto-electronic effect
or circuit operation when provided with power but does not
necessarily include the interconnections necessary to pro-
vide power or control signals, such as electrical power or
control signals.

[0111] Instep 115 and referring to FIG. 1C, a release layer
30 is disposed over, on, and in contact with the completed
semiconductor structure 22 and in contact with the source
substrate 10 (or layers formed on the source substrate 10),
for example by coating, evaporation, sputtering, or vapor
deposition. A release layer 30 can be blanket coated (unpat-
terned) or patterned and can be a sacrificial layer and include
a material that is differentially etchable from portions of the
completed semiconductor structure 22 with which the
release layer 30 is in contact. In some embodiments, a
release layer 30 completely covers the exposed portion of
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the completed semiconductor structure 22. A release layer
30 can be formed or disposed using photolithographic
methods and materials and can include germanium, Si, TiW,
Al, Ti, alift-off resist, or other polymers. In various embodi-
ments, a release layer 30 material can etch in developer, is
not photo-active, or can etch at a higher temperature than
photo-active materials such as photo-resists (e.g., greater
than 200° C., 300° C., or 400° C.). Once etched, a release
layer 30 can define a gap 32 (e.g., between a layer or
substrate and a completed micro-device 22) or space formed,
for example, by etching the patterned release layer 30
material.

[0112] Referring to FIG. 1D, in step 125 a conformable
and curable bonding layer 40 is disposed over the release
layer 30. The bonding layer 40 covers and conforms to the
micro-device 22 and release layer 30 to provide a planarized
bonding layer planar side 42 on a side of the bonding layer
40 opposite the release layer 30. A bonding layer 40 can be,
for example, an adhesive, a curable resin, epoxy, SU-8, a
metal layer, a metal alloy layer, a solder layer, or AuSn. The
side of the bonding layer 40 adjacent to the release layer 30
is a bonding layer non-planar side 44. The micro-device 22
and release layer 30 shown in FIG. 1D therefore form an
indentation or depression in the bonding layer 40 that is
referred to herein as a pocket 12. As used herein, a pocket
12 can be formed in any layer, such as, for example, a
support substrate 50, a bonding layer 40, or a base layer 60.
One or more layers can be disposed in the pocket 12.
Because the release layer 30 is disposed completely over the
micro-device 22, the pocket 12 has an area over the source
substrate 10 greater than the micro-device 22 surface area
over the source substrate 10 (e.g., wherein the area of the
pocket 12 is defined by the area of the micro-device 22 and
the area of the corresponding release layer 30 projected onto
the source substrate 10) and a volume greater than the
volume of the micro-device 22. In certain embodiments,
because a release layer 30 completely covers a micro-device
22, no portion of a bonding layer 40 is in direct contact with
the micro-device 22 (e.g., as in FIG. 1F). Depending on, for
example, the patterning of a release layer 30, a bonding layer
40 can, but does not necessarily, directly contact a source
substrate 10.

[0113] As illustrated in FIG. 1E, in step 130 a support
substrate 50 is provided and in step 135 the support substrate
50 is adhered to the bonding layer planar side 42 of the
bonding layer 40. In some embodiments, a bonding layer 40
is coated on the release layer 30 (as shown in FIG. 1D) and
a support substrate 50 adhered to the bonding layer 40. In
some embodiments, a bonding layer 40 is coated on a
support substrate 50 and a release layer 30 adhered to the
bonding layer 40 (not shown) with a micro-device 22 and
source substrate 10. In either of these cases, a pocket 12 is
formed in a bonding layer 40 in which a micro-device 22 is
disposed with a release layer 30 between the micro-device
22 and a support substrate 50 and, moreover, no portion of
the support substrate 50 is in contact with the micro-device

[0114] A support substrate 50 can be substantially trans-
parent, for example 50%, 70%, or 90% transparent to
visible, UV, or IR electromagnetic radiation, or to laser
radiation. Referring to FIG. 3, the support substrate 50 is
located in contact with the bonding layer 40 and bonded to
the release layer 30 and the completed semiconductor micro-
devices 22, for example, by curing the bonding layer 40 in
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step 135 (FIG. 1E) by heating, by cooling, or by providing
electromagnetic radiation to the bonding layer 40, for
example through the support substrate 50, or otherwise
solidifying the bonding layer 40. Curing a bonding layer 40
can include forming a chemical reaction in the material of
the bonding layer 40 or hardening the bonding layer 40, or
by facilitating a phase change from a liquid to a solid (as
with a solder). The bonding layer 40 can be cured by
exposing the bonding layer 40 material to light or heat (for
example if the bonding layer 40 is a UV-curable resin) or by
exposing the bonding layer 40 to heat to melt a metal or
metal alloy, disposing a structure in contact with the melted
metal or metal alloy, and then cooling the metal. Thus, in
some embodiments of the present invention, a metal or metal
alloy bonding layer 40 is deposited, heated to melt the metal
bonding layer 40 to a liquid, a support substrate 50 or release
layer 30 is brought into contact with the melted liquid metal
bonding layer 40, and the melted metal bonding layer 40 is
cooled to a solid to adhere the bonding layer 40 to the
support substrate 50 or release layer 30.

[0115] In step 140 and as shown in FIG. 1F, the source
substrate 10 is removed, for example, by one or more of
laser liftoff, ablation, laser ablation, etching, and grinding. In
some embodiments, both grinding and another removal
technique, such as etching, are used. For example, a source
substrate 10 can be transparent to laser light and a laser can
heat a layer of the source substrate 10, a semiconductor layer
20, or a micro-device 22 and ablate the heated material to
separate the micro-device 22 from the source substrate 10.
The removal of the source substrate 10 exposes at least a
portion of the release layer 30.

[0116] Next, referring to FIG. 1G, in step 150 the structure
can be inverted (as shown compared to FIG. 1F) and the
release layer 30 is etched to remove the sacrificial material
in the release layer 30, for example by etching with H,O,,
XeF,, HCI, HE, TMAH (trimethylammonium hydroxide), or
oxygen plasma. The selection of etchant can depend on the
material of a patterned release layer 30. For example, H,O,
or XeF, can be used with a Ge, W, or TiW release layer 30,
XeF, can be used with a Si release layer 30, HCI acid
mixtures can be used with an Al or Ti release layer 30,
TMAH-based developers can be used with a lift-off resist
release layer 30, and oxygen plasma can be used with
polyimide, epoxy, PMMA, or other organic release layers
30. An etchant can be benign to materials found in or
exposed on the surface of a completed semiconductor micro-
device 22. In certain embodiments, after etching, the release
layer 30 defines a gap 32 or space between portions of a
completed semiconductor micro-devices 22 and a bonding
layer 40.

[0117] Referring again to FIG. 1G, because the micro-
device 22 is completely covered by the release layer 30 (step
115 FIG. 1C), the micro-device 22 is completely detached
and separated from the support substrate 50 and bonding
layer 40. There is no tether or other structural component
that connects the micro-device 22 to the support substrate
50. The micro-device 22 can fall into and touch the pocket
12, as shown, but the micro-device 22 is not structurally
connected or attached to the pocket 12. Because the pocket
12 is larger than the micro-device 22, the micro-device 22
can move within the pocket 12 and is not strictly aligned or
held in place with respect to the support substrate 50, but the
range of movement is limited by the pocket 12 size.
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[0118] As used herein, an area of a pocket 12 for a
micro-device 22 (e.g., over a substrate such as a source
substrate 10 or support substrate 50) is the maximal planar
area covered by the micro-device 22 and corresponding
portion of a release layer 30 in a plane parallel to a surface
of the micro-device 22 (e.g., projected onto the substrate).
An area of a pocket 12 does not include area attributable to
a layer in the pocket 12 other than a release layer 30 and a
micro-device 22. As used herein, a micro-device 22 area is
the maximal planar area covered by the micro-device 22
exclusively in the plane that the pocket 12 area is measured.
In general, a plane used to calculate a pocket 12 area and
corresponding micro-device 22 area is a plane of a substrate
(e.g., a source substrate 10 or support substrate 50) and,
therefore, the respective maximal areas are the respective
projected areas over the substrate. For example, in certain
embodiments, micro-devices 22 are disposed in an array on
(e.g., over) a substrate and a release layer 30 is a continuous
layer of material that is between each of the micro-devices
22 and the substrate, such that the corresponding portion of
the release layer 30 used in calculating a pocket area is an
area of the release layer 30 defined by a unit cell of the array.
For example, one dimension of a corresponding portion of
arelease layer 30 that defines a pocket 12 area (e.g., unit cell
area) is shown as width W, in the cross-sectional views of
FIGS. 1D, 2G, 6F, and 8A. In some embodiments, a release
layer 30 is patterned such that a material of the release layer
30 is not continuous and a pocket 12 area is the maximal
planar area corresponding to a corresponding micro-device
22 and a continuous portion of material of the patterned
release layer adjacent to (e.g., disposed in contact with) the
corresponding micro-device 22. The terms “area of a micro-
device” and “micro-device area” are used interchangeably
herein, as are the terms “area of a pocket” and “pocket area”.

[0119] As used herein, a volume of a pocket 12 for a
micro-device 22 is the volume of the micro-device 22 and
volume of a corresponding portion of a release layer 30
taken together, where the corresponding portion of the
release layer 30 is defined as it is for calculation of the
pocket 12 area. The volume of a micro-device 22 is the
amount of space occupied by the micro-device 22. The terms
“volume of a micro-device” and “micro-device volume™ are
used interchangeably herein, as are the terms “volume of a
pocket” and “pocket volume”. A volume of a pocket 12 does
not include volume attributable to any layer that may
disposed in the pocket 12 other than a release layer 30 and
micro-device 22.

[0120] In some embodiments, a pocket 12 has an area
(e.g., over a source substrate 10) that is less than or equal to
200%, less than or equal to 150%, less than or equal to
120%, or less than or equal to 110% of the area of a
micro-device 22. In some embodiments, a pocket 12 has a
volume that is less than or equal to 200%, less than or equal
to 150%, less than or equal to 120%, or less than or equal to
110% of the volume of a micro-device 22. In some embodi-
ments, a pocket 12 has a volume greater the volume of a
micro-device 22 and a micro-device 22 is completely within
the pocket 12. In some embodiments, a micro-device 22 has
a surface that is aligned or parallel or at least partially in a
plane with an exposed portion of a bonding layer 40 opposite
a support substrate 50. A support substrate 50 can be
oriented so that a micro-device 22 falls into a pocket 12 due
to the force of gravity. A micro-device 22 can also adhere to
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the sides or bottom of a pocket 12 (e.g., bonding layer 40 or
support substrate 50) by molecular forces, such as van der
Waal’s forces.

[0121] In some embodiments, the absence of a tether or
corresponding anchor area reduces the area over a source
substrate 10 required to form patterned (e.g., completed)
micro-devices 22, enabling, for example, one or more of (i)
a denser arrangement of micro-devices 22 arranged closer
together over a source substrate 10, (ii) a reduction in the
materials cost of the micro-devices 22 and (iii) a reduction
in the number of source substrates 10. In some embodiments
in which a release layer 30 is unpatterned, an even more
dense arrangement is possible, further reducing costs, for
example as shown in FIGS. 1F and 2G.

[0122] As shown in FIG. 1H, in step 160 the micro-
devices 22 can be micro-transfer printed to a destination
substrate (provided in step 155) with an elastomeric stamp
80 having stamp posts 82. The stamp post 82 has a surface
that is conformable and compliant so that the stamp post
surface can deform and compress to press against the
micro-device 22, despite the orientation of the micro-device
22 within the pocket 12. Since the micro-device 22 is
separated and detached from the support substrate 50 and
bonding layer 40, the micro-device 22 can be located in a
variety of positions and orientations at a variety of angles
within the pocket 12 and a surface of the micro-device 22
may not be parallel to the stamp post 82 surface (e.g., may
be slightly tilted). Thus, in certain embodiments, the defor-
mation of a compliant surface of a stamp post 82 accom-
modates an orientation of a micro-device 22 (e.g., when it is
tilted) in a pocket 12 and adheres the micro-device 22 to a
stamp post 82 so that when the stamp 80 is removed from the
support substrate 50 over or in which the pocket 12 exists,
the micro-device 22 remains adhered to the stamp post 82
and is also removed from the support substrate 50 (e.g., and
bonding layer 40 as shown in FIG. 1I).

[0123] Referring to FIG. 1], the completed semiconductor
micro-devices 22 are brought into aligned contact with a
destination substrate 90 by micro-transfer printing from the
support substrate and adhered to the destination substrate 90.
In some embodiments, electrical contacts 25 of a completed
semiconductor micro-device 22 are electrically connected to
contact pads 92 formed or disposed on a destination sub-
strate 90. A destination substrate 90 can have a non-planar
surface with a topography that complements a non-planar
semiconductor structure surface of a completed semicon-
ductor micro-device 22. Contact pads 92 of a destination
substrate 90 can be electrically connected to an electrical
circuit, for example through electrical conductors on the
destination substrate 90 (not shown), to provide electrical
power and signals to the completed semiconductor micro-
device 22.

[0124] In some embodiments of the present invention and
referring to FIGS. 2A-2K, an exemplary method of making
a transfer-printing source structure 99 (e.g., micro-transfer-
printing source structure 99) suitable for transfer printing
(e.g., micro-transfer printing) can include additional steps
and structures compared to the process and transfer-printing
source structure 99 described with respect to FIGS. 1A-1G.
Referring to FIG. 2A and again to FIG. 3, the source
substrate 10 is provided in step 100 but includes a removal
layer 26. A source substrate 10 can be one or more of
sapphire, quartz, silicon, GaAs, GaN, InP, SiC, GaP, GaSbh,
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AIN, and MgO. A source substrate 10 can be a growth
substrate, can have a semiconductor seed layer, or can be a
semiconductor layer 20.

[0125] A removal layer 26 can be an ablation layer or an
etch-stop layer and can be a layer of the source substrate 10
or a layer disposed on the source substrate 10. In some
embodiments, a removal layer 26 is a portion of a semicon-
ductor layer 20. Ablation and etch-stop layers are generally
known in the art and can include SiO, or SiN, deposited by
plasma-enhanced CVD (PECVD) or organic layers with or
without particles. Additional layers, such as buffer layers
(e.g., C-GaN, AlGaN, or doped GaN) or one or more
semiconductor growth layers can be provided as well.
[0126] One or more semiconductor layers 20 are disposed
in, on, or over the source substrate 10 in step 105 (FIG. 2A).
The one or more semiconductor layers 20 can be processed
in step 110 to make a completed semiconductor micro-
device 22 (FIG. 2B) with electrical contacts 25 and patterned
dielectric layers 24 over or in contact with the removal layer
26, as described with respect to FIGS. 1A and 1B. A
completed semiconductor micro-device 22 can include one
or more of a semiconductor material, a compound semicon-
ductor material, GaN, Si, InP, SiGe, and GaAs.

[0127] Referring next to FIG. 2C, a patterned or unpat-
terned release layer 30 is formed or disposed on or over the
completed semiconductor micro-device 22 in step 115 and is
at least partially in contact with the removal layer 26. A
patterned or unpatterned release layer 30 can include ger-
manium, Si, TiW, Al, Ti, a lift-off resist, or other polymers
and, when etched, can be a gap 32 or space.

[0128] In some embodiments, a removal layer 26 (e.g., an
ablation or etch-stop layer) is a portion, but only a portion,
of the completed semiconductor micro-device 22. In some
embodiments, a transfer-printing source structure 99
includes a removal layer 26 in contact with a completed
semiconductor micro-device 22 and is disposed on or over,
or is a part of, a source substrate 10. In some embodiments,
a source substrate 10 is in contact with a completed semi-
conductor micro-device 22 or a removal layer 26 and the
removal layer 26 is in contact with the completed semicon-
ductor micro-device 22.

[0129] An optional base layer 60 is disposed on the release
layer 30 in optional step 120. An optional base layer 60 can
be deposited using photolithographic methods such as
evaporation, sputtering, plating, vapor deposition, atomic
layer deposition (ALD), or coating and can include organic
or inorganic materials such as SiNx, SiOx, copper, nickel, or
other materials. An optional base layer 60 can be blanket
coated or patterned and can be in contact with a portion of
a removal layer 26, or not.

[0130] An optional base layer 60 can be non-planar,
patterned, structured or shaped, can be a stiffener that is less
flexible or harder than, for example, a release layer 30,
bonding layer 40 or support substrate 50, can stiffen a
transfer-printing source structure 99, or can include multiple
layers of different materials that can be selected and formed
to control acoustic or mechanical vibrations. In some
embodiments, a release layer 30 is unpatterned and a base
layer 60 is a blanket layer in contact with the release layer
30 (e.g., as shown in FIG. 2D). In some embodiments (not
shown), a release layer 30 is patterned to expose a portion
of a removal layer 26 and a base layer 60 is partially in
contact with the removal layer 26. An optional base layer 60
can also be patterned to expose a portion of the removal
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layer 26 (not shown). In embodiment illustrated in FIG.
2A-2K, the optional base layer 60 and release layer 30 are
unpatterned but in certain embodiments either or both are
patterned.

[0131] Referring to FIGS. 2D and 2E, a conformable and
curable bonding layer 40 is disposed on the optional base
layer 60 (as shown) or on the removal layer 26 (if the release
layer 30 and optional base layer 60 are patterned, not
shown), in step 125 and the support substrate 50 is provided
in step 130. The conformable and curable bonding layer 40
can have a substantially planar side 42 opposite a non-planar
side 44 closer to the completed semiconductor micro-device
22. A support substrate 50 can be substantially transparent,
for example 50%, 70%, or 90% transparent to visible, UV,
or IR electromagnetic radiation or to laser radiation. A
bonding layer 40 can be, for example, a curable resin, a
cured resin, epoxy, SU-8, a metal layer, a metal alloy layer,
a solder layer, or AuSn.

[0132] The support substrate 50 is contacted to the bond-
ing layer 40 (FIG. 2E) and bonded to the completed semi-
conductor micro-devices 22, for example by curing the
curable bonding layer 40 in step 135 (FIG. 2F), for example
by providing time, heat, cooling, or electromagnetic radia-
tion to the bonding layer 40, for example through the support
substrate 50. The material of the base layer 60 provided in
optional step 120 can be selected to prevent unwanted
interactions between the release layer 30 etching chemistry
and the bonding layer 40. For example, a certain etchant that
is suitable for etching a release layer 30 might also unde-
sirably etch a bonding layer 40, compromising a micro-
transfer printing process for a completed semiconductor
micro-device 22 without the presence of an optional base
layer 60.

[0133] Referring to FIG. 2G, the source substrate 10 is
removed in step 140. The source substrate 10 can be
removed by laser ablating the removal layer 26 or a portion
of the completed semiconductor micro-device 22, causing a
mechanical or acoustic shock wave to propagate through the
completed semiconductor micro-device 22. In some
embodiments, a removal layer 26 is exposed to electromag-
netic radiation 70 (for example from a laser) through a
source substrate 10 and to which the source substrate 10 is
at least partially transparent to decompose at least a portion
of the removal layer 26. The removal layer 26, for example
an ablation layer, absorbs and is heated by the electromag-
netic radiation 70 and evaporates or sublimes (sublimates) to
a gas or plasma that forcefully dissociates the source sub-
strate 10 from the removal layer 26.

[0134] Ablation layers are generally known in the art and
can be selected to complement a source substrate 10 or layer
materials formed on or in the source substrate 10. An
ablation layer can be a portion of the source substrate 10 or
can be the same material as is found in semiconductor layers
20 or a portion of the semiconductor layers 20, for example
GaN. Moreover, GaN can serve as an ablation layer for
sapphire or AIN source substrates 10. GaNAs or InGa-
NAsSb can be included in ablation layers or materials grown
on GaAs substrates. InGaAs, InGaAsP, AllnGaAs, or Alln-
GaAsP can be included in ablation layers or materials grown
on InP substrates. Black chromium can be an ablation layer.
Ablation layers can include organic materials such as vapor-
izable polymer or materials that incorporate light-absorbing
particles such as carbon black or oxidized chromium and
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that can absorb electromagnetic radiation 70, facilitate abla-
tion layer heating, and ablate of the layer.

[0135] Typically, laser ablation transfers momentum to a
surface and, in some embodiments of the present invention,
can form a shock wave (an acoustic or mechanical pulse of
high pressure) that passes into and through the completed
semiconductor micro-devices 22 and can damage the com-
pleted semiconductor micro-devices 22. To reduce or avoid
damage from a shock wave, in some embodiments, a base
layer 60, and, optionally, to some extent a bonding layer 40
and release layer 30, has a thickness and layer material shape
or structure to disperse, deflect, reflect, or absorb the shock
wave and prevent or mitigate damage to a completed semi-
conductor micro-devices 22. A base layer 60 can have a
plurality of layers and different materials. The layers, mate-
rials, and structure of a base layer 60 can be specifically
designed to prevent or mitigate damage to a completed
semiconductor micro-devices 22. Germanium is one option
for a release layer 30 and has a large acoustic impedance and
can therefore effectively reflect or redirect the shock wave.
Thus, in some embodiments of the present invention, laser
ablation can be used to remove a source substrate 10 and
exposes at least a portion of the release layer 30 (e.g., as
shown in FIG. 2G).

[0136] As shown in FIG. 2H (inverted from FIG. 2G), the
release layer 30 is removed in step 150, for example by
etching as described above with respect to FIG. 1G. After
etching, the release layer 30 forms a gap 32 or space between
some portions of the completed semiconductor micro-de-
vices 22 and the base layer 60. The micro-devices 22 are
completely separated from the base layer 60 and the support
substrate 50.

[0137] Once the release layer 30 is etched, the completed
semiconductor micro-devices 22 can be micro-transfer
printed in step 160 to a destination substrate 90 provided in
step 155, as illustrated in FIGS. 21 and 21, with a stamp 80
having stamp posts 82 that align with and then can deform,
compress, press against, and adhere to the completed semi-
conductor micro-devices 22 and is then separated from the
support substrate 50 (FIG. 2K). The completed semiconduc-
tor micro-devices 22 are brought into aligned contact with a
destination substrate 90 and micro-transfer printed to the
destination substrate 90, as shown and described with
respect to FIG. 1J.

[0138] Referring next to FIG. 4A, in some embodiments,
semiconductor layer(s) 20 are formed in a source substrate
10, for example by doping or implanting the source substrate
10 form a layer on or in the top of the source substrate 10
in step 105 that is the semiconductor layer(s) 20. The
semiconductor layer(s) 20 can be processed in step 110 to
form the completed semiconductor micro-devices 22 (FIG.
4B). Thus, forming the semiconductor layer(s) 20 in step
105 can include forming a layer on the source substrate 10
(FIGS. 1A, 2A) or forming a layer in the source substrate 10
(FIG. 4B).

[0139] In some embodiments, and as shown in FIG. 5, a
removal layer 26 is a portion of a completed semiconductor
micro-devices 22 and possibly other layers or a portion of a
source substrate 10 (in which case the removal layer 26
includes a portion or layer of the source substrate 10). For
example, ablation can remove the portion of the structure
indicated with the heavy dashed rectangle in FIG. 5. Thus,
in the exemplary embodiment of FIG. 5, removing the
source substrate 10 (step 140) comprises exposing the
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semiconductor layer 20 or completed semiconductor micro-
device 22 to electromagnetic radiation 70 through the source
substrate 10 to decompose a portion of the semiconductor
layer(s) 20 or completed semiconductor micro-device 22
and form a shock wave in the micro-transfer-printing source
structure 99. The base layer 60, if present, can at least
partially disperse, reflect, deflect, or absorb the shock wave.
In some embodiments, the removal layer 26 is a portion of,
or a layer on, the source substrate 10 (FIG. 2A).

[0140] The exemplary embodiments described in FIGS.
1A-1J and 2A-2K use a flip-chip approach to micro-transfer
printing the micro-devices 22 with the side of the micro-
devices 22 opposite the source substrate 10 in contact with
the destination substrate 90. In some embodiments, another
side of micro-devices 22 is micro-transfer printed into
contact with a destination substrate 90.

[0141] Referring to the flow diagram of FIG. 7 and the
successive cross section illustrations of FIGS. 6A-6G, an
exemplary method according to some embodiments of the
present invention includes providing a support substrate 50
in step 130 (FIG. 6A). In some such embodiments, the
support substrate 50 can also be a source substrate 10 or
native substrate on which the micro-devices 22 are formed.
In step 102, pockets 12 are formed in the support substrate
50, as shown in FIG. 6B. In some embodiments, pockets 12
are etched in a support substrate 50. In some embodiments,
alayer, for example a polymer layer, is coated over a support
substrate 50. Pockets 12 can be micro-imprinted in the layer
and then the layer can be cured or the pockets 12 can be
patterned (e.g., etched) in the layer to expose the support
substrate 50. In some embodiments, pockets 12 can be
etched only partially through the layer. In some such
embodiments, a layer can be a part of a support substrate 50.
[0142] In optional step 120 and as shown in FIG. 6C, an
optional base layer 60 is optionally deposited, coated, or
formed and optionally patterned over a support substrate 50
and in the pockets 12. In step 115 and as shown in FIG. 6D,
the release layer 30 is similarly deposited, coated, or formed
and optionally patterned. Next, in step 105 and as shown in
FIG. 6F, the semiconductor layer 20 is deposited, including
any initial seed layer. The semiconductor layer 20 can be
patterned, or not. In step 110, the semiconductor layer 20 is
processed to form the semiconductor structure micro-de-
vices 22 (FIG. 6F) within the pockets 12 and in contact only
with the release layer 30. Referring to FIG. 6G, in step 150
the release layer 30 is etched to separate and detach the
semiconductor micro-devices 22 from the support substrate
50 and optional base layer 60. The micro-devices 22 can fall
into the pockets 12 (in a non-flipped configuration) and then
be transfer printed (e.g., micro-transfer printed) (step 160) to
a provided destination substrate 90 (step 155) as described
above. Steps 105, 110, 115, 120, 130, 150, 155, and 160 are
similar to those described with respect to FIG. 3, and can use
the same methods and materials.

[0143] In some embodiments in which an optional base
layer 60 is absent, the structure of FIG. 8A corresponds to
that of FIG. 6F and the structure of FIG. 8B corresponds to
that of FIG. 6G. In both FIGS. 8A and 8B, no base layer 60
is present and the structures are otherwise similar to those of
FIGS. 6F and 6G.

[0144] The exemplary method shown in FIGS. 6A-6G
does not require a source substrate 10 in addition to a
support substrate 50 or a bonding layer 40 but, because the
micro-devices 22 are formed over the release layer 30, the
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materials used in the semiconductor layer 20 can be different
from those provided over a source substrate 10.

[0145] Referring to FIGS. 9A-9E, the optional base layer
60 and the release layer 30 can be patterned in different
arrangements. Referring to FIG. 6D, the optional base layer
60 and the release layer 30 are blanket coated and unpat-
terned over the support substrate 50 and pockets 12. Refer-
ring to FIG. 9A, the optional base layer 60 is blanket coated
and unpatterned over the support substrate 50 and pockets
12 and the release layer 30 is patterned and present only on
the sides and bottom within the pockets 12. As shown in
FIG. 9B, the optional base layer 60 is blanket coated and
unpatterned over the support substrate 50 and pockets 12
and the release layer 30 is patterned and present only on the
bottom of the pockets 12. Referring to FIG. 9C, the optional
base layer 60 and the release layer 30 are patterned and
present only on the bottom of the pockets 12. Referring to
FIG. 9D, the optional base layer 60 is patterned and present
only on the bottom of the pockets 12 and the release layer
30 is patterned and present on the sides and bottom of the
pockets 12. Referring to FIG. 9E, the optional base layer 60
is patterned and present only on the bottom of the pockets 12
and the release layer 30 is blanket coated and unpatterned
over the support substrate 50 and pockets 12. Referring to
FIG. 9F, the optional base layer 60 and the release layer 30
are patterned and present only on the sides and the bottom
of the pockets 12. Referring to FIG. 9G, the optional base
layer 60 is patterned and present only on the sides and the
bottom of the pockets 12 and the release layer 30 is patterned
and present only on the bottom of the pockets 12. These
various configurations can contain micro-devices 22 and
control a release and separation process from an optional
base layer 60 and a support substrate 50 for different
materials and micro-devices 22.

[0146] In various embodiments of the present invention, a
micro-device 22 is disposed completely within a pocket 12,
has a surface coincident with the top of a support substrate
50 (as shown), or protrudes from a pocket 12 (not shown).
In some embodiments, a pocket 12 has a volume that is less
than the volume of the micro-device 22 and the micro-
device 22 protrudes from the pocket 12 after the micro-
device 22 is released from the pocket 12. Thus, in some
embodiments of the present invention the pockets 12 can
have a volume greater than, the same as, or less than the
volume of the micro-devices 22. In some embodiments, a
micro-device 22 has a surface that is aligned or parallel or
at least partially in a plane with an exposed portion of a
bonding layer 40 opposite a support substrate 50. In certain
embodiments, these various configurations can control the
process by which a micro-device 22 is constructed, released,
or micro-transfer printed.

[0147] Pockets 12 can constrain movement of untethered
and detached micro-devices 22 after a release layer 30 is
etched. In some embodiments, in order to effectively micro-
transfer print micro-devices 22 from pockets 12, stamp posts
82 must have an extent large enough to successfully contact
and adhere to the exposed surface of the micro-devices 22
despite any variation in the location of the micro-devices 22
in the pockets 12. Furthermore, the variation in position of
micro-devices 22 in pockets 12 can be complemented by the
size of contact pads 92 on a destination substrate 90. The
difference in size between micro-devices 22 and pockets 12
can be used to determine (e.g., correspond to) a size of
contact pads 92 on a destination substrate 90. Furthermore,
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the separation between electrical contacts 25 of micro-
devices 22 should be greater than the difference in size
between the micro-devices 22 and pockets 12 in one or more
corresponding dimension(s) to avoid electrically connecting
the wrong electrical contact 25 to a contact pad 92. In some
embodiments, a stamp post 82 has an area and dimensional
extent smaller than the corresponding area and dimensional
extent of a pocket 12 over a support substrate 50 so that the
stamp post 82 can extend into the pocket 12 to contact a
micro-device 22. In some embodiments, a stamp post 82 has
an area greater than the area of a contact surface of a
micro-device 22 surface (e.g., that was opposite a release
layer 30), for example if the micro-device 22 protrudes from
its pocket 12, and a stamp post 82 with an area larger than
the surface area of the pocket 12 can be used.

[0148] In general, an exemplary method for micro-transfer
printing a micro-device 22 from a support substrate 50,
according to some embodiments of the present invention,
includes the steps of providing a micro-device 22, forming
a pocket 12 in or on a support substrate 50, providing a
release layer 30 over the micro-device 22 or the pocket 12,
disposing the micro-device 22 in the pocket 12 with the
release layer 30 between the micro-device 22 and the
support substrate 50 so that no portion of the support
substrate 50 is in contact with the micro-device 22. etching
the release layer 30 to completely separate the micro-device
22 from the support substrate 50, providing a stamp 80
having a conformable stamp post 82 and pressing the stamp
post 82 against the separated micro-device 22 to adhere the
micro-device 22 to the stamp post 82, and removing the
stamp 80 and micro-device 22 from the support substrate 50.
In some embodiments, for example, the steps of disposing
the semiconductor layer 20 (step 105) and forming the
micro-devices 22 (step 110 processing the semiconductor
layer 20), forming the release layer 30 (step 115), and
disposing the optional base layer 60 (step 120) can be
reversed (as shown in FIGS. 3 and 7).

[0149] According to some embodiments of the present
invention and as illustrated in FIGS, 1F-1G and 2G-2H, a
transfer-printing source structure 99 suitable for transfer
printing (e.g., micro-transfer printing) (e.g., made by a
method described above) includes a support substrate 50, a
conformable, cured bonding layer 40 disposed on and in
contact with the support substrate 50, an optional base layer
60 disposed on and in contact with the bonding layer 40, a
release layer 30 disposed on and in contact with the cured
bonding layer 40 or the optional base layer 60, and a
micro-device 22 on and in contact with the release layer 30.

[0150] In the exemplary embodiment shown in FIG. 6F, a
transfer-printing source structure 99 suitable for transfer
printing (e.g., micro-transfer printing) (e.g., made by a
method described above) includes a support substrate 50, an
optional base layer 60 disposed on and in contact with the
support substrate 50, a release layer 30 disposed on and in
contact with the support substrate 50 or the base layer 60,
and a micro-device 22 on and in contact with the release
layer 30. In the embodiment shown in FIG. 8A, a transfer-
printing source structure 99 suitable for transfer printing
(e.g., micro-transfer printing) (e.g., made by a method
described above) includes a support substrate 50, a release
layer 30 disposed on and in contact with the support sub-
strate 50, and a micro-device 22 in a pocket 12 on and in
contact with the release layer 30. In some embodiments, any
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of the release layer 30, the optional base layer 60, or both are
patterned over the support substrate 50.

[0151] A support substrate 50, a release layer 30, and an
optional base layer 60 can define or form one or more
pockets 12 in a bonding layer 40 in each of which a
micro-device 22 is disposed. In some embodiments, the
release layer 30 completely separates the micro-devices 22
from the optional base layer 60, the bonding layer 40 if
present, and the support substrate 50 so that the micro-
devices 22 are not in direct contact with any of the optional
base layer 60, the bonding layer 40 if present, and the
support substrate 50. When the release layer 30 is etched, the
micro-devices 22 are detached from the optional base layer
60, the bonding layer 40 if present, and the support substrate
50 and can fall into the pockets 12. In some embodiments,
a micro-device 22 protrudes from a pocket 12. In some
embodiments, a micro-device 22 is completely within a
pocket 12 or has a surface at the top of the pocket 12. Thus,
a micro-device 22 can have a thickness that is greater than
the depth of a pocket 12 or a thickness that is less than or
equal to the depth of the pocket 12. In some embodiments,
a pocket 12 constrains the movement of a micro-device 22
during the etch process to the physical extent of the pocket
12 so that micro-devices 22 remain in corresponding pockets
12, facilitating, for example, the micro-transfer printing of
the micro-devices from the pockets 12 to a destination
substrate 90.

[0152] Insome embodiments of the present invention, and
referring to FIGS. 1C and 2C, a micro-device wafer struc-
ture 98 comprises a source substrate 10 (e.g., source wafer
10), a micro-device 22 disposed on, over, or in direct contact
with the source substrate 10, a release layer 30 disposed over
the entire micro-device 22 on a side of the micro-device 22
opposite the source substrate 10, and an optional base layer
60 disposed on the release layer 30 on a side of the release
layer 30 opposite the micro-device 22 (FIG. 2C). A source
substrate 10 can be sapphire and a micro-device 22 can
comprise a compound semiconductor. A source substrate 10
can be a wafer to which devices (e.g., micro-devices 22) are
native and on which the devices are formed.

[0153] An exemplary micro-device wafer structure 98 is
illustrated in FIG. 6F and comprises a source substrate 10
(e.g., source wafer 10) including a pocket 12, an optional
base layer 60 disposed on the release layer 30 in the pocket
12 on the source wafer 10, a release layer 30 disposed over
the optional base layer or at least the pocket 12 on the source
wafer 10, and a micro-device 22 exclusively in contact with
the release layer on a side of the release layer 30 opposite the
source substrate 10.

[0154] Insome embodiments of the present invention (not
shown), the completed semiconductor micro-device 22 has
a semiconductor structure with a planar surface adjacent to
a release layer 30 opposite a source substrate 10 so that
electrical contacts 25 are in a common plane. Such a
structure can be found, for example in an integrated circuit
with a substantially rectangular cross section. This arrange-
ment facilitates electrical connection between the electrical
contacts 25 and contact pads 92. Since the contact pads 92
are likewise in a common plane on a surface of a destination
substrate 90, the electrical contacts 25 can both contact the
contact pads 92 at the same time.

[0155] However, In some embodiments and as illustrated
in FIGS. 1C and 2C, a completed semiconductor micro-
device 22 has a semiconductor structure with a non-planar
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surface adjacent to a release layer 30 and opposite a source
substrate 10 so that electrical contacts 25 are not in a
common plane. Thus, in some embodiments, the structure or
arrangement of a completed semiconductor micro-device 22
or destination substrate 90 is modified or adjusted in order
to form an electrical connection between the completed
semiconductor micro-device 22 and contact pads 92 on the
destination substrate 90 when the completed semiconductor
micro-device 22 is micro-transfer printed to the destination
substrate 90.

[0156] In some embodiments and as shown in FIG. 1], a
destination substrate 90 has a non-planar surface with a
topography that complements the non-planar semiconductor
structure surface. In the exemplary embodiment shown in
FIG. 1], the contact pads 92 (which provide at least a portion
of the surface topography of the destination substrate 90)
have different heights that correspond to the different loca-
tions of the non-planar semiconductor structure surface, in
particular the different heights of the electrical contacts 25 of
the completed semiconductor structures 22 over the desti-
nation substrate 90, so that the contact pads 92 can readily
make electrical connections with the electrical contacts 25.
(In this Figure, the topography in FIG. 1J and the differences
in heights are exaggerated for clarity.)

[0157] In some embodiments and as shown in FIGS.
10A-10E, the structure of semiconductor micro-devices 22
is modified or adapted. Referring to FIG. 10A, the semi-
conductor micro-device 22 includes a possibly non-semi-
conductor structure (the electrodes 27) electrically con-
nected to the electrical contacts 25 on a side 28 of the
semiconductor micro-device 22 opposite the source sub-
strate 10 (e.g., as shown in FIG. 1B) or support substrate 50
(e.g., as shown in FIG. 6F). Exposed portions of the elec-
trodes 27 together form at least a portion of a common
planar surface for the semiconductor micro-device 22 and
form electrical contacts 25 for the electrodes 27. The elec-
trodes 27 are electrically connected to the electrical contacts
25 and, when flipped and micro-transfer printed onto a
destination substrate 90 (e.g., as shown in FIG. 15, described
further below), the exposed portions of the electrodes 27 are
in contact with and can readily electrically connect to planar
contact pads 92 on the destination substrate 90. Since the
electrical contacts 25 are not in a common plane, each of the
electrodes 27 have a different thickness, D;, D, as shown,
to provide a surface that is in a common plane. The elec-
trodes 27 can be electrically conductive and made of metal
or a conductive metal oxide and can be formed using
conventional photolithographic methods, for example depo-
sition (e.g., by evaporation or sputtering) and patterning
(e.g., by pattern-wise etching). Different thicknesses D, D
can be achieved by multiple deposition and patterning steps.

[0158] In some embodiments, referring to FIG. 10B, each
electrical contact 25 is electrically connected to a connection
post 29. In some embodiments, an electrode 27 is electri-
cally connected to each electrical contact 25 and a connec-
tion post 29 is electrically connected to each electrode 27. In
some embodiments, an electrode 27 includes or forms a
connection post 29. Connection posts 29 can be electrically
conductive and, for example, can be made of metal or a
conductive metal oxide, as can electrodes 27 and made using
photolithographic methods and materials. Connection posts
29 can be made of the same material(s) as electrodes 27 and
can be made in common steps or processes. Connection
posts 29 and corresponding electrode 27 can be a common
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structure so that the connection posts 29 each include and
electrode 27 or the electrode 27 includes the connection post
29.

[0159] In some embodiments, a completed semiconductor
micro-device 22 includes an electrical contact 25 on the side
of the completed semiconductor micro-device 22 adjacent to
a source substrate 10 or an electrical contact 25 on the side
of the completed semiconductor micro-device 22 adjacent to
a release layer 30. Each electrical contact 25 can include an
electrically conductive connection post 29. In some embodi-
ments, each completed semiconductor micro-device 22 can
include an electrode 27 electrically connected to each elec-
trical contact 25 and a connection post 29 electrically
connected to each electrode 27. In some embodiments, an
electrode 27 includes or forms a connection post 29 or the
connection post 29 includes or forms an electrode 27. In
some embodiments, connection posts 29 are exposed and
protrude from a surface of a completed semiconductor
micro-device 22 farther than any other elements of the
micro-device 22 and, when micro-transfer printed to a
destination substrate 90, can electrically connect to contact
pads 92 on a destination substrate 90.

[0160] Insome embodiments, and to facilitate electrically
connecting connection posts 29 to contact pads 92, a con-
nection post 29 has a first surface adjacent to a surface of a
completed semiconductor micro-device 22 (a bottom of the
connection post 29) and a second opposing surface (a top of
the connection post 29). The second opposing surface (top)
has a smaller area or dimension D¢ than an area or dimension
D, of the first surface (bottom), so that, for example, the
connection posts 29 can have a relatively sharp point and can
form a spike, as shown in FIG. 10B. In some embodiments,
a connection post 29 is cylindrical or has a constant rect-
angular cross section parallel to a surface of a completed
semiconductor micro-device 22 (not shown). Furthermore, a
connection post 29 can have a height that is greater than a
dimension of the first surface (bottom) or the connection
post 29 can have a height that is greater than a dimension of
the second opposing surface (top). Thus, a connection post
29 can have an elongated aspect ratio, a height that is greater
than a width, and a sharp point. Referring to FIG. 10C,
connection posts 29 can have different heights or dimensions
Ds, D, so different connection posts 29 have a common
projection distance from a completed semiconductor micro-
device 22. Referring to FIG. 10D, the structures of FIGS.
10A and 10B are combined to provide connection posts 29
that have a common projection distance from a completed
semiconductor micro-device 22 using different electrode 27
thicknesses Dg, D; and common connection post 29 sizes.
Referring to FIG. 10E, a semiconductor structure 20 has a
thin portion 13 separating thicker first and second end
portions 15, 16 of the semiconductor structure 20 on which
connection posts 29 are formed.

[0161] Thus, in some embodiments of the present inven-
tion, a micro-transfer printable micro-device 22 comprises a
semiconductor structure 20 with at least one side 28 and two
or more electrical contacts 25 on the side 28. Two or more
electrically separate electrodes 27 are disposed at least
partially on the side 28 and extend from the semiconductor
structure 20 a distance greater than any other portion of the
micro-transfer printable micro-device 22 to form an electri-
cally conductive connection post 29 electrically connected
to an electrical contact 25.
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[0162] Connection posts 29 can be formed by repeated
masking and deposition processes that build up three-di-
mensional structures. In some embodiments, connection
posts 29 are made of one or more high elastic modulus
metals, such as tungsten. As used herein, a high elastic
modulus is an elastic modulus sufficient to maintain the
function and structure of a connection post 29 when pressed
into a destination substrate 90 contact pad 92. Connection
posts 29 can be made by etching one or more layers of
electrically conductive metal or metal oxide evaporated or
sputtered on a side of semiconductor layers 20 opposite the
source substrate 10. Connection posts 29 can have a variety
of aspect ratios and typically have a peak area smaller than
a base area. Connection posts 29 can have a sharp point that
is capable of embedding in or piercing destination substrate
90 contact pads 92. Semiconductor devices with protruding
connection posts 29 generally are discussed in U.S. Pat. No.
8,889.485, whose description of connection posts is incor-
porated by reference herein.

[0163] In some embodiments of the present invention,
connection posts 29 are made with overlapping structures
formed on underlying layers. Referring to FIG. 114, in an
exemplary method a substrate 10 is provided and a first layer
patterned on the side 28 of the source substrate 10, for
example a patterned dielectric layer 24 (e.g., as shown in
FIG. 11B) having a first extent A over the source substrate
10. Referring to FIG. 11C, a second patterned layer, for
example an electrical contact 25, having a second extent B
is patterned over the source substrate 10 side 28. The first
and second extents A, B only partially overlap. The over-
lapping portion of the electrical contact 25 forms a connec-
tion post 29. Note that the connection post 29 could form a
point or be a ridge, a rectangle, a ring, or other non-point
shape. The process can be repeated to form a second
connection post 29 using third and fourth layers or the same
steps can be used to construct multiple connection posts 29
by forming multiple overlapping portions of the first and
second layers.

[0164] In some embodiments, connection posts 29 are
formed by physical vapor deposition through a template
mask 14, as shown in the successive cross sections A-E of
FIG. 12. Referring to FIG. 12, a substrate (e.g., destination
substrate 90 or source substrate 10) has an electrical con-
nection (e.g., contact pad 92 or electrical contact 25) on a
surface and a template mask 14 structure, for example a pair
of polymer re-entrant structures (FIG. 12A), formed on
either side of the electrical connection. A suitable material,
such as a metal for example, aluminum, gold, silver, tita-
nium, tin, tungsten or combinations of metals is physically
evaporated over the substrate, electrical connection and
template mask 14. As physical vapor deposition proceeds, a
connection post 29 is formed as material condenses and
deposits on the electrical connection. Material also deposits
on the template mask 14 structure, narrowing the opening
between the template masks 14, and thus also narrowing the
top of the connection post 29 to form a spike (FIGS.
12B-12D, the dashed lines indicate the original pre-deposi-
tion template mask 14). Once the connection post 29 is
completed, the template mask 14 is removed, for example by
laser lift-off or other photolithographic methods. The area of
material deposition can be controlled using conventional
patterning methods, for example including photoresist depo-
sition, patterning, and stripping.
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[0165] Connection posts 29 constructed using physical
vapor deposition are shown in FIGS. 13A-13D. FIGS. 13A
and 13B are micrographs of circular and linear connection
posts 29, respectively. FIGS. 13C and 13D are cross sections
of the connection posts 29, showing a sharp spike with a
base diameter of 2.7 um and a height of 6.4 um. In certain
embodiments, connection posts 29 have a height that is
greater than or equal to 2, 4, 10, 20, 50, or 100 times a base
dimension (e.g., diameter). Connection posts 29 can have
various shapes, such as radially symmetric, linear (blade-
like), pyramidal, or ring-shaped depending on the shape of
the template mask 14.

[0166] Referring to the cross section of FIG. 14A and
corresponding plan view of FIG. 14B, the LED micro-
device 22 includes a connection post 29 formed by the
overlap of the p-metal layer 23 and the electrical contact 25
on the left side, and a connection post 29 formed by the
overlap of the patterned dielectric layer 24, the contact 17,
and the electrical contact 25 on the right side. FIG. 14C
illustrates the micro-device 22 micro-transfer printed to a
destination substrate 90 with an adhesive layer 94 adhering
the micro-device 22 electrical contacts 25 in electrical
contact with the contact pads 92.

[0167] Thus, according to some embodiments of the pres-
ent invention, referring to FIG. 14C, a light-emitting diode
structure comprises a destination substrate 90 having two or
more contact pads 92 and a semiconductor structure 20 with
at least one side 28 and two or more electrical contacts 25
on the side 28. A first electrode 27A is electrically separate
from a second electrode 27B. Each of the first and second
electrodes 27A, 27B is disposed at least partially on the side
28 and extends from the semiconductor structure 20 a
distance greater than any other portion of the micro-transfer
printable micro-device 22 to form an electrically conductive
connection post 29 electrically connected to an electrical
contact 25. The first and second electrodes 27A, 27B are
adjacent to the destination substrate 90. The first electrode
27A is electrically connected to one of the contact pads 92
and the second electrode 27B is electrically connected to
another of the contact pads 92. By adjacent is meant that the
first and second electrodes 27A, 27B are closer to the
destination substrate 90 and the contact pads 92 than the
semiconductor structure 20 or any other portion of the
micro-device 22. By electrically separate is meant that the
first and second electrodes 27A, 27B are not directly elec-
trically connected, but could be indirectly electrically con-
nected, for example through the semiconductor layer 20.

[0168] Overlapping patterned structures can also be used
to construct connection posts 29 on a destination substrate
90 (e.g., as shown in FIG. 1]). FIG. 15 illustrates a desti-
nation substrate 90 with a patterned dielectric layer 96 and
contact pads 92 extending over a portion of the dielectric
layer 96 to form connection posts 29. An adhesive layer 94
is coated over the destination substrate 90 to adhere a
micro-device 22 with electrical contacts 25 to the destination
substrate 90 in alignment with the contact pads 92. A stamp
80 with a stamp post 82 micro-transfer prints the micro-
device 22 to the destination substrate 90. An advantage of
this arrangement is that the coated adhesive will, under the
influence of gravity, tend to flow away from the connection
post 29 peaks, thereby reducing the thickness of the adhesive
layer 94 over the connection posts 29 and facilitating an
electrical connection through the adhesive layer 94 by
micro-transfer printing the micro-devices 22.
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[0169] Thus, in various embodiments, a completed semi-
conductor micro-device 22 includes a semiconductor struc-
ture with a non-planar surface adjacent to a release layer 30.
The completed semiconductor micro-device 22 can include
a non-semiconductor structure (e.g., an electrode 27) in
contact with the non-planar semiconductor structure surface
adjacent to the release layer 30 so that the non-semiconduc-
tor structure forms at least a portion of a planar surface for
the completed semiconductor micro-device 22. As is shown
in FIG. 10A, because electrodes 27A, 27B are in a common
plane on a completed semiconductor micro-device 22 and
the top or bottom surfaces of the completed semiconductor
micro-devices 22 are substantially parallel to a destination
substrate 90, the electrodes 27A. 27B can readily make
contact with contact pads 92 and destination substrate 90
connection posts 29.

[0170] Referring to FIGS. 16 and 17, in some embodi-
ments of the present invention, the completed semiconduc-
tor micro-devices 22 of either of FIG. 10C or FIG. 10D is
illustrated with the destination substrate 90 onto which the
completed semiconductor micro-devices 22 are micro-trans-
fer printed. As shown in FIG. 16, the completed semicon-
ductor micro-devices 22 are micro-transfer printed onto the
destination substrate 90 so that the connection posts 29 are
aligned with and will pierce or otherwise electrically con-
nect with the contact pads 92 of the destination substrate 90.
As is also shown in FIGS. 10B-10E, because connection
posts 29 or electrodes 27 extend a common projection
distance from a completed semiconductor micro-device 22
and the top or bottom surfaces of the completed semicon-
ductor micro-devices 22 are substantially parallel to a des-
tination substrate 90 (e.g., when printing), the connection
posts 29 can readily make contact with contact pads 92 on
or in the destination substrate 90.

[0171] Thus, in some embodiments of the present inven-
tion, a light-emitting diode structure comprises a destination
substrate 90 having two or more contact pads 92 and a
semiconductor layer 20 with at least one side 28 and two or
more electrical contacts 25 on the side. A first electrode 27A
is electrically separate from a second electrode 27B; each of
the first and second electrodes 27A, 27B is disposed at least
partially on the side 28 and extends from the semiconductor
structure 20 a distance greater than any other portion of the
micro-transfer printable micro-device 22 to form an electri-
cally conductive connection post 29 electrically connected
to an electrical contact 25. The first and second electrodes
27A, 278 are adjacent to the destination substrate 90. The
first electrode 27A is electrically connected to one of the
contact pads 92 and the second electrode 27B is electrically
connected to another of the contact pads 92. By adjacent is
meant that the first and second electrodes 27A, 27B are
closer to the destination substrate 90 and the contact pads 92
than the semiconductor structure 20 or any other portion of
the micro-device 22. By electrically separate is meant that
the first and second electrodes 27A, 27B are not directly
electrically connected, but could be indirectly electrically
connected, for example through the semiconductor layer 20.

[0172] referring to the detail of FIG. 17, the completed
semiconductor micro-devices 22 (e.g., corresponding to the
configuration of FIG. 10B) have top or bottom surfaces that
are not substantially parallel to the destination substrate 90
(e.g., after printing) because the connection posts 29 do not
project a common distance from the completed semicon-
ductor micro-device 22. However, because the size of the
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completed semiconductor micro-devices 22 over the desti-
nation substrate 90 is relatively large compared to the
difference in protrusion distance of the connection posts 29,
the completed semiconductor micro-devices 22 can be suc-
cessfully printed onto the destination substrate 90 and suc-
cessfully make an electrical connection to the contact pads
92. The completed semiconductor micro-device 22 is only
slightly tilted or angled with respect to a surface of the
destination substrate 90 (e.g., less than 30 degrees tilted, less
than 20 degrees tilted, less than 10 degrees tilted, or less than
5 degrees tilted).

[0173] In some embodiments, referring to FIG. 22, a
micro-device structure comprises a micro-device 22 having
a body portion 22B, at least two electrical connections
(connection post 29) that extend a first distance D, from the
body portion 22B, and a mesa portion 22M that extends a
second distance Dy greater than the first distance D, from the
body portion 22B. A substrate (destination substrate 90) has
at least two contact pads 92, the two contact pads extending
a distance from the substrate (destination substrate 90) that
is equal to or greater than a difference between the first
distance D, and the second distance Dy. Each of the at least
two electrical connections (connection posts 29) is in contact
with and electrically connected to one of the at least two
contact pads 92. The mesa 22M can be between the two
electrical connections connection posts 29), can be between
two contact pads 92, or can be non-conductive.

[0174] FIGS. 10-17 illustrate some exemplary embodi-
ments of the present invention with connection posts 29 for
making micro-transfer printable electrical connections
between a micro-device 22 and contact pads 92 on a
destination substrate 90. In some embodiments, micro-
devices 22 having electrical contacts 25 that are not in a
common plane and are without connection posts 29 (FIG.
18A) are micro-transfer printed in an inverted configuration
(FIG. 18B) with a stamp 80 and adhered to a destination
substrate 90 with contact pads 92 electrically connected to
the electrical contacts 25 (FIG. 18C). The stamp 80 is
removed and the adhesive 94 cured (FIG. 18D). Referring to
FIG. 18E and FIG. 18F, the adhesive 94 is removed from
areas other than those of the micro-devices 22, for example
with oxygen plasma, before the adhesive is cured. FIG. 18F
locates both of the electrical contacts 25 on top of the contact
pads 92. An advantage of some such embodiments of the
present invention is that micro-devices 22 have exposed
semiconductor structures without patterned insulating or
dielectric layers 24 can be made with fewer processing steps
and transfer printed (e.g., micro-transfer printed) and elec-
trically connected to contact pads 92 on a destination
substrate 90, as shown in FIGS. 18A-18D. Thus, according
to some embodiments of the present invention, a micro-
transfer printed micro-device substrate structure comprises a
destination substrate 90 having two or more contact pads 92
disposed on the destination substrate 90 and a micro-transfer
printed micro-device 22. The micro-device 22 has a semi-
conductor structure and at least two electrical contacts 25
disposed in different planes on the semiconductor structure.
The electrical contacts 25 are in physical and electrical
contact with the contact pads 92. An adhesive layer 94 can
be disposed over the destination substrate 90 and in contact
with the micro-device 22 so that the micro-device 22 is
adhered to the destination substrate 90.

[0175] Because the two electrical contacts 25 or electrodes
27 of the LED micro-device 22 are not in a common plane,
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the micro-device 22 can rotate on the conformable stamp
post 82 when contacting the destination substrate 90 and
contact pads 92 (e.g., as shown in FIG. 18C). This rotation
can cause a corner of the electrodes 27 or electrical contacts
25 to contact the contact pads 92 or a corner of the contact
pads 92 to contact the electrodes 27 or electrical contacts 25
of the micro-device 22, decreasing the contact area and
increasing the pressure and thereby improving the electrical
contact between the electrodes 27 or electrical contacts 25
and the contact pads 92. In some embodiments of the present
invention, either or both of contact pads 92 and electrical
contacts 25 or electrodes 27 have a jagged or sawtooth
outline to increase one or more of the number of corners, the
likelihood of micro-transfer printing onto a corner, and the
consequent contact pressure at the corners (e.g., as shown in
FIG. 18G, which has a plan view on the left and cross section
on the right).

[0176] The structure shown in FIG. 18D using an LED
micro-device 22 as shown in FIG. 18A without the patterned
dielectric layer 24 (e.g., as shown in FIG. 1B) has been
constructed and successfully tested. FIGS. 19A and 19B
show the inverted micro-device 22 micro-transfer printed to
a destination substrate 90 with contact pads 92 in physical
and electrical contact with the LED micro-device 22 elec-
trical contacts 25. An adhesive layer 94 adheres the LED
micro-device 22 to the destination substrate 90. Electrical
power applied to wires electrically connected to the contact
pads 92 caused the LED micro-device 22 to emit light.

[0177] FIGS. 18-19 illustrate some exemplary embodi-
ments of the present invention with electrical contacts 25
that are not in a common plane. In some embodiments, for
example related to FIG. 10A and referring to FIGS. 20A-
20D, surfaces at opposing edges of the completed semicon-
ductor micro-device 22 are in a common plane. A first one
of the electrical contacts 25 is located at the bottom of a well,
pit, or depression in the completed semiconductor micro-
device 22 and is electrically connected to a first electrode
27A. A second electrode 27B is in electrical contact with a
second electrical contact 25 electrically separate from the
first electrical contact 25. The first electrode 27A has a
greater height D, than the height D of the second electrode
27B so that exposed portions of the first and second elec-
trodes 27A, 27B together are in a common plane. The
electrodes 27 are in contact with and electrically connected
to the electrical contacts 25. Exposed portions of the first and
second electrodes 27A, 27B are used to make electrical
contact to external electrical conductors, such as the contact
pads 92 on the destination substrate 90. The first and second
electrodes 27A and 27B are separated by a greater distance
in FIG. 20B than in FIG. 10A or 20A. Referring to FIG. 20C,
the electrodes 27 are both present in a common plane and
patterned dielectric structure 24 on the top surface of the
completed semiconductor structure 22. In this exemplary
embodiment, a first electrical contact 25 is located in a first
plane in the completed semiconductor micro-device 22 and
is electrically connected to a first electrode 27A and a second
electrical contact 25 is located in a second plane different
from the first plane and is electrically connected to a second
electrode 27B, and the second electrode 27B extends onto
the first plane.

[0178] FIG. 20D illustrates a micro-device 22 that does
not require a patterned dielectric insulator to protect the
semiconductor structure but relies on a high resistance
through the semiconductor material to avoid shorts between
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the electrical contacts 25. FIG. 20E illustrates the structure
shown in FIG. 20B micro-transfer printed to a destination
substrate 90 in an inverted arrangement, so that the first and
second electrodes 27A, 27B are adjacent to the destination
substrate 90 and the first electrode 27A is electrically
connected to one of the contact pads 92 and the second
electrode 27B is electrically connected to another of the
contact pads 92. By adjacent is meant that the first and
second electrodes 27A, 27B are closer to the destination
substrate 90 and the contact pads 92 than the semiconductor
structure 20 or any other portion of the micro-device 22. By
electrically separate is meant that first and second electrodes
27A, 27B are not directly electrically connected (e.g.,
shorted), but could be indirectly electrically connected, for
example through semiconductor layer 20.

[0179] Thus, in some embodiments (e.g., as shown in FIG.
20A), a horizontal light-emitting diode comprises a semi-
conductor structure 20 extending along a length L greater
than a width or thickness having first and second ends 15, 16
at each end of the extent. The first and second ends 15, 16
of the semiconductor structure have a thickness greater than
a thin portion 13 of the semiconductor structure 20 between
the first and second ends 15, 16. A first electrode 27A is
electrically connected to an electrical contact 25 adjacent to
the first end 15 and a second electrode 27B is electrically
connected to an electrical contact 25 adjacent to the second
end 16. By adjacent is meant that no other electrical contact
25 is closer to the first or second end 15, 16 so that the
adjacent electrical contact 25 is the closest electrical contact
25. The first and second electrical contacts 25 are at least
partially in the same plane. The plane can be parallel to a
surface of the semiconductor structure 20, for example a
light-emitting surface or the surface on which the first or
second electrical contacts 25 are disposed.

[0180] The FIGS. 10A-10D and 20A-20E are not neces-
sarily to scale and in some embodiments the first and second
electrodes 27A and 27B are separated by relatively greater
distances than those illustrated in the Figures.

[0181] Referring to FIGS. 21A-21D, an LED micro-de-
vice 22 can be made by providing a substrate 10 with a
semiconductor layer 20 (FIG. 21A and corresponding to
FIGS. 1A, 2A, and FIG. 3 steps 100, 105, for example). The
semiconductor layer 20 has a p/n junction 21 formed across
the semiconductor layer 20, for example made by implant-
ing or doping the semiconductor layer 20 as the semicon-
ductor layer 20 is deposited. As shown in FIG. 21B, the
semiconductor layer 20 is patterned to form a first mesa 18
and a patterned p-metal layer 23 is formed on the semicon-
ductor layer 20 first mesa 18. The p-metal layer 23 can be
any metal with a suitable work function for injecting holes
into the semiconductor layer 20 (an anode) and can also
serve as a reflective mirror for any photons generated within
the LED micro-device 22. The first mesa 18 and p-metal
layer 23 can be formed using photolithographic methods and
materials known in the integrated circuit arts. Referring to
FIG. 21C, a second mesa 19 is formed in the semiconductor
layer 20 and an optional ohmic or reflective contact 17 for
injecting electrons into the semiconductor layer 20 (a cath-
ode) is optionally patterned on the semiconductor layer 20.
As shown in FIG. 21D, electrical contacts 25 (or electrodes)
are then patterned on the p-metal layer 23 and the optional
contact 17 (if present) or semiconductor layer 20 (if not
present). The electrical contacts 25 provide electrical con-
nection to the LED micro-device 22 and, when supplied with

Oct. 4,2018

electrical power, cause the LED micro-device 22 to emit
light that is reflected by the p-metal layer 23 and, optionally,
by the contact 17. In some embodiments, the unpatterned
portion of the semiconductor layer 20 serves as the removal
layer 26 (also shown in FIG. 2B). The patterning process
corresponds to step 110 of FIG. 9 and the process then
continues in step 115 and as illustrated in FIG. 2C.

[0182] In some embodiments, the p and n layers of the
semiconductor layer 20 are reversed and the injection metals
chosen to suit the corresponding doped layers.

[0183] transfer printable (e.g., micro-transfer printable)
completed semiconductor micro-devices 22 made by meth-
ods in accordance with some embodiments of the present
invention include a variety of semiconductor structures,
including a diode, a light-emitting diode (LED), a laser, a
photo-diode, a photo-transistor, a transistor, or an integrated
circuit.

[0184] Completed semiconductor micro-devices 22 can
have a variety of different sizes suitable for micro-transfer
printing. For example, the completed semiconductor micro-
devices 22 can have at least one of a width from 2 to 5 pum,
510 10 pm, 10 to 20 um, or 20 to 50 um, a length from 2 to
5um, 5to 10 um, 10 to 20 um, or 20 to 50 pm, and a height
from 2 to 5 um, 4 to 10 um, 10 to 20 pum, or 20 to 50 pum.

[0185] Methods of forming micro-transfer printable struc-
tures 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/JS1D19.4.335, 1071-0922/11/1904-0335, pages
335-341) and U.S. Pat. No. 8,889,485, referenced above. For
a discussion of micro-transfer printing techniques see U.S.
Pat. Nos. 8,722,458, 7,622,367 and 8,506,867, of which the
disclosure of micro-transfer printing techniques (e.g., meth-
ods and structures) in each is hereby incorporated by refer-
ence. Micro-transfer printing using compound micro-assem-
bly structures and methods can also be used with certain
embodiments of the present invention, for example, as
described in U.S. patent application Ser. No. 14/822,868,
filed Aug. 10, 2013, entitled Compound Micro Assembly
Strategies and Devices, from which the description of com-
pound micro-assembly structures and methods is hereby
incorporated by reference. A micro-device 22 can be a
compound micro-system or portion thereof (e.g., device
thereof). Additional details useful in understanding and
performing aspects of some embodiments of the present
invention are described in U.S. patent application Ser. No.
14/743,981, filed Jun. 18, 2013, entitled Micro Assembled
LED Displays and Lighting Elements, which is hereby
incorporated by reference in its entirety.

[0186] As is understood by those skilled in the art, the
terms “over” and “under” are relative terms and can be
interchanged in reference to different orientations of the
layers, elements, and substrates included in the present
invention. For example, a first layer on a second layer, in
some implementations means a first layer directly on and in
contact with a second layer. In other implementations, a first
layer on a second layer includes a first layer and a second
layer with another layer therebetween.

[0187] Having described certain implementations of
embodiments, it will now become apparent to one of skill in
the art that other implementations incorporating the concepts
of the disclosure may be used. Therefore, the disclosure
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should not be limited to certain implementations, but rather
should be limited only by the spirit and scope of the
following claims.

[0188] 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
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.

[0189] 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
[0190] A first extent
[0191] B second extent
[0192] Dg thickness/dimension
[0193] D, thickness/dimension
[0194] L length
[0195] W, pocket width/unit cell width
[0196] 10 source substrate/source wafer
[0197] 12 pocket
[0198] 13 thin portion
[0199] 14 template mask
[0200] 15 first end
[0201] 16 second end
[0202] 17 ohmic/reflective contact
[0203] 18 first mesa
[0204] 19 second mesa
[0205] 20 semiconductor layer/semiconductor structure
[0206] 21 p/n junction
[0207] 22 completed semiconductor structure/micro-de-
vice
[0208] 22B micro-device body
[0209] 22M micro-device mesa
[0210] 23 p-metal/mirror
[0211] 24 dielectric layer
[0212] 25 electrical contact
[0213] 26 removal layer
[0214] 27, 27A, 27B electrode
[0215] 28 side
[0216] 29 connection post
[0217] 30 release layer
[0218] 32 gap
[0219] 40 bonding layer
[0220] 42 bonding layer planar side
[0221] 44 bonding layer non-planar side
[0222] 50 support substrate
[0223] 60 base layer
[0224] 70 electromagnetic radiation
[0225] 80 stamp
[0226] 82 stamp post
[0227] 90 destination substrate
[0228] 92 contact pad
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[0229] 94 adhesive layer

[0230] 96 dielectric layer

[0231] 98 micro-device wafer structure

[0232] 99 micro-transfer-printing source structure
[0233] 100 provide source substrate step

[0234] 102 form pockets in source substrate step
[0235] 105 dispose semiconductor layer step

[0236] 110 optional process semiconductor layer step
[0237] 115 form release layer step

[0238] 120 optional provide base layer step

[0239] 125 dispose bonding layer step

[0240] 130 provide support substrate step

[0241] 135 bond support substrate step

[0242] 140 remove source substrate step

[0243] 150 etch release layer step

[0244] 155 provide destination substrate step

[0245] 160 micro-transfer print semiconductor device to

destination substrate step

1-23. (canceled)

24. A transfer printable micro-device structure, compris-
ing:

a support substrate;

an adhesive layer comprising a pocket provided on or

over the support substrate;

arelease layer disposed in the pocket and on or over a side

of the adhesive layer opposite the support substrate;
and

a micro-device disposed at least partially in the pocket,

wherein the release layer is disposed between the
micro-device and the support substrate such that no
portion of the support substrate is in contact with the
micro-device.

25. The transfer printable micro-device structure of claim
24, wherein the micro-device protrudes from the pocket.

26. The transfer printable micro-device structure of claim
24, wherein the micro-device does not protrude from the
pocket.

27. The transfer printable micro-device structure of claim
24, wherein the release layer is patterned over the support
substrate.

28. The transfer printable micro-device structure of claim
24, wherein the release layer is unpatterned over the support
substrate.

29. The transfer printable micro-device structure of claim
24, wherein a surface of the micro-device is exposed.

30. The transfer printable micro-device structure of claim
24, comprising a base layver disposed on the adhesive layer,
wherein at least a portion of the base layer is disposed in the
pocket, the release layer is disposed on a side of the base
layer opposite the support substrate, and no portion of the
micro-device is in contact with the base layer.

31. The transfer printable micro-device structure of claim
30, wherein the base layer is patterned over the support
substrate.

32. The transfer printable micro-device structure of claim
30, wherein the base layer is unpatterned over the support
substrate.

33. A transfer printable micro-device structure, compris-
ing:

a support substrate comprising a pocket;

a release layer provided in the pocket on the support

substrate; and

the micro-device disposed at least partially in the pocket

with the release layer between the micro-device and the
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support substrate such that no portion of the support
substrate is in contact with the micro-device.

34. The transfer printable micro-device structure of claim
33, wherein the micro-device protrudes from the pocket.

35. The transfer printable micro-device structure of claim
33, wherein the micro-device does not protrude from the
pocket.

36. The transfer printable micro-device structure of claim
33, wherein the release layer is patterned over the support
substrate.

37. The transfer printable micro-device structure of claim
33, wherein the release layer is unpatterned over the support
substrate.

38. The transfer printable micro-device structure of claim
33, wherein a surface of the micro-device is exposed.

39. The transfer printable micro-device structure of claim
33, comprising a base layer disposed on the support sub-
strate, wherein at least a portion of the base layer is disposed
in the pocket, the release layer is disposed on a side of the
base layer opposite the support substrate, and no portion of
the micro-device is in contact with the base layer.

40. The transfer printable micro-device structure of claim
39, wherein the base layer is patterned over the support
substrate.

41. The transfer printable micro-device structure of claim
39, wherein the base layer is unpatterned over the support
substrate.

42-47. (canceled)
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48. A micro-device wafer structure, comprising:

a source wafer comprising a pocket;

a release layer disposed at least in the pocket on, over, or

in direct contact with the source wafer; and

a micro-device formed over, on, or in direct contact with

the release layer at least in the pocket, and exclusively
in contact with the release layer on a side of the release
layer opposite the source wafer.

49. The micro-device wafer structure of claim 48, wherein
the release layer is patterned over the source wafer.

50. The micro-device wafer structure of claim 48, wherein
the micro-device has a thickness that is greater than the
depth of the pocket.

51. The micro-device wafer structure of claim 48, wherein
the micro-device has a thickness that is less than or equal to
the depth of the pocket.

52. The micro-device wafer structure of claim 48, com-
prising a base layer disposed on the source wafer, wherein
at least a portion of the base layer is disposed in the pocket,
the release layer is disposed on a side of the base layer
opposite the support substrate, and no portion of the micro-
device is in contact with the base layer.

53. The micro-device wafer structure of claim 52, wherein
the base layer is patterned over the support substrate.

54. The micro-device wafer structure of claim 52, wherein
the base layer is unpatterned over the support substrate.

55-69. (canceled)
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