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(57) ABSTRACT

In certain embodiments, a method of making a semiconduc-
tor structure suitable for transfer printing (e.g., micro-trans-
fer printing) includes providing a support substrate and
disposing and processing one or more semiconductor layers
on the support substrate to make a completed semiconductor
device. A patterned release layer and, optionally, a capping
layer are disposed on or over the completed semiconductor
device and the patterned release layer or capping layer, if
present, are bonded to a handle substrate with a bonding
layer. The support substrate is removed to expose the
completed semiconductor device and, in some embodi-
ments, a portion of the patterned release layer. In some
embodiments, an entry path is formed to expose a portion of
the patterned release layer. In some embodiments, the
release layer is etched and the completed semiconductor
devices transfer printed (e.g., micro-transfer printed) from
the handle substrate to a destination substrate.
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MICRO-TRANSFER-PRINTABLE FLIP-CHIP
STRUCTURES AND METHODS

PRIORITY APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 15/811,959, filed Nov. 14, 2017,
entitled “Micro-Transfer-Printable Flip-Chip Structures and
Methods”, which claims the benefit of U.S. Provisional
Patent Application No. 62/422 365, filed Nov. 15, 2016,
entitled “Micro-Transfer-Printable Flip-Chip Structure and
Method”, the disclosure of each of which is hereby incor-
porated by reference in its entirety.

CROSS REFERENCE TO RELATED
APPLICATIONS

[0002] Reference is made to U.S. Pat. No. 9,368,683,
issued Jun. 14, 2016, entitled “Printable Inorganic Semicon-
ductor Method”, the contents of which are incorporated by
reference herein in their entirety.

FIELD OF THE INVENTION

[0003] The present invention relates to structures and
methods for providing micro-integrated circuits on flip-chip
substrates that can be printed using massively parallel
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, for example having a dimension of less than
200, less than 50 microns, less than 20 microns, less than 10
microns, or less than 5 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
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substrate, for example using photolithographic or printed-
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. How-
ever, 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] In another method, a handle substrate is adhered to
the side of the integrated circuits opposite the wafer (the top
side), the wafer 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.

[0008] 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.
[0009] One approach to handling and placing small inte-
grated circuits (e.g., 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 incorpo-
rated by reference in its entirety. In exemplary embodiments
of these methods for printing integrated circuits, an inte-
grated circuit is disposed (e.g., 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, for example, using conventional photolithographic
and printed-circuit board methods. These techniques have
the advantage of enabling location of 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, inter alia, transferring light-
emitting, light-sensing, or light-collecting semiconductor
elements from a wafer substrate to a destination substrate
using a patterned elastomer stamp whose spatial pattern
matches the location of the semiconductor elements on the
wafer substrate.

[0010] None of the aforementioned flip-chip methods
form a flipped integrated circuit that can be micro-transfer
printed. Moreover, GaN micro-LEDs are typically formed
on sapphire substrates since sapphire has a smaller crystal
lattice mismatch 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
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substrate. However, there is no available method for under-
cutting a chiplet formed on a sapphire substrate to enable
release of the chiplet for micro-transfer printing.

[0011] There is a need, therefore, for wafer and integrated
circuit structures and methods that provide flipped micro-
transfer printable integrated circuits and for structures and
methods that enable the construction of micro-LED chiplets
formed on a sapphire substrate that can be micro-transfer
printed. There is also a need for simple and inexpensive
methods and structures having a reduced area that enable
electrical interconnections for chiplets printed on destination
substrates. Furthermore, there is a need for methods and
structures that enable electrically connecting the electrical
contacts of printed structures, such as printed LEDs, using
fewer processing steps than conventional methods.

SUMMARY OF THE INVENTION

[0012] In certain embodiments, a method of making a
semiconductor structure suitable for micro-transfer printing
comprises: providing a support substrate; disposing one or
more semiconductor layers in, on, or over the support
substrate, and optionally processing the semiconductor lay-
ers, to make a completed semiconductor device; forming a
patterned release layer on or over the completed semicon-
ductor device and optionally at least partly in contact with
the support substrate; optionally providing a capping layer
on the patterned release layer; providing a handle substrate;
disposing a conformable and curable bonding layer on the
patterned release layer, on the optional capping layer, or on
the handle substrate; locating the handle substrate in contact
with the bonding layer and curing the bonding layer to bond
the handle substrate to the patterned release layer or to the
capping layer; removing the support substrate to expose the
completed semiconductor device and optionally expose a
portion of the patterned release layer; and if at least a portion
of the patterned release layer is not exposed, forming an
entry path to expose a portion of the patterned release layer.
In certain embodiments, a method comprises removing at
least a portion of a patterned release layer to form a gap or
space between at least a portion of a completed semicon-
ductor device and at least a portion of a bonding layer and
to form a tether physically connecting the completed semi-
conductor device to an anchor disposed on the handle
substrate (e.g., wherein the anchor is a portion of the handle
substrate or a layer disposed on the handle substrate, such as,
for example, a bonding layer, a capping layer, or a dielectric
layer). A tether can be disposed in a common plane with an
entry path and can be fractured when a completed semicon-
ductor device is micro-transfer printed or the tether can be
disposed between the completed semiconductor device and
the handle substrate, for example as a post with a physical
interface to the completed semiconductor device.

[0013] A semiconductor structure can include a plurality
of completed semiconductor devices and each of the plu-
rality of completed semiconductor devices can have an
individual tether and an individual anchor physically con-
necting the completed semiconductor devices to other struc-
tures or layers in the semiconductor structure, such as a
bonding or capping layer(s). In some embodiments, at least
two of a plurality of completed semiconductor devices have
a common structure providing tethers for each completed
semiconductor device or a common anchor structure to
which the tethers are physically connected. At least two of
a plurality of completed semiconductor devices can have a
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common anchor structure that is a ridge of material that
contacts two or more completed semiconductor devices.
[0014] A removal layer such as an ablation or etch-stop
layer can be provided between semiconductor layer(s) and a
support substrate. In some embodiments, a destination sub-
strate 1s provided and a completed semiconductor device is
micro-transfer printed from a handle substrate to the desti-
nation substrate.

[0015] In some embodiments, a support substrate is
removed by one or more of laser liftoff, ablation, laser
ablation, etching, and grinding. A support substrate can be
transparent to electromagnetic radiation and removing the
support substrate can expose a semiconductor layer to
electromagnetic radiation through the support substrate to
decompose a portion of the semiconductor layer(s) or com-
pleted semiconductor device and form a shock wave in the
semiconductor structure. Alternatively, an ablation layer is
provided between a support substrate and semiconductor
layer(s) and the support substrate is removed by exposing
the ablation layer to electromagnetic radiation through the
support substrate to decompose a portion of the ablation
layer and form a shock wave in a completed semiconductor
structure. A capping layer can have a thickness, layers,
structure, and material sufficient to disperse, deflect, reflect,
or absorb a shock wave produced by laser ablation of at least
a portion of a ablation layer, a portion of a semiconductor
layer, or a portion of a completed semiconductor device.
[0016] In some embodiments, a support substrate is a
semiconductor substrate and disposing one or more semi-
conductor layers in, on, or over the support substrate
includes doping (e.g., implanting) a portion or layer of the
semiconductor substrate. Alternatively, or in addition, dis-
posing one or more semiconductor layers in, on, or over a
support substrate can include growing the one or more
semiconductor layers on the support substrate or growing
the one or more semiconductor layers on a growth layer or
semiconductor seed layer on the support substrate.

[0017] A semiconductor structure suitable for micro-trans-
fer printing can include: a handle substrate; a conformable,
cured bonding layer disposed in contact with the handle
substrate; an optional capping layer disposed in contact with
the bonding layer; a patterned release layer disposed in
contact with the cured bonding layer or the capping layer,
wherein the patterned release layer has an entry path; and a
completed semiconductor device disposed on or over the
patterned release layer and attached to an anchor disposed
on the handle substrate with at least one tether.

[0018] A support substrate can be one or more of sapphire,
quartz, silicon, GaAs, GaN, InP, SiC, GaP, GaSh, AN, and
MgO. A completed semiconductor device can include one or
more of a semiconductor material, a compound semicon-
ductor material, GaN, Si, InP, SiGe, and GaAs. A patterned
release layer includes one or more of germanium, Si, TiW,
Al T, alift-off resist, and a polymer. A support substrate can
be a growth substrate, have a semiconductor seed layer, or
have a semiconductor layer. A cured bonding layer can be a
cured resin, SU-8, epoxy, a metal layer, a metal alloy layer,
a solder layer, or a layer of AuSn.

[0019] In some embodiments, a completed semiconductor
device is exposed and/or an entry path is exposed. In some
embodiments, a removal layer is only a portion of the
completed semiconductor device. In some embodiments, a
removal layer is in contact with a completed semiconductor
device and is disposed on or over, or is a part of, a support
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substrate. A support substrate can be in contact with a
removal layer or with a completed semiconductor device. A
capping layer can include a plurality of layers.

[0020] Insome embodiments, a completed semiconductor
device includes a semiconductor structure with at least two
electrical contacts to the completed semiconductor device
that are in different planes. A completed semiconductor
device can include an electrically separate electrode electri-
cally connected to each of the electrical contacts and
exposed portions of the electrodes are in a common plane.
Exposed portions of the electrodes are used to make elec-
trical contact to external electrical conductors.

[0021] A destination substrate onto which the completed
semiconductor device is micro-transfer printed can have a
non-planar surface with a topography that corresponds to a
non-planar semiconductor structure surface to facilitate
electrical connections between the completed semiconduc-
tor device and electrical contact pads on the destination
substrate.

[0022] In some embodiments, an electrical contact is dis-
posed on the side of a completed semiconductor device
adjacent to a support substrate or on the side of the com-
pleted semiconductor device adjacent to a patterned release
layer. Each electrical contact can include or be connected to
a connection post. In some embodiments, an electrode is
electrically connected to each electrical contact and a con-
nection post is electrically connected to each electrode or the
electrode includes or forms a connection post. A connection
post can have a first surface adjacent to a surface of the
completed semiconductor device and a second opposing
surface farther away from the completed semiconductor
device than the first surface. The second opposing surface
can have a smaller area than the first surface. Furthermore,
a connection post can have a height that is greater than a
dimension of the first surface, the connection post can have
a height that is greater than a dimension of the second
opposing surface, or the connection post can have a height
that is greater than a width of the connection post.

[0023] In one aspect, the present invention is directed to a
method of making a semiconductor structure suitable for
transfer printing (e.g., micro-transfer printing), comprising:
providing a support substrate; forming a completed semi-
conductor device disposed in, on, or over the support
substrate; forming a patterned release layer on or over the
completed semiconductor device; providing a capping layer
on the patterned release layer; providing a handle substrate;
disposing a conformable and curable bonding layer on the
capping layer or on the handle substrate; disposing the
handle substrate and the capping layer in contact with the
bonding layer; curing the bonding layer to bond the handle
substrate to the capping layer; and removing the support
substrate to expose the completed semiconductor device
(e.g., thereby exposing the completed semiconductor
device).

[0024] In certain embodiments, the method comprises
forming an entry path to expose a portion of the patterned
release layer. In certain embodiments, the method comprises
removing at least a portion of the patterned release layer to
form a gap between at least a portion of the completed
semiconductor device and at least a portion of the bonding
layer; and forming a tether physically connecting the com-
pleted semiconductor device to an anchor disposed on the
handle substrate (e.g., wherein the anchor is a portion of the
handle substrate or a layer disposed on the handle substrate,

Aug. 9, 2018

such as, for example, the bonding layer, the capping layer,
or a dielectric layer). In certain embodiments, the method
comprises: providing a destination substrate; and micro-
transfer printing the completed semiconductor device from
the handle substrate to the destination substrate.

[0025] In certain embodiments, the support substrate is
transparent to electromagnetic radiation and the method
comprises: exposing the semiconductor layer to electromag-
netic radiation through the support substrate to decompose a
portion of the completed semiconductor device and form a
shock wave in the semiconductor structure, wherein the
capping layer disperses, reflects, deflects, or absorbs the
shock wave. In certain embodiments, the support substrate is
transparent to electromagnetic energy, and the method com-
prises: providing an ablation layer between the support
substrate and the completed semiconductor device; and
exposing the ablation layer to electromagnetic radiation
through the support substrate to decompose a portion of the
ablation layer and form a shock wave in the completed
semiconductor structure, wherein the capping layer dis-
perses, reflects, deflects, or absorbs the shock wave.
[0026] In certain embodiments, removing the support sub-
strate comprises one or more of laser liftoff, ablation, laser
ablation, etching, and grinding. In certain embodiments, the
method comprises providing an ablation or etch-stop layer
between the completed semiconductor device and the sup-
port substrate. In certain embodiments, removing the sup-
port substrate to expose the completed semiconductor device
comprises removing a removal layer (e.g., an ablation layer
or an etch-stop layer) (e.g., thereby exposing the completed
semiconductor layer).

[0027] In certain embodiments, the support substrate is a
semiconductor substrate and forming the completed semi-
conductor device comprises: doping a portion or layer of the
semiconductor substrate. In certain embodiments, forming
the completed semiconductor device comprises: disposing
one or more semiconductor layers in, on, or over the support
substrate. In certain embodiments, forming the completed
semiconductor device comprises growing the one or more
semiconductor layers on the support substrate or on a growth
layer on the support substrate. In certain embodiments,
forming the completed semiconductor device comprises:
processing the one or more semiconductor layers.

[0028] In another aspect, the present invention is directed
to a method of making a semiconductor structure suitable for
transfer printing (e.g., micro-transfer printing), comprising:
providing a support substrate; forming a completed semi-
conductor device disposed in, on, or over the support
substrate; forming a patterned release layer on or over the
completed semiconductor device; providing a handle sub-
strate; disposing a conformable and curable bonding layer
on the patterned release layer or on the handle substrate;
disposing the handle substrate and the patterned release
layer in contact with the bonding layer; curing the bonding
layer to bond the handle substrate to the patterned release
layer; and removing the support substrate to expose the
completed semiconductor device (e.g., thereby exposing the
completed semiconductor device).

[0029] In certain embodiments, the method comprises
disposing the conformable and curable bonding layer on the
patterned release layer, wherein disposing the conformable
and curable bonding layer on the patterned release layer
comprises disposing the conformable and curable bonding
layer on at least one of (i) a portion of a dielectric layer
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disposed on the completed semiconductor structure and (i)
a portion of the completed semiconductor structure.

[0030] In certain embodiments, the method comprises
removing at least a portion of the patterned release layer to
form a gap between at least a portion of the completed
semiconductor device and at least a portion of the bonding
layer; and forming a tether physically connecting the com-
pleted semiconductor device to an anchor disposed on the
handle substrate (e.g., wherein the anchor is a portion of the
handle substrate or a layer disposed on the handle substrate,
such as, for example, the bonding layer or a dielectric layer).
In certain embodiments, the method comprises providing a
destination substrate; and micro-transfer printing the com-
pleted semiconductor device from the handle substrate to the
destination substrate.

[0031] In certain embodiments, removing the support sub-
strate comprises one or more of laser liftoff, ablation, laser
ablation, etching, and grinding. In certain embodiments, the
method comprises providing an ablation or etch-stop layer
between the completed semiconductor device and the sup-
port substrate. In certain embodiments, removing the sup-
port substrate to expose the completed semiconductor device
comprises removing a removal layer (e.g., an ablation layer
or an etch-stop layer) (e.g., thereby exposing the completed
semiconductor device).

[0032] In certain embodiments, the support substrate is a
semiconductor substrate and forming the completed semi-
conductor device comprises: doping a portion or layer of the
semiconductor substrate. In certain embodiments, forming
the completed semiconductor device comprises: disposing
one or more semiconductor layers in, on, or over the support
substrate. In certain embodiments, forming the completed
semiconductor device comprises: growing the one or more
semiconductor layers on the support substrate or on a growth
layer on the support substrate. In certain embodiments,
forming the completed semiconductor device comprises:
processing the one or more semiconductor layers.

[0033] In another aspect, the present invention is directed
to a semiconductor structure suitable for transfer printing
(e.g., micro-transfer printing), comprising: a handle sub-
strate; a cured bonding layer disposed in contact with the
handle substrate; a patterned release layer disposed in con-
tact with the cured bonding layer; and a completed semi-
conductor device disposed on or over the patterned release
layer and attached to an anchor disposed on the handle (e.g.,
wherein the anchor is a portion of the handle substrate or a
layer disposed on the handle substrate, such as, for example,
the bonding layer or a dielectric layer) substrate with at least
one tether.

[0034] In certain embodiments, at least one of the com-
pleted semiconductor device and a portion of the patterned
release layer is exposed.

[0035] In certain embodiments, a portion of the completed
semiconductor device is a removal layer or the semiconduc-
tor structure comprises a removal layer in contact with the
completed semiconductor device.

[0036] In certain embodiments, the semiconductor struc-
ture comprises a support substrate in contact with the
removal layer. In certain embodiments, the semiconductor
structure comprises a support substrate in contact with the
completed semiconductor device.

[0037] In certain embodiments, the completed semicon-
ductor device comprises a semiconductor structure compris-
ing at least two electrical contacts to the completed semi-
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conductor device that are in different planes. In certain
embodiments, the completed semiconductor device com-
prises an electrically separate electrode electrically con-
nected to each of the electrical contacts, wherein exposed
portions of the electrodes are in a common plane. In certain
embodiments, the semiconductor structure comprises a des-
tination substrate having a non-planar surface that corre-
sponds to a non-planar surface of the completed semicon-
ductor structure.

[0038] Incertain embodiments, the support substrate com-
prises one or more of sapphire, quartz, silicon, GaAs, GaN,
InP, SiC, GaP, GaSb, AIN, and MgO. In certain embodi-
ments, the completed semiconductor device comprises one
or more of a semiconductor material, a compound semicon-
ductor material, GaN, Si, InP, SiGe, and GaAs. In certain
embodiments, the patterned release layer comprises one or
more of germanium, Si, TiW, Al, Ti, a lift-off resist, and a
polymer.

[0039] In certain embodiments, the semiconductor struc-
ture comprises one or more electrical contacts on a side of
the completed semiconductor device adjacent to the pat-
terned release layer or one or more electrical contacts on a
side of the completed semiconductor device opposite the
side of the completed semiconductor device adjacent to the
patterned release layer (e.g., a side adjacent to a support
substrate in the semiconductor structure).

[0040] In certain embodiments, (i) each electrical contact
comprises a connection post or (ii) the semiconductor struc-
ture comprises an electrode electrically connected to each
electrical contact and a connection post electrically con-
nected to each electrode (e.g., wherein the electrode com-
prises or forms a connection post). In certain embodiments,
each connection post is tapered (e.g., has a first surface
adjacent to a surface of the completed semiconductor device
and a second opposing surface and the second opposing
surface has a smaller area than an area of the first surface).
In certain embodiments, each connection post has a height
to width aspect ratio of greater than 1:1.

[0041] In certain embodiments, the at least one tether is
disposed between the completed semiconductor device and
the handle substrate.

[0042] In certain embodiments, the semiconductor struc-
ture comprises a plurality of completed semiconductor
devices, wherein each of the plurality of completed semi-
conductor devices comprises an individual tether connected
to a unique anchor. In certain embodiments, the semicon-
ductor structure comprises a plurality of completed semi-
conductor devices, wherein at least two of the plurality of
completed semiconductor devices are physically connected
by respective tethers to a common anchor structure. In
certain embodiments, at least two of the plurality of com-
pleted semiconductor devices are connected to a common
anchor structure that is a ridge of bonding layer material.
[0043] In certain embodiments, the support substrate is a
growth substrate. In certain embodiments, the support sub-
strate comprises a semiconductor layer or a semiconductor
seed layer. In certain embodiments, the cured bonding layer
comprises at least one of a cured resin, an epoxy, a metal
layer, a metal alloy layer, a solder layer, and a layer of AuSn.
[0044] In certain embodiments, surfaces at opposing edges
of the completed semiconductor device are in a common
plane, wherein a first electrical contact is located at the
bottom of a well, pit, or depression in the completed
semiconductor device and is electrically connected to a first
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electrode, wherein a second electrical contact electrically
separate from the first electrical contact is electrically con-
nected to a second electrode, and wherein the first electrode
has a greater height than the height of the second electrode
so that exposed portions of the first and second electrodes
are in a common plane.

[0045] In another aspect, the present invention is directed
to a semiconductor structure suitable for transfer printing
(e.g., micro-transfer printing), comprising: a handle sub-
strate; a cured bonding layer disposed in contact with the
handle substrate; a capping layer disposed in contact with
the bonding layer; a patterned release layer disposed in
contact with the capping layer; and a completed semicon-
ductor device disposed on or over the patterned release layer
and attached to an anchor disposed on the handle substrate
with at least one tether (e.g., wherein the anchor is a portion
of the handle substrate or a layer disposed on the handle
substrate, such as, for example, the bonding layer, the
capping layer, or a dielectric layer).

[0046] In certain embodiments, at least one of the com-
pleted semiconductor device and a portion of the patterned
release layer is exposed. In certain embodiments, a portion
of the completed semiconductor device is a removal layer or
the semiconductor structure comprises a removal layer in
contact with the completed semiconductor device. In certain
embodiments, the semiconductor structure comprises a sup-
port substrate in contact with the removal layer. In certain
embodiments, a support substrate in contact with the com-
pleted semiconductor device.

[0047] In certain embodiments, the capping layer has a
thickness sufficient to disperse, deflect, reflect, or absorb a
shock wave produced by laser ablation of at least a portion
of the removal layer. In certain embodiments, the capping
layer has a thickness sufficient to disperse, deflect, reflect or
absorb a shock wave produced by laser ablation of a portion
of the completed semiconductor device. In certain embodi-
ments, the capping layer comprises a plurality of layers.
[0048] In certain embodiments, the completed semicon-
ductor device comprises a semiconductor structure compris-
ing at least two electrical contacts to the completed semi-
conductor device that are in different planes. In certain
embodiments, the completed semiconductor device com-
prises an electrically separate electrode electrically con-
nected to each of the electrical contacts, wherein exposed
portions of the electrodes are in a common plane.

[0049] In certain embodiments, the semiconductor struc-
ture comprises a destination substrate having a non-planar
surface that corresponds to a non-planar surface of the
completed semiconductor structure.

[0050] In certain embodiments, the support substrate com-
prises one or more of sapphire, quartz, silicon, GaAs, GaN,
InP, SiC, GaP, GaSbh, AIN, and MgO. In certain embodi-
ments, the completed semiconductor device comprises one
or more of a semiconductor material, a compound semicon-
ductor material, GaN, Si, InP, SiGe, and GaAs. In certain
embodiments, the patterned release layer comprises one or
more of germanium, Si, TiW, Al, Ti, a lift-off resist, or a
polymer.

[0051] In certain embodiments, the semiconductor struc-
ture comprises one or more electrical contacts on a side of
the completed semiconductor device adjacent to the pat-
terned release layer or one or more electrical contacts on a
side of the completed semiconductor device opposite the
side of the completed semiconductor device adjacent to the
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patterned release layer (e.g., a side adjacent to a support
substrate in the semiconductor structure).

[0052] In certain embodiments, each electrical contact
comprises a connection post or (ii) the semiconductor struc-
ture comprises an electrode electrically connected to each
electrical contact and a connection post electrically con-
nected to each electrode (e.g., wherein the electrode com-
prises or forms a connection post). In certain embodiments,
each connection post is tapered (e.g., has a first surface
adjacent to a surface of the completed semiconductor device
and a second opposing surface and the second opposing
surface has a smaller area than an area of the first surface).
In certain embodiments, each connection post has a height
to width aspect ratio of greater than 1:1.

[0053] In certain embodiments, a surface of the at least
one tether is disposed in a common plane a surface of the
completed semiconductor device. In certain embodiments,
the semiconductor structure comprises a plurality of com-
pleted semiconductor devices, wherein each of the plurality
of completed semiconductor devices comprises an indi-
vidual tether connected to a unique anchor. In certain
embodiments, the semiconductor structure comprises a plu-
rality of completed semiconductor devices, wherein at least
two of the plurality of completed semiconductor devices are
physically connected by respective tethers to a common
anchor structure.

[0054] In some embodiments of the present invention, a
method of making a semiconductor structure suitable for
transfer printing comprises providing a support substrate,
providing a semiconductor support layer over the support
substrate, providing a semiconductor layer disposed over the
semiconductor support layer, forming a plurality of semi-
conductor devices disposed in, on, or over the semiconduc-
tor support layer, each of the semiconductor devices com-
prising one or more electrical contacts exposed on a side of
the semiconductor device opposite the semiconductor sup-
port layer, forming a connection post on each of the exposed
electrical contacts, the connection posts extending in a
direction away from the semiconductor support layer, pat-
terning the semiconductor layer to separate the semiconduc-
tor devices in order to form a corresponding plurality of
completed semiconductor devices, patterning the semicon-
ductor support layer to expose a portion of the support
substrate, forming a patterned release layer on or over the
plurality of completed semiconductor devices, the patterned
release layer (i) in contact with portions of the patterned
semiconductor support layer on which the complete semi-
conductor devices are disposed and (ii) in contact with at
least a portion of the support substrate, providing a handle
substrate, disposing a conformable bonding layer on the
patterned release layer or on the handle substrate, bonding
the handle substrate to the patterned release layer with the
bonding layer, and removing the support substrate to expose
at least a portion of the patterned semiconductor support
layer.

[0055] In some embodiments, methods of the present
invention comprise disposing a capping layer over the
patterned release layer, wherein the capping layer disperses,
deflects, reflects, or absorbs a shock wave produced by laser
ablation of at least a portion of the support substrate or
semiconductor support layer.

[0056] In some embodiments, methods of the present
invention comprise removing at least a portion of the
patterned release layer to form a gap between at least a
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portion of the completed semiconductor device and at least
a portion of the bonding layer, and forming tethers physi-
cally connecting the plurality of completed semiconductor
devices to anchors disposed on the handle substrate.
[0057] Insome embodiments of the present invention, the
anchors are disposed laterally between ones of the plurality
of completed semiconductor devices and each of the tethers
extends laterally from one of the completed micro-device to
one of the anchors. Each of the tethers can be a portion of
the semiconductor support layer.

[0058] Methods of the present invention can comprise
micro-transfer printing the completed semiconductor
devices from the handle substrate to a destination substrate
and electrically contacting the connection posts to corre-
sponding electrical contact pads on the destination substrate.
Removing the support substrate can comprise one or more of
laser liftoff, ablation, laser ablation, etching, and grinding.
[0059] In some embodiments of the present invention, the
semiconductor support layer is an ablation layer, a removal
layer, or an etch-stop layer disposed between the completed
semiconductor device and the support substrate. Removing
the support substrate can comprise removing a removal
layer.

[0060] In certain embodiments of the present invention, a
semiconductor structure suitable for transfer printing com-
prises a handle substrate, a bonding layer disposed in contact
with the handle substrate, a patterned release layer disposed
in contact with the bonding layer, a plurality of completed
semiconductor devices disposed on or over the patterned
release layer and each attached to one or more anchors
disposed on the handle substrate with at least one tether,
each of the plurality of completed semiconductor devices
comprising at least one electrical contact disposed on a side
of the completed semiconductor device between the com-
pleted semiconductor device and the handle substrate, a
connection post disposed on each of the at least one elec-
trical contacts and extending from the electrical contact
toward the handle substrate, and a patterned semiconductor
support layer comprising a surface on which is disposed the
plurality of completed semiconductor devices and wherein
the surface is in contact with a portion of the patterned
release layer.

[0061] In some embodiments, a portion of the patterned
release layer is exposed. In some embodiments, a portion of
the plurality of completed semiconductor devices or the
semiconductor support layer is or comprises a removal layer.
[0062] In some embodiments of the present invention, a
semiconductor structure comprises a support substrate in
contact with the patterned semiconductor support layer and
in contact with a portion of the patterned release layer. The
support substrate can comprise a removal layer.

[0063] In certain embodiments, the patterned release layer
defines a gap between the plurality of completed semicon-
ductor devices and the bonding layer. In some embodiments
of the present invention, a semiconductor structure suitable
for transfer printing comprises a handle substrate, a bonding
layer disposed in contact with the handle substrate, a cap-
ping layer disposed in contact with the bonding layer, a
patterned release layer disposed in contact with capping
layer, a plurality of completed semiconductor devices dis-
posed on or over the patterned release layer and each
attached to at least one anchor disposed on the handle
substrate with at least one tether, each of the plurality of
completed semiconductor devices comprising at least one
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electrical contact disposed on a side of the completed
semiconductor device between the completed semiconduc-
tor device and the handle substrate, a connection post
disposed on each of the at least one electrical contacts and
extending from the electrical contact toward the handle
substrate, and a patterned semiconductor support layer com-
prising a surface on which is disposed the completed semi-
conductor devices and wherein the surface is in contact with
a portion of the patterned release layer.

[0064] In some embodiments of the present invention, a
portion of the patterned release layer is exposed. In some
embodiments of the present invention, the semiconductor
structure comprises a support substrate in contact with the
semiconductor support layer and in contact with a portion of
the patterned release layer.

[0065] In some embodiments of the present invention, a
portion of the plurality of completed semiconductor devices
or the semiconductor support layer is a removal layer, or the
semiconductor structure comprises a removal layer in con-
tact with the completed semiconductor device. The support
substrate can comprise a removal layer.

[0066] In certain embodiments, the support substrate is a
growth substrate. In certain embodiments, the support sub-
strate comprises a semiconductor layer or a semiconductor
seed layer. In certain embodiments, the cured bonding layer
comprises at least one of a cured resin, an epoxy, a metal
layer, a metal alloy layer, a solder layer, and a layer of AuSn.
[0067] Incertain embodiments, surfaces at opposing edges
of the completed semiconductor device are in a common
plane, wherein a first electrical contact is located at the
bottom of a well, pit, or depression in the completed
semiconductor device and is electrically connected to a first
electrode, wherein a second electrical contact electrically
separate from the first electrical contact is electrically con-
nected to a second electrode, and wherein the first electrode
has a greater height than the height of the second electrode
so that exposed portions of the first and second electrodes
are in a common plane.

BRIEF DESCRIPTION OF THE DRAWINGS

[0068] 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:

[0069] FIGS. 1A-17J are successive cross sections illustrat-
ing (i) sequential steps in an exemplary method and (ii) a
semiconductor structure, according to illustrative embodi-
ments of the present invention;

[0070] FIGS. 2A-2K are successive cross sections illus-
trating sequential steps in another exemplary method and (ii)
another semiconductor structure, according to illustrative
embodiments of the present invention;

[0071] FIGS. 3A-3B are successive cross sections illus-
trating sequential steps in an exemplary method, according
to illustrative embodiments of the present invention;
[0072] FIG. 4 is a cross section illustrating a semiconduc-
tor device with an ablation layer, according to illustrative
embodiments of the present invention;

[0073] FIG. 5is a plan view illustrating anchor, an anchor
structure, and semiconductor devices on a source substrate,
according to illustrative embodiments of the present inven-
tion;
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[0074] FIGS. 6A-6F are cross sections illustrating a vari-
ety of completed semiconductor devices with a correspond-
ing variety of connection post structures, according to illus-
trative embodiments of the present invention;

[0075] FIG. 7is a cross section illustrating micro-transfer-
printed completed semiconductor devices with a connection
post structure and a destination substrate in accordance with
an embodiment of the present invention;

[0076] FIG. 8 is a cross section illustrating a completed
semiconductor device with a connection post structure and
a destination substrate, according to illustrative embodi-
ments of the present invention;

[0077] FIG. 9 is a flow chart illustrating exemplary meth-
ods, according to illustrative embodiments of the present
invention;, FIGS. 10A-100 are successive cross sections
illustrating sequential steps in an exemplary method accord-
ing to illustrative embodiments of the present invention;
[0078] FIG. 11 is a cross section illustrating a completed
semiconductor device according to illustrative embodiments
of the present invention; and

[0079] FIG. 12 is a flow chart illustrating exemplary
methods, according to illustrative embodiments of the pres-
ent invention.

[0080] 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

[0081] The present invention provides, inter alia, struc-
tures and methods to enable micro-transfer printing from
devices formed on a sapphire substrate. The present inven-
tion also provides, inter alia, structures and methods to
enable micro-transfer printing of flipped integrated circuits
adhered to a handle substrate. By forming completed semi-
conductor 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 transfer printing (e.g., micro-transfer printing)
are performed before the construction of the release layer.
Thus, once a support or growth substrate is removed, a
release layer can be etched and completed semiconductor
devices can be transfer printed (e.g., micro-transfer printed)
without exposing the completed semiconductor device or
release layer to destructive photolithographic process steps.
Completed semiconductor devices are otherwise functional
devices that do not necessarily include the electrical con-
ductors necessary for providing electrical power to the
completed semiconductor devices.

[0082] According to some embodiment of the present
invention, and referring to FIGS. 1A-1J and FIG. 9, an
exemplary method of making a semiconductor structure 99
(FIGS. 1E-1G) suitable for micro-transfer printing includes
providing a support substrate 10 in step 100 and forming a
completed semiconductor device 22 (i.e., in this exemplary
method by disposing one or more semiconductor layers 20
in, on, or over the support substrate 10) in step 105 (as
shown in FIG. 1A). A completed semiconductor device 22
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can be formed by disposing one or more layers or substruc-
tures on a support substrate 10. The one or more semicon-
ductor layers 20 can optionally be processed in step 110 to
make completed semiconductor devices 22 (as shown in
FIG. 1B). The processing can include, for example, pattern-
ing materials, adding other materials, and forming struc-
tures.

[0083] Insome embodiments, a support substrate 10 com-
prises at least one of glass, plastic, semiconductor, com-
pound semiconductor, sapphire (e.g., aluminum oxide or
Al,0,), ceramic, quartz, silicon, GaAs, GaN, InP, SiC, GaP,
GaSh, AIN, an MgO. A support substrate 10 can be a
different other substrate suitable for photolithographic pro-
cessing. A support substrate 10 can be substantially trans-
parent, for example 50%, 70%, or 90% transparent to at least
one of visible, UV, and IR electromagnetic radiation. A
support substrate 10 can include multiple layers, can include
one or more semiconductor layers 20, 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 support substrate 10 can be crystalline
or have a crystalline layer.

[0084] One or more semiconductor layers 20 can be
organic or inorganic, can be crystalline, can be a semicon-
ductor, can be a compound semiconductor, can be doped
(e.g., implanted), for example with p or n doping to provide
desired electrical structures and functions, or any combina-
tion thereof. A semiconductor layer in the one or more
semiconductor layer 20 in a completed semiconductor
device 22 can include one or more of GaN, Si, InP, SiGe, and
GaAs. Fach of the one or more semiconductor layers 20 can
be formed or disposed in step 105 using photolithographic
processes including, for example, evaporation or sputtering.
In some embodiments, at least one of the one or more
semiconductor layers 20 is formed or disposed using a
chemical vapor deposition, molecular/atomic layer deposi-
tion, physical vapor deposition, pulsed laser deposition or
epitaxy method. In some embodiments, a support substrate
10 is a semiconductor substrate and disposing one or more
semiconductor layers 20 in, on, or over the support substrate
10 (step 105) includes doping (e.g., implanting) a portion or
layer of a semiconductor substrate (e.g., support substrate
10) to form the one or more semiconductor layers 20. In
some embodiments, disposing one or more semiconductor
layers 20 in, on, or over a support substrate 10 (step 105)
includes growing the one or more semiconductor layers 20
on the support substrate 10 or on a growth layer on the
support substrate 10, for example using epitaxial techniques.
In these embodiments, the support substrate 10 can be, but
is not necessarily, a crystalline semiconductor substrate or
sapphire substrate. In some embodiments, a support sub-
strate 10 is a sapphire substrate. In some embodiments, a
support substrate 10 is a crystalline semiconductor substrate.

[0085] The one or more semiconductor layers 20 can be
optionally processed in step 110 using photolithographic
methods, including, for example, evaporation, sputtering,
CVD, annealing, or masking using photoresist, exposure to
patterned radiation, and etching. One or more semiconductor
layers 20 can be patterned and structured and additional
layers and structures 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
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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 (e.g., designated for
forming electrical connections) and are, in any case, portions
of the completed semiconductor device 22 to which electri-
cal connections can be made and power and signals provided
to operate the completed semiconductor device 22. In some
embodiments, a completed semiconductor device 22 is
formed of one or more semiconductor layers 20 and any
additional layers and structures necessary to function as
intended. In some embodiments, a completed semiconductor
device 22 comprises a dielectric layer 24 (e.g., a patterned
dielectric layer). A plurality of completed semiconductor
devices 22 can be disposed on the support substrate 10 (as
shown in FIG. 1B, for example).

[0086] In some embodiments, a completed semiconductor
device 22 includes all of the elements necessary to function
but does not necessarily include electrical connections 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,
and doped (e.g., 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 device 22 to operate. In FIG. 1B,
the completed semiconductor device 22 results all of the
photolithographic steps, such as processing and patterning
steps, to make the completed semiconductor device 22
functional. A functional completed semiconductor device 22
is a device that provides a desired electronic, optical, ther-
mal, mechanical, magnetic, electric field, photonic, or opto-
electronic effect when provided with power but does not
include the interconnections necessary to provide power or
control signals, such as electrical power or control signals
(e.g., from a controller).

[0087] Referring next to FIG. 1C, a patterned release layer
30 is formed or disposed on or over the completed semi-
conductor device 22 and optionally at least partly in contact
with the support substrate 10 (as shown) in step 115. In some
embodiments, a patterned release layer 30 does not contact
a support substrate 10. A patterned release layer 30 can be
formed or disposed using photolithographic methods and
materials and can include germanium, Si, TiW, Al, Ti, a
lift-off resist, or other polymers. In some embodiments, a
patterned 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.). In some embodiments, a
patterned release layer 30 forms a gap 32 or space, for
example, after etching the patterned release layer 30 mate-
rial. For example, a gap can be formed between a completed
semiconductor device 22 and a bonding layer 40 after the
patterned release layer 30 has been removed.

[0088] Referring to FIGS. 1D and 1E, a handle substrate
50 is provided in step 125, for example, a glass substrate or
a plastic substrate. A conformable and curable bonding layer
40 is disposed on the patterned release layer 30 (as shown in
FIG. 1D) or on the handle substrate 50 (or on an optional
capping layer, discussed further subsequently with respect to
FIG. 2C) in step 130. When a conformable and curable
bonding layer 40 is disposed on a patterned release layer 30,
a portion may also be disposed on a support substrate 10 (as
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shown in FIG. 1D). A conformable and curable bonding
layer 40 can have a substantially planar side 42 opposite a
non-planar side 44 closer to a completed semiconductor
device 22. A handle substrate 50 can be substantially trans-
parent, for example 50%, 70%, or 90% transparent to at least
one of visible, UV, and IR electromagnetic radiation. A
bonding layer 40 can be, for example, a curable resin, epoxy,
SU-8, a metal layer, a metal alloy layer, a solder layer, or
AuSn. The handle substrate 50 is located in contact with the
bonding layer 40 and bonded to the completed semiconduc-
tor devices 22, for example, by curing the bonding layer 40
in step 135 (as shown in FIG. 1E) by providing heat, by
cooling, or by providing electromagnetic radiation (e.g., UV
light) to the bonding layer 40, for example through the
handle substrate 50. Curing a bonding layer 40 can include
forming a chemical reaction in a 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). A
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 handle substrate 50, a capping layer 60, or a 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 handle
substrate 50, capping layer 60, or release layer 30.

[0089] Referring to FIG. 1F, the support substrate 10 is
removed to expose the completed semiconductor device 22
and optionally expose a portion of the patterned release layer
30 to the local environment (as shown) in step 140. In some
embodiments, removing a support substrate 10 to expose a
completed semiconductor device 22 comprises removing
one or more additional layers (e.g., dielectric layers, spacing
layers, adhesion layers, growth layers, or removal layers)
disposed between the support substrate 10 and the com-
pleted semiconductor device 22, If at least a portion of the
patterned release layer 30 is not exposed, an entry path 34
is formed to expose a portion of the patterned release layer
30 (as shown in FIG. 2H, and discussed further subse-
quently) in step 145. For example a portion of a layer that
partially covers a patterned release layer 30 can be removed
to form an entry path 34. A support substrate 10 can be
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.

[0090] As shown in FIG. 1G, the release layer 30 is
removed in step 150, for example by etching with H,0,,
XeF,, HCI, HF, trimethylammonium hydroxide (TMAH), or
oxygen plasma. The selection of etchant can depend on the
material of the patterned release layer 30. For example,
H,0, or XeF, can be used with a Ge, W, or TiW release layer
30, XeF, can be used with a Si release layer 30, HCl 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. In some embodiments, an etchant is benign to materials
found in or exposed on the surface of a completed semi-
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conductor device 22, a bonding layer 40, or both. After
etching, a patterned release layer 30 forms a gap 32 or space
between a completed semiconductor devices 22 and a bond-
ing layer 40. Referring to FIG. 1G, the release layer 30 is
patterned so that a tether 36 physically connects the com-
pleted semiconductor devices 22 to an anchor 38 portion of
the bonding layer 40 and holds the completed semiconductor
devices 22 in place. Generally, an anchor 38 can be a portion
of a handle substrate 50 or a layer disposed on the handle
substrate (e.g., between the handle substrate 50 and a
completed semiconductor device 22), such as, for example,
a bonding layer, a capping layer (not shown in FIG. 1G), or
a dielectric layer 24. In the illustrative embodiment illus-
trated in FIG. 1G, the tether 36 is an interface to a post
forming the anchor 38. In this embodiment, the anchor 38 is
a portion of the bonding layer 40. The interface can, for
example, provide a weak adhesion, for example adhesion
provided by van der Waal’s forces, and can be an interface
with or of metal such as gold, tin, or a solder disposed on a
portion of the completed semiconductor device 22.

[0091] Once the release layer 30 is etched, the completed
semiconductor devices 22 can be micro-transfer printed in
step 160, as illustrated in FIG. 1H (shown with an inverted
orientation from FIG. 1G), with a stamp 80 (e.g., an elas-
tomeric stamp, for example comprising PDMS) comprising
stamp pillars 82 that press against and adhere to the com-
pleted semiconductor devices 22 and is then separated from
the handle substrate 50 (as shown in FIG. 1I). Referring to
FIG. 1], the completed semiconductor devices 22 are
brought into aligned contact with a destination substrate 90
(the destination substrate 90 is provided in step 155) and
adhered to the destination substrate 90. In some embodi-
ments, electrical contacts 25 of a completed semiconductor
device 22 are electrically connected to contact pads 92
formed or disposed on a destination substrate 90. Contact
pads 92 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 a completed semiconductor device 22.

[0092] Insome embodiments of the present invention, and
referring to FIGS. 2A-2K, an alternative exemplary method
of making a semiconductor structure 99 (as shown in FIG.
2G-2I) suitable for micro-transfer printing includes addi-
tional steps and elements as compared to the process and
semiconductor structure 99 described with respect to FIGS.
1A-1]. Referring to FIG. 2A and again to FIG. 9, a support
substrate 10 is provided in step 100 that includes a removal
layer 26. A removal layer 26 can be an ablation layer or an
etch-stop layer and can be a layer of a support substrate 10
or a layer disposed on the support substrate 10. A removal
layer 26 can be patterned. Ablation and etch-stop layers can
include one or more of (i) SiO, or SiN, deposited by, for
example, plasma-enhanced chemical vapor deposition
(PECVD) and (ii) 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.

[0093] A completed semiconductor device 22 (i.e., in this
exemplary method by disposing one or more semiconductor
layers 20 in, on, or over the support substrate 10) in step 105
(as shown in FIG. 2A). A completed semiconductor device
22 can be formed by disposing one or more layers or
substructures on a support substrate 10. The one or more
semiconductor layers 20 can be processed in step 110 to
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form the completed semiconductor device 22 (as shown in
FIG. 2B) over or in contact with the removal layer 26, as
described previously. In some embodiments, and as is shown
in FIG. 2B, a dielectric layer 24 of a completed semicon-
ductor device 22 is patterned to extend beyond the com-
pleted semiconductor device 22 (e.g., for use in forming
anchors 38 and/or tethers 36).

[0094] Referring next to FIG. 2C, a patterned release layer
30 is formed or disposed on or over the completed semi-
conductor device 22 in step 115. As shown in FIG. 2C, a
patterned release layer 30 can be at least partially in contact
with a dielectric layer 24 rather than a support substrate 10
(in contrast to what is shown in FIG. 1C). In some embodi-
ments (not shown), a patterned release layer 30 is at least
partially in contact with a removal layer 26. Referring to
FIG. 2C, a capping layer 60 is disposed on the release layer
30 in step 120. A capping layer 60 is optional and is not
present in some embodiments. A capping layer 60 can be
deposited using photolithographic methods such as evapo-
ration, sputtering, plating, atomic layer deposition (ALD), or
coating and can include organic or inorganic materials such
as SiN, SiO_, copper, nickel, or other materials. A capping
layer 60 can be non-planar, patterned, structured or shaped,
can stiffen the semiconductor structure 99, or can include
multiple layers of different materials that can be selected and
formed to control acoustic or mechanical vibrations. Refer-
ring to FIGS. 2D and 2E, a handle substrate 50 is provided
in step 125 and a conformable and curable bonding layer 40
is disposed on the optional capping layer 60 (as shown) or
on the handle substrate 50 (not shown), in step 130. A
conformable and curable bonding layer 40 can have a
substantially planar side 42 opposite a non-planar side 44
closer to a completed semiconductor device 22. A handle
substrate 50 can be substantially transparent, for example
50%, 70%, or 90% transparent to at least one of visible, UV,
and IR electromagnetic radiation. A bonding layer 40 can be,
for example, a curable resin, epoxy, SU-8, a metal layer, a
metal alloy layer, a solder layer, or AuSn.

[0095] The handle substrate 50 is located in contact with
the bonding layer 40 and bonded to the completed semicon-
ductor devices 22 by, for example, curing the curable
bonding layer 40 in step 135 (as shown in FIG. 2E), for
example by providing time, heat, cooling, or electromag-
netic radiation to the bonding layer 40, for example through
the handle substrate 50. The material of the capping layer 60
provided in step 120 can be selected to prevent unwanted
interactions between the release layer 30 etching chemistry
and the bonding layer 40. For example, in some embodi-
ments, an etchant that is suitable for etching the release layer
30 might also undesirably etch the bonding layer 40, result-
ing in compromise a micro-transfer printing process for the
completed semiconductor device 22 if not for the presence
of the optional capping layer 60.

[0096] Referring to FIG. 2F, the support substrate 10 is
removed in step 140. In some embodiments, and as shown
in FIG. 2F, a removal layer 26 is exposed to electromagnetic
radiation 70 (for example from a laser) through a support
substrate 10 (i.e., wherein the support substrate 10 is at least
partially transparent to the electromagnetic radiation 70) to
decompose at least a portion of the removal layer 26, as
illustrated with shading in the removal layer 26 in FIG. 2F.
In some embodiments, a removal layer 26, for example an
ablation layer, absorbs is heated by the electromagnetic
radiation 70 and evaporates or sublimates to a gas or plasma
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that forcefully dissociates a support substrate 10 from the
removal layer 26. Ablation layers can be selected to comple-
ment the support substrate 10 or layer materials formed on
or in the support substrate 10. An ablation layer can be the
same material as is found in the semiconductor layers 20, for
example GaN. Moreover, in some embodiments, GaN can
serve as an ablation layer for sapphire or AIN support
substrates 10. GaNAs or InGaNAsSbh can be included in
ablation layers or materials grown on GaAs substrates.
InGaAs, InGaAsP, AllnGaAs, or AllnGaAsP can be
included in ablation layers or materials grown on InP
substrates. In some embodiments, black chromium can be an
ablation layer. Ablation layers can include organic materials
such as vaporizable polymer or materials that incorporate
light-absorbing particles such as carbon black or oxidized
chromium and that can absorb electromagnetic radiation,
facilitate ablation layer heating, and ablate of the layer.

[0097] 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 a completed
semiconductor device 22 (or completed semiconductor
devices 22, if multiple are present) and can damage the
completed semiconductor device 22. A capping layer 60
(and, in some embodiments, to some extent, a bonding layer
40 and/or a release layer 30) can dissipate, disperse, deflect,
reflect, or absorb the shock wave and prevent or mitigate
damage to a completed semiconductor device 22. The lay-
ers, materials, and structure of a capping layer 60 can be
specifically designed to prevent or mitigate damage to a
completed semiconductor device 22. In some embodiments,
a release layer 30 comprises germanium, which has a large
acoustic impedance and can therefore effectively reflect or
redirect at least a portion of a shock wave. In some embodi-
ments of the present invention, laser ablation can be used to
remove a support substrate 10 from a semiconductor struc-
ture 99 used in a flip-chip micro-transfer printing process, as
shown in FIG. 2G.

[0098] In some methods and micro-transfer printable
semiconductor structure 99 designs, removal of a support
substrate 10 exposes the release layer 30 (e.g.. as shown in
FIG. 1F). However, in some embodiments, and as illustrated
in FIG. 2G, a release layer 30 is not exposed in step 140. For
example, a release layer can be covered by a dielectric layer
24. In some embodiments, a dielectric layer 24 is patterned
to expose a portion of a release layer 30, as shown in FIG.
1F. However, in the illustrative embodiment shown in FIGS.
2F and 2G, the patterned dielectric layer 24 is not exposed
when the support substrate 10 is removed. Thus, as illus-
trated in FIG. 2H, in step 145 an entry path 34 is formed to
expose a portion of the patterned release layer 30. An entry
path 34 can be formed, for example, by pattern-wise etching
a dielectric layer 24 (or other layer disposed over a patterned
release layer 30). In some embodiments, the step of forming
an entry path 34 is the same step as removing a support
substrate 10. That is, in some embodiments, removing a
support substrate 10 forms an entry path 34 by exposing a
portion of a release layer 30. As used herein, an “exposed”
layer or element is one that is exposed to the local environ-
ment, can be exposed to a processing material such as a
chemical etchant, can have materials deposited thereon, or
any combination thereof. In some embodiments, a layer
(e.g., a support substrate 10) is removed to expose an
element (e.g., a completed semiconductor device 22) while
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one or more other layers (e.g., dielectric layers or a remain-
ing portion of a removal layer 26) remain that need to be
removed to provide an exposed element. For example, in
some embodiments, a support substrate 10 is removed to
expose a completed semiconductor device 22 and subse-
quently a sacrificial dielectric layer and/or remaining portion
of a removal layer 26 disposed on the completed semicon-
ductor device 22 is removed thereby providing an exposed
completed semiconductor device 22.

[0099] Referring to FIG. 2I, 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 the completed
semiconductor devices 22 and the capping layer 60. A
release layer 30 and entry paths 34 are patterned so that one
or more tethers 36 physically connect a completed semicon-
ductor devices 22 to an anchor 38 disposed on the handle
substrate 50 (e.g., wherein the anchor 38 is a portion of a
dielectric layer 24, a capping layer 60, a handle substrate 50,
or another layer disposed on the handle substrate 50) holds
the completed semiconductor device 22 in place. Referring
to FIG. 21, the completed semiconductor devices 22 are
physically connected to the anchors 38, where are portions
of the dielectric layer 24. In some embodiments, a plurality
of tethers 36 physically connect each completed semicon-
ductor device 22 to one or more anchors 38 (e.g., a plurality
of anchors 38). In some embodiments, a plurality of anchors
38 formed from portions of a bonding layer are physically
connected to each completed semiconductor device 22. In
the illustrative embodiment illustrated in FIG. 21, each tether
36 is a portion of the dielectric layer 24. A tether 36 can be
disposed in a common plane with an entry path 34 or an
entry path 34 can extend through or around a tether 36. A
tether 36 can be separated or broken (e.g., fractured) if
pressure is applied to a completed semiconductor device 22.
In some embodiments, a tether 36 is separated during
transfer printing (e.g., by overcoming van der Waals forces
that adhere a completed semiconductor device 22 to an
anchor 38). In some embodiments, a tether 36 is fractured
during transfer printing (e.g., wherein pressure fractures the
dielectric material that the tether 36 is made from).

[0100] Once the release layer 30 is etched, the completed
semiconductor devices 22 can be micro-transfer printed in
step 160, as illustrated in FIG. 2J (shown with an inverted
orientation from FIG. 21), with a stamp 80 (e.g., an elasto-
meric stamp, for example comprising PDMS) comprising
stamp pillars 82 that press against and adhere to the com-
pleted semiconductor devices 22 and is then separated from
the handle substrate 50 (as shown in FIG. 2K). The com-
pleted semiconductor 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.

[0101] Referring next to FIG. 3A, in some embodiments,
semiconductor layer(s) 20 are formed in a support substrate
10, for example by doping (e.g., implanting) the support
substrate 10 to form a layer on or at a surface (e.g., within
the surface) of the support 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 semi-
conductor devices 22 (as shown in FIG. 3B). Thus, forming
semiconductor layer(s) 20 in step 105 can include forming
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a layer on the support substrate 10 (as shown in FIGS. 1A,
2A) or forming a layer in the support substrate 10 (as shown
in FIG. 3B).

[0102] In some embodiments, and as shown in FIG. 4, a
removal layer 26 is a portion of a completed semiconductor
devices 22 and possibly other layers or a portion of a support
substrate 10 (in which case the removal layer 26 includes a
portion or layer of the support substrate 10). For example, in
some embodiments, ablation can remove the portion of the
structure indicated with the heavy dashed rectangle. Thus, in
some embodiments, removing a support substrate 10 (e.g.,
as in step 140) comprises exposing semiconductor layer(s)
20 or completed semiconductor device 22 to electromag-
netic radiation 70 through the support substrate 10 to decom-
pose a portion of the semiconductor layer(s) 20 or the
completed semiconductor device 22 and form a shock wave
in a semiconductor structure 99. A capping layer 60, if
present, can disperse, reflect, deflect, or absorb the shock
wave.

[0103] Referring to FIG. 2K, each completed semiconduc-
tor device 22 has at least one individual broken (e.g.,
fractured) tether 36 as a consequence of micro-transfer
printing. A broken tether 36 can be a fractured structure, as
in FIG. 2K. A separated tether 36 can be an interface formed
between two elements for which one element is removed, as
in FIG. 11. However, before tethers 36 are broken (as shown
in FIG. 2]), two or more tethers 36 can be part of a common
structure and be physically connected to a common anchor
38. Anchors 38 can be any portion of a semiconductor
structure 99 that is not the completed semiconductor device
22, for example a bonding layer 40 (as shown in FIG. 1G),
a dielectric layer 24 (as shown in FIG. 2I), or a capping layer
60.

[0104] Referring to the plan view of FIG. § and corre-
sponding to the cross section of FIG. 1G viewed through the
handle substrate 50 and excluding non-anchor portions of
the bonding layer 40, in some embodiments, at least two of
the plurality of completed semiconductor devices 22 are
tethered to anchors 38 that are portions of an anchor struc-
ture 39 that is a ridge of material (e.g., that physically
connects to each of two or more completed semiconductor
devices 22 at an interface that is a tether 36). In the
illustrative embodiment of FIG. 5, each anchor structure 39
comprises three anchors 38 physically connected to the
tethers 36 of three corresponding completed semiconductor
devices 22. In some embodiments, an anchor structure 39
comprises a plurality of anchors 38 (e.g., two or more or
three or more anchors).

[0105] Insome embodiments of the present invention (not
shown), a completed semiconductor device 22 has a semi-
conductor structure with a planar surface adjacent to a
patterned release layer 30 opposite a support substrate 10 so
that electrical contacts 25 of the completed semiconductor
device are in a common plane. This arrangement facilitates
electrical connection between the electrical contacts 25 and
contact pads 92 on a destination substrate 90. In some
embodiments, contact pads 92 are likewise in a common
plane on a surface of a destination substrate 90, so that
electrical contacts 25 in a common plane can both contact
each contact pad 92 at the same time. However, in some
embodiments and as illustrated in FIGS. 1B-C and 2C, a
completed semiconductor device 22 has a semiconductor
structure with a non-planar surface adjacent to a patterned
release layer 30 and opposite a support substrate 10 so that
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electrical contacts 25 are not in a common plane. Thus, it can
be necessary to adjust the structure or arrangement of the
completed semiconductor device 22 or destination substrate
90 in order to form an electrical connection between the
completed semiconductor device 22 and contact pads 92 on
the destination substrate 90 when the completed semicon-
ductor device 22 is transfer printed (e.g., micro-transfer
printed) to the destination substrate 90.

[0106] In some embodiments, and as shown in FIG. 1], a
destination substrate 90 has a non-planar surface with a
topography that corresponds to a non-planar completed
semiconductor device 22 surface. Accordingly, contact pads
92 (which provide at least a portion of the surface topogra-
phy of a destination substrate 90) can have different heights
that correspond to different locations of a non-planar com-
pleted semiconductor device 22 surface, in particular the
different heights of the electrical contacts 25 of the com-
pleted semiconductor structures 22 over the destination
substrate 90, so that the contact pads 92 can readily make
electrical connections with the electrical contacts 25.

[0107] In some embodiments, and referring to FIGS.
6A-6E, the structure of the completed semiconductor
devices 22 is adapted with electrodes 27 and/or connection
posts 29. Referring to FIG. 6A, the completed semiconduc-
tor device 22 includes a non-semiconductor structure (elec-
trodes 27) electrically connected to the electrical contacts 25
on a side of the completed semiconductor device 22 opposite
a support substrate 10 (not shown). Exposed portions of the
electrodes 27 together form at least a portion of a common
planar surface for the completed semiconductor device 22
and provide a surface for forming electrical connections.
The electrodes 27 are electrically connected to the electrical
contacts 25. When flipped and micro-transfer printed onto a
destination substrate 90 (e.g., in accordance with FIG. 1J),
the exposed portions of the electrodes 27 can be 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 elec-
trodes 27 have a different thickness, D,, Dg, as shown, to
provide a surface that is in a common plane. Electrodes 27
can be electrically conductive and made of metal or a
conductive metal oxide and can be formed using conven-
tional photolithographic methods, for example deposition
[e.g., by chemical evaporation or physical vapor deposition
(e.g., sputtering)| and patterning (e.g., by pattern-wise etch-
ing). Different thicknesses D;, Dy can be achieved by
multiple deposition and patterning steps.

[0108] In some embodiments, each electrical contact 25
includes a connection post 29. In some embodiments, refer-
ring to FIG. 6B, each electrical contact 25 is electrically
connected to an electrode 27 and a connection post 29 is
electrically connected to each electrode 27. In some embodi-
ments, 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 the electrodes 27 and made using photolitho-
graphic 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. A connection post 29
and corresponding electrode 27 can be a common structure
so that it can be considered that the connection post 29
includes the electrode 27 or the electrode 27 includes the
connection post 29. In some embodiments, a connection post
29 protrudes from a surface of a completed semiconductor
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device 22 and, when micro-transfer printed to a destination
substrate 90, can electrically connect to contact pads 92 on
the destination substrate 90.

[0109] In some embodiments, referring to the connection
posts in FIG. 6B, to facilitate electrically connecting con-
nection posts 29 to contact pads 92, each connection post 29
has a first surface adjacent to a surface of a completed
semiconductor device 22 and a second opposing surface,
wherein the second opposing surface has a smaller area or
dimension Dy than an area or dimension D, of the first
surface. Therefore, for example, a connection post 29 can
have a relatively sharp point and can form a spike, as shown
in FIG. 6B. In some embodiments, a connection post 29 is
cylindrical or has a constant rectangular cross section par-
allel to a surface of a completed semiconductor device 22.
Furthermore, in some embodiments, a connection post 29
can have a height that is greater than a dimension of a cross
section perpendicular to the height (e.g., a dimension of a
first surface or a dimension of the second opposing surface
as described in reference to FIG. 6B). Thus, in some
embodiments, a connection post 29 has an elongated aspect
ratio (e.g., a height to width aspect ratio greater than 1:1), a
height that is greater than a width, and, optionally, a sharp
point.

[0110] Referring to FIG. 6C, the connection posts 29 have
different heights or dimensions Dg, D, so the different
connection posts 29 have a common projection distance
from the completed semiconductor device 22. In some
embodiments, a plurality of connection posts 29 connected
to a completed semiconductor device 22 terminate in a
common plane. Referring to FIG. 6D, the structures of
FIGS. 6A and 6B are combined to provide connection posts
29 that have a common projection distance from the com-
pleted semiconductor device 22 using different electrode 27
thicknesses Dy, D; and common connection post 29 sizes.
Referring to FIG. 6E, surfaces at opposing edges of the
completed semiconductor 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 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 elec-
trode 27A has a greater height D, than the height D of the
second electrode 27B so that exposed portions of the first
and second electrodes 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
contact pads 92 on a destination substrate 90.

[0111] Referring to FIG. 6F, surfaces at opposing edges of
the completed semiconductor device 22 are not necessarily
in a common plane. A first one of the electrical contacts 25
is located at a lower location at the bottom of a well, pit, or
depression in the completed semiconductor device 22 and is
electrically connected to a first electrode 27A. A second
electrode 278 is in electrical contact with a second electrical
contact 25 electrically separate from the first electrical
contact 25 at a higher location relative to the first one of the
electrical contacts 25. However, the first electrode 27A
extends from the lower location to the upper location over a
surface of the completed semiconductor device. Thus, the
first electrode 27 A has a greater height D; than the height D¢
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of the second electrode 27B so that exposed portions of the
first and second electrodes 27A, 27B together are in a
common plane in the upper location and exposed portions of
the first and second electrodes 27A, 27B are in different
planes in the upper and lower locations, respectively.
Exposed portions of the first and second electrodes 27A,
278 are used to make electrical contact to external electrical
conductors, such as contact pads 92 on a destination sub-
strate 90.

[0112] Connection posts 29 can be formed by repeated
masking and deposition processes that build up three-di-
mensional structures. In certain embodiments, for example
those in which electrodes 27 have an exposed portion in a
common plane such as in FIGS. 6A and 6D-6F, connection
posts 29 can be formed by coating the electrodes 27 with a
first polymer layer, for example a lift-off resist layer, coating
the first polymer layer with a second polymer layer, for
example a photoresist layer having different etching char-
acteristics than the first polymer layer, patterning the second
polymer layer to form vias in the second polymer layer, and
etching the first polymer layer through the vias to form a
deeper via having an undercut in the first polymer layer with
respect to the second polymer layer via. A conductive metal,
such as gold, can be evaporated over the second polymer
layer to form an evaporated metal structure within the
deeper via. Because the via is undercut in the first polymer
layer, the base of the evaporated metal structure in the first
polymer layer is wider than the top in the second polymer
layer, for example forming a sharp point. The first and
second polymer layers are then removed, for example using
a lift-off technique, leaving a sharp-pointed connection post
29 formed on each of the first and second electrical contacts
25. The connection post 29 can be, for example gold (Au)
with a width of 1.8 microns and a height of 4 microns. In
some embodiments, a polymer structure with a width
smaller than a width of the first and second electrical
contacts 25 is formed on each of the first and second
electrical contacts 25, for example by patterning a photore-
sist layer. A metal layer is then evaporated over the polymer
structures to form an electrically conductive connection post
29 that is electrically connected to the electrical contacts 25.
The remaining metal in the layer is then pattern-wise
removed, for example by coating and patterning a photore-
sist layer, removing the exposed photoresist, etching the
exposed metal layer, and then removing the remaining
photoresist to expose the connection posts 29.

[0113] In some embodiments, connection posts comprise
multiple layers [e.g., made of different materials (e.g.,
wherein each layer is made of a material that has a different
elastic modulus)]. 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 for a connection post 29 made
of the material to maintain its function and structure when
pressed into a contact pad 92 disposed on a destination
substrate 90 (e.g., electrical conductivity does not degrade
due to deformation). 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 semi-
conductor layers 20 opposite a support substrate 10. Con-
nection posts 29 can have a variety of aspect ratios and
typically have a peak area smaller than a base area. Con-
nection posts 29 can have a sharp point for embedding in or
piercing contact pads 92 of a destination substrate 90.
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Connection posts 29 that protrude from semiconductor
devices generally are discussed in U.S. Pat. No. 8,889,485,
the disclosure of which is incorporated by reference herein
in its entirety.

[0114] Referring to FIGS. 7 and 8, in some embodiments
of the present invention, completed semiconductor devices
22 in accordance with at least one of FIGS. 6B-6D are
illustrated with a destination substrate 90 onto which the
completed semiconductor devices 22 are micro-transfer
printed. As shown in FIG. 7, the completed semiconductor
devices 22 with connection posts 29 disposed thereon (e.g.,
in accordance with FIG. 6C or FIG. 6D) are micro-transfer
printed onto the destination substrate 90 so that the connec-
tion posts 29 are aligned with and will pierce or otherwise
electrically connect (e.g., by contacting) with the contact
pads 92 of the destination substrate 90. Because the con-
nection posts 29 extend a common projection distance from
the completed semiconductor device 22, the top or bottom
surfaces of the completed semiconductor devices 22 are
substantially parallel to the destination substrate 90. In
contrast, referring to FIG. 8, the completed semiconductor
devices 22 (in accordance with FIG. 6B) have top or bottom
surfaces of the completed semiconductor devices 22 that are
not substantially parallel to the destination substrate 90
because the connection posts 29 do not project a common
distance from the completed semiconductor device 22.
However, because the size of the completed semiconductor
devices 22 over the destination substrate 90 is relatively
large compared to the difference in protrusion distance of the
connection posts 29, the completed semiconductor devices
22 can be successfully printed onto the destination substrate
90 and successfully make an electrical connection to the
contact pads 92. As shown in FIG. 8, the completed semi-
conductor device 22 is only slightly tilted or angled with
respect to a surface of the destination substrate 90 after
transfer printing.

[0115] According to some embodiments of the present
invention, and as illustrated in FIGS. 1F-1G and 2G-21, an
exemplary semiconductor structure 99 suitable for micro-
transfer printing made by a method disclosed herein includes
a handle substrate 50, a cured bonding layer 40 disposed in
contact with the handle substrate 50, an optional capping
layer 60 disposed in contact with the bonding layer 40, a
patterned release layer 30 disposed in contact with the cured
bonding layer 40 or the capping layer 60 (if present), an
entry path 34 existing between the patterned release layer 30
and the local environment, and one or more completed
semiconductor devices 22 disposed on or over the patterned
release layer 30 and attached to an anchor 38 disposed on the
handle substrate 50 with at least one tether 36. A tether 36
can be disposed between a completed semiconductor device
22 and a handle substrate 50, for example, connecting the
completed semiconductor device 22 to an anchor 38 post
(e.g., wherein the tether 36 is a connection interface). In
some embodiments, a tether 36 is disposed in a common
plane with an entry path 34.

[0116] A completed semiconductor device 22 can include
one or more of a semiconductor material, a compound
semiconductor material, GaN, Si, InP, SiGe, and GaAs. A
patterned release layer 30 can include one or more of
germanium, Si, TiW, Al, Ti, a lift-off resist, and other
polymers and, when etched or otherwise removed, forms a
gap 32 or space (e.g., between a bonding layer 40 or a
capping layer 60 and a completed semiconductor device 22).
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A curable bonding layer 40 can comprise or consist essen-
tially of a curable resin, a curable epoxy, a metal layer, a
metal alloy layer, a solder layer, or a layer of AuSn, for
example. A cured bonding layer 40 can comprise or consist
essentially of a cured resin, epoxy, a metal layer, a metal
alloy layer, a solder layer, or a layer of AuSn, for example.
[0117] In some embodiments, a completed semiconductor
device 22 can be exposed or the entry path 34 can be
exposed. In some embodiments, a removal layer 26 (e.g., an
ablation or etch-stop layer) is a portion, but only a portion,
of a completed semiconductor device 22. In some embodi-
ments, a semiconductor structure 99 includes a removal
layer 26 in contact with a completed semiconductor device
22 and is disposed on or over, or is a part of, a support
substrate 10 (e.g., can be patterned). In some embodiments,
a support substrate 10 is in contact with a completed
semiconductor device 22 or a removal layer 26 (and the
removal layer 26 is in contact with the completed semicon-
ductor device 22). A support substrate 10 can be one or more
of sapphire, quartz, silicon, GaAs, GaN, InP, SiC, GaP,
GaSb, AIN, and MgO. A support substrate 10 can be a
growth substrate, can have a semiconductor seed layer, or
can be a semiconductor layer 20.

[0118] A support substrate 10 can be removed by laser
ablating a removal layer 26 disposed thereon or a portion of
a completed semiconductor device 22, causing a mechanical
or acoustic shock wave to propagate through the completed
semiconductor device 22. To reduce or avoid damage from
the shock wave, in some embodiments, a capping layer 60
has a thickness and layer material shape or structure to
disperse, deflect, reflect, or absorb the shock wave. A
capping layer 60 can have a plurality of layers and different
materials.

[0119] In some embodiments, a completed semiconductor
device 22 includes a semiconductor structure with a non-
planar surface adjacent to a patterned release layer 30. A
completed semiconductor device 22 can include a non-
semiconductor structure in contact with the non-planar semi-
conductor structure surface adjacent to a patterned release
layer 30 so that the non-semiconductor structure forms at
least a portion of a planar surface for the completed semi-
conductor device 22.

[0120] In some embodiments, completed semiconductor
devices 22 can be micro-transfer printed from a handle
substrate 50 to a destination substrate 90. A destination
substrate 90 can have a non-planar surface with a topogra-
phy that corresponds to a non-planar semiconductor struc-
ture surface of the completed semiconductor device 22.
[0121] In some embodiments, a completed semiconductor
device 22 includes an electrical contact 25 on the side of the
completed semiconductor device 22 adjacent to a support
substrate 10 or an electrical contact 25 on the side of the
completed semiconductor device 22 adjacent to a patterned
release layer 30 (as shown, for example, in FIG. 1B). In
some embodiments, each electrical contact 25 includes an
electrically conductive connection post 29. In some embodi-
ments, an electrode is disposed on and electrically connected
to each electrical contact 25 in a completed semiconductor
device 22 and a connection post 29 is 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.

[0122] Connection posts 29 can have a first surface adja-
cent to a surface of the completed semiconductor device 22



US 2018/0226287 Al

and a second opposing surface with a smaller area than the
first surface such that the connection posts are tapered. In
some embodiments, a tapered connection post 29 has a
height to width aspect ratio greater than 1:1, wherein the
width of a connection post 29 is taken from a cross section
of the connection post 29 perpendicular to the height dimen-
sion [e.g., taken as a maximal width of the connection post
29 (e.g., the width of a base of a connection post 29)]. A
connection post 29 can have a height that is greater than a
dimension of the first surface or a height that is greater than
a dimension of the second opposing surface. A connection
post 29 can have a sharp point.

[0123] In some embodiments, a semiconductor structure
99 includes a plurality of completed semiconductor devices
22 each of which has at least one individual tether 36
physically connected to at least one individual anchor 38. In
some embodiments, at least two of the plurality of com-
pleted semiconductor devices 22 are physically connected to
a common structure comprising at least one tether 36 for
each completed semiconductor device 22. In some embodi-
ments, a semiconductor structure 99 comprises at least one
common anchor structure 39 to which a plurality of com-
pleted semiconductor structures 22 are physically con-
nected, each by at least one tether 36. In some embodiments,
at least two of a plurality of completed semiconductor
devices 22 are physically connected to a common anchor
structure 39 that is a ridge of material (e.g., that physically
connects to each of two or more completed semiconductor
devices 22 at an interface that is a tether 36).

[0124] Insome embodiments of the present invention, and
referring to FIGS. 10A-100 and also described above, a
semiconductor structure 99 suitable for transfer printing
(e.g., micro-transfer printing) comprises a handle substrate
50, a bonding layer 40 disposed in contact with the handle
substrate 50, and a patterned release layer 30 disposed in
contact with the bonding layer 40, wherein a portion of the
patterned release layer 30 is exposed, for example exposed
to the atmosphere or processing chemicals, reagents, plas-
mas, gases, or etchants, for example as shown in FIG. 101.
The exposed portion of a patterned release layer 30 can form
an entry path 34 (as shown in FIGS. 101, 2H, described
further below). A plurality of completed semiconductor
devices 22 are disposed on or over the patterned release
layer 30 and are each attached to an anchor 38 disposed on
a handle substrate 50, e.g. a portion of a bonding layer 40,
with at least one tether 36. Each completed semiconductor
device 22 comprises at least one electrical contact 25 on a
side of the completed semiconductor device 22 between the
completed semiconductor device 22 and the handle substrate
50 (e.g., as shown in FIG. 10D). A connection post 29 is
disposed on each electrical contact 25 and extends from the
electrical contact 25 toward a handle substrate 50 (e.g., as
shown in FIG. 10F). A patterned semiconductor support
layer 21 comprises a surface on which is disposed a com-
pleted semiconductor devices 22. The surface is also in
contact with a portion of a patterned release layer 30.

[0125] In some embodiments of the present invention, a
semiconductor structure 99 comprises a support substrate 10
in contact with a semiconductor support layer 21, for
example as shown in FIG. 10G and 10H. In some embodi-
ments, a support substrate 10 comprises a removal layer 26,
for example as shown in FIG. 2A. In some such embodi-
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ments, a portion of a patterned release layer 30 is in contact
with a support substrate 10, a layer on a support substrate 10,
or a removal layer 26.

[0126] In some embodiments of the present invention and
also as described above, a portion of a completed semicon-
ductor device 22 or a semiconductor support layer 21 is a
removal layer, or a semiconductor structure comprises a
removal layer in contact with a completed semiconductor
device 22.

[0127] In some embodiments of the present invention, as
shown in FIG. 101 and as discussed above (for example with
respect to FIG. 1G), a patterned release layer 30 defines a
gap 32 between a completed semiconductor device 22 and a
bonding layer 40. In some embodiments, and as illustrated
in FIGS. 6B-6D, each connection post 29 is tapered or a
connection post 29 has a height to width aspect ratio of
greater than 1:1, or both.

[0128] Referring in particular to FIGS. 10F-10I and to
FIG. 11, in some embodiments of the present invention, a
semiconductor structure 99 suitable for transfer printing
(e.g., micro-transfer printing) comprises a handle substrate
50, a bonding layer 40 disposed in contact with the handle
substrate 50, a capping layer 60 disposed in contact with the
bonding layer 40, and a patterned release layer 30 disposed
in contact with the capping layer 60, wherein a portion of the
patterned release layer 30 is exposed, for example exposed
to the atmosphere or, if the source substrate 10 is still
present, a portion of the patterned release layer 30 is in
contact with the source substrate 10 (e.g., such that the
portion of the patterned release layer 30 will be exposed to
the atmosphere when the source substrate 10 is removed).
The illustration of FIG. 1I corresponds FIG. 10H in that a
similar process of forming semiconductor structure 99 in
accordance with FIG. 10A-100 can be used to form and
print from the semiconductor structure 99 shown in FIG. 11.
An exposed portion of a patterned release layer 30 can form
an entry path 34 (as shown in FIG. 10H). A plurality of
completed semiconductor devices 22 are disposed on or over
a patterned release layer 30 and are each attached to at least
one anchor 38 disposed on a handle substrate 50 (e.g. a
portion of a bonding layer 40) with at least one tether 36.
Bach completed semiconductor device 22 comprises at least
one electrical contact 25 on a side of the completed semi-
conductor device 22 between the completed semiconductor
device 22 and a handle substrate 50. A connection post 29 is
disposed on each electrical contact 25 and extends from the
electrical contact 25 toward the handle substrate 50. The
connection post 29 can have a sharp point. A patterned
semiconductor support layer 21 comprises a surface on
which is disposed completed semiconductor devices 22 and
the surface is in contact with a portion of a patterned release
layer 30.

[0129] In some embodiments of the present invention, a
semiconductor structure 99 comprises a support substrate 10
in contact with a semiconductor support layer 21, for
example as shown in FIG. 10G. In some embodiments, a
support substrate 10 comprises a removal layer 26, for
example as shown in FIG. 2A. In some such embodiments,
a portion of a patterned release layer 30 is in contact with a
support substrate 10, a layer on the support substrate 10, or
a removal layer 26.

[0130] Insome embodiments of the present invention and
also as described above, a portion of a completed semicon-
ductor device 22 or a semiconductor support layer 21 is a
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removal layer, or the semiconductor structure 99 comprises
a removal layer in contact with the completed semiconduc-
tor device 22.

[0131] In some embodiments of the present invention, as
shown in FIG. 101 and as discussed above (for example with
respect to FIG. 1G), a patterned release layer 30 defines a
gap 32 between completed semiconductor devices 22 and a
bonding layer 40 or capping layer 60. In some embodiments,
and as illustrated in FIGS. 6B-6D, each connection post 29
is tapered or the connection post 29 has a height to width
aspect ratio of greater than 1:1, or both.

[0132] Referring to FIGS. 10A-100 and also as described
above with respect to FIGS. 1A-1], 2A-2K, FIGS. 3A-3B,
FIG. 4, and the flow chart of FIG. 12, a method of making
a semiconductor structure 99 suitable for transfer printing,
for example micro-transfer printing, comprises providing a
support substrate 10 in step 100, providing a semiconductor
support layer 21 over the support substrate 100 in step 102,
providing a semiconductor layer 20 disposed over the semi-
conductor support layer 21 in step 105 (as shown in FIG.
10A), and optionally processing the semiconductor layer 20
in step 110 to form a plurality of semiconductor devices 23
disposed in, on, or over the semiconductor support layer 21,
each of the semiconductor devices 23 having one or more
electrical contacts 25 exposed on a side of the semiconduc-
tor device 23 opposite the semiconductor support layer 11
(as shown in FIG. 10B). A connection post 29 is formed on
each of the exposed electrical contacts 25, the connection
posts 29 extending in a direction away from the semicon-
ductor support layer 10 in step 112 (as shown in FI1G. 10C).
The semiconductor layer 20 is processed, for example by
pattern-wise etching, by exposure to a developer, or by
exposure to oxygen plasma, to separate the semiconductor
devices 23 and form a corresponding plurality of completed
semiconductor devices 22 in step 113 (as shown in FIG.
10D). Similarly, the semiconductor support layer 21 is
patterned, for example by pattern-wise etching, to expose a
portion of the support substrate 10 in step 114 (FIG. 10E).

[0133] A patterned release layer 30 is formed on or over
the completed semiconductor devices 22 in step 115 (FIG.
10F), the patterned release layer 30 (i) in contact with
portions of the patterned semiconductor support layer 21 on
which the complete semiconductor devices 22 are disposed
and (ii) in contact with at least a portion of the support
substrate 10. An optional capping layer 60 is provided in
step 120 (as shown in FIG. 11) over the patterned release
layer 30. Referring to FIGS. 10G and 10H, a handle sub-
strate 50 is provided (step 125) and a conformable bonding
layer 40 is disposed on the patterned release layer 30 or on
the capping layer 60, if present, or on the handle substrate 50
in step 130 (as shown in FIG. 10G). The bonding layer 40
can be a curable bonding layer, for example a UV-curable or
heat-curable resin or a metal or metal alloy layer that can be
cured by heating the metal or metal alloy, disposing a
structure in contact with the melted metal or metal alloy, and
then cooling the metal. The handle substrate 50 is bonded to
the patterned release layer 30 (or the capping layer 60, if
present) with the bonding layer 40 in step 135 (as shown in
FIG. 10H). In step 140, the support substrate 10 is removed
to expose the patterned semiconductor support layer 21
where it was in contact with the support substrate 10 (as
shown in FIG. 101), or expose the completed semiconductor
devices 22.
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[0134] Insome embodiments of the present invention, the
optional capping layer has a suitable thickness so that the
optional capping layer 60 disperses, deflects, reflects, or
absorbs a shock wave produced by laser ablation of at least
a portion of the support substrate or semiconductor support
layer. For example, the optional capping layer 60 can have
a thickness greater than the thickness of the patterned release
layer 30. The optional capping layer 60 can have a thickness
of about 40,000 Angstroms (e.g., between 30,000 Angstroms
and 50,000 Angstroms). In some embodiments, the capping
layer 60 is a stiffener or is also a stiffener that helps to protect
the completed semiconductor devices 22 from mechanical
stress during the removal of the support substrate 10 or
during a micro-transfer print process.

[0135] If the patterned release layer 30 is not exposed, an
entry path 34 can be formed, for example by pattern-wise
etching. In some embodiments of the present invention, at
least a portion of the patterned release layer 30 is removed
in step 150, for example by etching, to form a gap 32
between at least a portion of the completed semiconductor
devices 22 and at least a portion of the bonding layer 40 or
capping layer 60, if present (as shown in FIG. 10]). The
removal step 150 also forms a tether 36 physically connect-
ing the completed semiconductor device 22 to an anchor 38
disposed on the handle substrate 50, for example a portion
of the bonding layer 40. In some embodiments, the anchors
38 are disposed laterally between completed semiconductor
devices 22 and each tether 36 extends laterally from a
completed micro-device to an anchor 38. The tethers 36 can
be in a common plane with the entry path 34. In some
embodiments, each tether 36 is a portion of the semicon-
ductor support layer 21.

[0136] Referring to FIG. 10K, in step 160, the completed
semiconductor devices 22 are contacted with a stamp 80 and
the stamp 80 is removed from the handle substrate 50 to
adhere the completed semiconductor devices 22 to the stamp
80, thereby fracturing the tethers 36 to make a fractured
tether 37 (as shown in FIG. 10L). The stamp 80 and
completed semiconductor devices 22 are transported to a
destination substrate 90 (provided in step 155) and the
completed semiconductor devices 22 are contacted to the
destination substrate 90 with the connection posts 29 elec-
trically in contact with the contact pads 92 (as shown in FIG.
10M). The stamp 80 is then removed (as shown in FIG. 10N)
leaving the completed semiconductor devices 22 micro-
transfer printed from the handle substrate 50 onto the
destination substrate (as shown in FIG. 100).

[0137] Insome embodiments of the present invention, the
support substrate 10 is removed (step 140) by one or more
of laser liftoff, ablation, laser ablation, etching, and grinding,
for example a fluorine-based dry etch with an optional grind
first. The semiconductor support layer 21 can be or comprise
an ablation layer or a removal layer. An etch-stop layer can
be disposed between the completed semiconductor device
22 and the support substrate 10. The support substrate 10 can
comprise a removal layer, for example a layer for absorbing
laser light to dissociate the support substrate 10 from the
semiconductor support layer 21.

[0138] Materials of the various elements of the semicon-
ductor structure 99 constructed using the method described
in FIGS. 10A-100 can be the same as or similar to those
described in FIGS. 1A-1J or 2A-2K. The semiconductor
support layer 21 can comprise a dielectric material that is
differentially etchable from the support substrate 10 and can
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include patterned or unpatterned growth layers. For
example, as with the support substrate 10, the semiconductor
support layer 21 can comprise multiple layers, can include
one or more semiconductor layers 20, 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 semiconductor support layer 21 can
be crystalline or have a crystalline layer. The handle sub-
strate 50 can be a glass, ceramic, or semiconductor wafer, for
example a silicon wafer.

[0139] Certain embodiments of the present invention pro-
vide, inter alia, methods and structures for making micro-
transfer printable structures on a handle (or carrier) substrate
using fewer process steps, with fewer layers, or with fewer
process chemicals, and with less-stringent resolution
requirements. Micro-transfer printable completed semicon-
ductor devices 22 made by methods in accordance with
some embodiments of the present invention can include one
or more of a variety of semiconductor structures, including
(for example, but not limited to) a diode, a light-emitting
diode (LED), a laser (e.g., a diode laser), a photo-diode (e.g.,
solar cell), a photo-transistor, a transistor, a sensor, or an
integrated circuit.

[0140] In some embodiments of the present invention,
micro-transfer printable completed semiconductor devices
22 have a length greater than a width, for example having an
aspect ratio greater than or equal to 2, 4, 8, 10, 20, or 50, and
electrical contacts 25 that are adjacent to the ends of the
completed semiconductor devices 22 along the length of the
micro-transfer printable completed semiconductor devices
22. Completed semiconductor devices 22 can have a variety
of different sizes. For example, in some embodiments,
completed semiconductor devices 22 have at least one of a
width from 2 to 5 pm, 5 10 10 pm, 10 to 20 pm, or 20 to 50
um, a length from 2 to Sum, 5 to 10 um, 10 to 20 pm, or 20
to 50 pm, and a height from 2 to 5 pm, 4 to 10 pm, 10 to 20
pm, or 20 to 50 pm.

[0141] 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/JSID19.4.335, 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, the disclo-
sure of each of which is hereby incorporated by reference in
its entirety. Micro-transfer printing using compound micro-
assembly structures and methods can also be used with
certain embodiments of the present invention, for example,
as described in U.S. patent application Ser. No. 14/822,868,
filed Aug. 10, 2015, entitled “Compound Micro-Assembly
Strategies and Devices”, the disclosure of which is hereby
incorporated by reference in its entirety. Additional details
useful in understanding and performing aspects of certain
embodiments of the present invention are described in U.S.
patent application Ser. No. 14/743,981, filed Jun. 18, 2015,
entitled “Micro Assembled LED Displays and Lighting
Elements”, the disclosure of which is hereby incorporated
by reference in its entirety.

[0142] 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
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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.

[0143] 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
should not be limited to certain implementations, but rather
should be limited only by the spirit and scope of the
following claims.

[0144] 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.

[0145] 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
[0146] Dg thickness/dimension
[0147] D, thickness/dimension
[0148] 10 support substrate
[0149] 20 semiconductor layer
[0150] 21 semiconductor support layer
[0151] 22 completed semiconductor device
[0152] 23 semiconductor device
[0153] 24 dielectric layer
[0154] 25 electrical contact
[0155] 26 removal layer
[0156] 27, 27A, 27B electrode
[0157] 29 connection post
[0158] 30 release layer
[0159] 32 gap
[0160] 34 entry path
[0161] 36 tether
[0162] 37 fractured tether
[0163] 38 anchor
[0164] 39 anchor structure
[0165] 40 bonding layer
[0166] 42 bonding layer planar side
[0167] 44 non-planar bonding layer opposite side
[0168] 50 handle substrate
[0169] 60 capping layer
[0170] 70 electromagnetic radiation
[0171] 80 stamp
[0172] 82 stamp pillar
[0173] 90 destination substrate
[0174] 92 contact pads
[0175] 99 semiconductor structure
[0176] 100 provide support substrate step
[0177] 102 provide support layer
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[0178] 105 dispose semiconductor layer step

[0179] 110 optional process semiconductor layer step
[0180] 112 form connection posts

[0181] 113 separate semiconductor devices

[0182] 114 pattern semiconductor support layer
[0183] 115 form patterned release layer step

[0184] 120 optional provide capping layer step
[0185] 125 provide handle substrate step

[0186] 130 dispose bonding layer step

[0187] 135 bond handle substrate step

[0188] 140 remove support substrate step

[0189] 145 optional form entry path step

[0190] 150 etch release layer step

[0191] 155 provide destination substrate step

[0192] 160 micro-transfer print semiconductor device to

destination substrate step

What is claimed:

1. A method of making a semiconductor structure suitable

for transfer printing, comprising:

providing a support substrate;

providing a semiconductor support layer over the support
substrate;

providing a semiconductor layer disposed over the semi-
conductor support layer;

forming a plurality of semiconductor devices disposed in,
on, or over the semiconductor support layer, each of the
semiconductor devices comprising one or more elec-
trical contacts exposed on a side of the semiconductor
device opposite the semiconductor support layer;

forming a connection post on each of the exposed elec-
trical contacts, the connection posts extending in a
direction away from the semiconductor support layer;

patterning the semiconductor layer to separate the semi-
conductor devices in order to form a corresponding
plurality of completed semiconductor devices;

patterning the semiconductor support layer to expose a
portion of the support substrate;

forming a patterned release layer on or over the plurality
of completed semiconductor devices, the patterned
release layer (i) in contact with portions of the pat-
terned semiconductor support layer on which the com-
plete semiconductor devices are disposed and (ii) in
contact with at least a portion of the support substrate;

providing a handle substrate;

disposing a conformable bonding layer on the patterned
release layer or on the handle substrate;

bonding the handle substrate to the patterned release layer
with the bonding layer; and

removing the support substrate to expose at least a portion
of the patterned semiconductor support layer.

2. The method of claim 1, comprising:

disposing a capping layer over the patterned release layer,
wherein the capping layer disperses, deflects, reflects,
or absorbs a shock wave produced by laser ablation of
at least a portion of the support substrate or semicon-
ductor support layer.

3. The method of claim 1, comprising:

removing at least a portion of the patterned release layer
to form a gap between at least a portion of the com-
pleted semiconductor device and at least a portion of
the bonding layer; and

forming tethers physically connecting the plurality of
completed semiconductor devices to anchors disposed
on the handle substrate.
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4. The method of claim 3, wherein the anchors are
disposed laterally between ones of the plurality of completed
semiconductor devices and each of the tethers extends
laterally from one of the completed micro-device to one of
the anchors.

5. The method of claim 3, wherein each of the tethers is
a portion of the semiconductor support layer.

6. The method of claim 3, comprising micro-transfer
printing the completed semiconductor devices from the
handle substrate to a destination substrate and electrically
contacting the connection posts to corresponding electrical
contact pads on the destination substrate.

7. The method of claim 1, wherein removing the support
substrate comprises one or more of laser liftoff, ablation,
laser ablation, etching, and grinding.

8. The method of claim 1, wherein the semiconductor
support layer is an ablation layer, a removal layer, or an
etch-stop layer disposed between the completed semicon-
ductor device and the support substrate.

9. The method of claim 1, wherein removing the support
substrate comprises removing a removal layer.

10. A semiconductor structure suitable for transfer print-
ing, comprising:

a handle substrate;

a bonding layer disposed in contact with the handle

substrate;

a patterned release layer disposed in contact with the
bonding layer;

a plurality of completed semiconductor devices disposed
on or over the patterned release layer and each attached
to one or more anchors disposed on the handle substrate
with at least one tether, each of the plurality of com-
pleted semiconductor devices comprising at least one
electrical contact disposed on a side of the completed
semiconductor device between the completed semicon-
ductor device and the handle substrate;

a connection post disposed on each of the at least one
electrical contacts and extending from the electrical
contact toward the handle substrate; and

a patterned semiconductor support layer comprising a
surface on which is disposed the plurality of completed
semiconductor devices and wherein the surface is in
contact with a portion of the patterned release layer.

11. The semiconductor structure of claim 10, wherein a
portion of the patterned release layer is exposed.

12. The semiconductor structure of claim 10, wherein a
portion of the plurality of completed semiconductor devices
or the semiconductor support layer is or comprises a
removal layer.

13. The semiconductor structure of claim 10, comprising
a support substrate in contact with the patterned semicon-
ductor support layer and in contact with a portion of the
patterned release layer.

14. The semiconductor structure of claim 12, wherein the
support substrate comprises a removal layer.

15. The semiconductor structure of claim 10, wherein the
patterned release layer defines a gap between the plurality of
completed semiconductor devices and the bonding layer.

16. A semiconductor structure suitable for transfer print-
ing, comprising:

a handle substrate;

a bonding layer disposed in contact with the handle

substrate;
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a capping layer disposed in contact with the bonding
layer;

a patterned release layer disposed in contact with capping
layer;

a plurality of completed semiconductor devices disposed
on or over the patterned release layer and each attached
to at least one anchor disposed on the handle substrate
with at least one tether, each of the plurality of com-
pleted semiconductor devices comprising at least one
electrical contact disposed on a side of the completed
semiconductor device between the completed semicon-
ductor device and the handle substrate;

a connection post disposed on each of the at least one
electrical contacts and extending from the electrical
contact toward the handle substrate; and

a patterned semiconductor support layer comprising a
surface on which is disposed the completed semicon-
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ductor devices and wherein the surface is in contact
with a portion of the patterned release layer.

17. The semiconductor structure of claim 16, wherein a
portion of the patterned release layer is exposed.

18. The semiconductor structure of claim 16, wherein a
portion of the plurality of completed semiconductor devices
or the semiconductor support layer is a removal layer, or the
semiconductor structure comprises a removal layer in con-
tact with the completed semiconductor device.

19. The semiconductor structure of claim 16, comprising
a support substrate in contact with the semiconductor sup-
port layer and in contact with a portion of the patterned
release layer.

20. The semiconductor structure of claim 19, wherein the
support substrate comprises a removal layer.

* ok %k
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