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ABSTRACT

A method of fabricating and transferring a micro device and
an array of micro devices to a receiving substrate are
described. In an embodiment, an electrically insulating layer
is utilized as an etch stop layer during etching of a p-n diode
layer to form a plurality of micro p-n diodes. In an embodi-
ment, an electrically conductive intermediate bonding layer is
utilized during the formation and transfer of the micro devices
to the receiving substrate.
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Position a transfer head over a carrier
substrate having an array of micro LED
structures disposed thereon, each micro LED
structure including a micro p-n diode, a
reflective metallization stack below a bottom
surface of the micro p-n diode, and an
electrically insulating spacer spanning a portion
of sidewalls of the reflective metallization stack
and laterally surrounding the reflective
metallization stack, with the reflective
metallization stack between the micro p-n diode
and a bonding layer on the carrier substrate.

1300
|

Perform an operation to create a phase change
in the bonding layer for at least one of the
micro LED structures 1310

Pick up the micro p-n diode, reflective
metallization stack and electrically insulating
spacer for at least one of the micro LED
structure with a transfer head

Place the micro p-n diode, reflective
metallization stack, and electrically insulating
spacer for the at least one micro LED structure
on a receiving substrate

1320

1330

FIG. 13
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Bond a first substrate stack to a second
substrate stack with an intermediate electrically
conductive bonding layer having a liquidus
temperature of 350 °C or lower

|

Pattern an active device layer of the first
substrate stack to form a plurality of micro
devices 1610

|

Heat a region of the intermediate electrically
conductive bonding layer to the liquidus

temperature or higher 1620

Pick up one of the plurality of micro devices

and a portion of the intermediate electrically
conductive bonding layer with a transfer head

1630
|

Place the micro device and the portion of the
intermediate electrically conductive bonding
layer on an electrically conductive receiving

bonding layer on a receiving substrate
640
I

Bond the intermediate electrically conductive
bonding layer to the electrically conductive
receiving bonding layer to form a permanent
alloy bonding layer having a liquidus
temperature above 150 °C

1600

1650

FIG. 16
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Position a transfer head over a micro device
connected to a carrier substrate, the transfer
head comprising: a mesa structure, an
electrode over the mesa structure, and a
dielectric layer covering the electrode

211

Contact the micro device with the transfer head
2120

Apply a voltage to the electrode to create a grip
force on the micro device

2130

Pick up the micro device with the transfer head
2140

Release the micro device onto a receiving
substrate
2150

FIG. 21
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Position an array of transfer heads over an
array of micro devices, each transfer head
comprising: a mesa structure, an electrode
over the mesa structure, and a dielectric layer
covering the electrode

221

Contact the array of micro devices with the
array of transfer heads

Selectively apply a voltage to a portion of the
array of transfer heads

2220

2230

Pick up a corresponding portion of the array of
micro devices with the portion of the array of
transfer heads 2240

Selectively release the portion of array of micro
devices onto at least one receiving substrate

2250

FIG. 22
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Heat a substrate carrying a micro device
connected to a bonding layer to a temperature
below a liquidus temperature of the bonding

layer
2910

Heat a transfer head to a temperature above

the liquidus temperature of the bonding layer
2920

Contact the micro device with the transfer head
2925

Transfer heat from the transfer head into the
bonding layer to at least partially melt the

bonding layer 2930

Apply a voltage to the transfer head to create a

grip pressure on the micro device
2940

Pick up the micro device with the transfer head
2945

Contact a receiving substrate with the micro

device
2950

Release the micro device onto a receiving
substrate

2960

FIG. 29
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Heat a substrate carrying an array of micro
devices connected to a plurality of locations of
a bonding layer to a temperature below a

liquidus temperature of the bonding layer
3310

Heat an array of transfer heads to a
temperature above the liquidus temperature of
the bonding layer 3320

Contact the array of micro devices with the
array of transfer heads

Transfer heat from the array of transfer heads
into the plurality of locations of the bonding
layer to at least partially melt portions of the

plurality of locations of the bonding Iay%r330

3325

Selectively apply a voltage to a portion of the
array of transfer heads
3340

Pick up a corresponding portion of the array of
micro devices with the portion of the array of
transfer heads 3345

Contact a receiving substrate with the portion

of the array of micro devices
3350

Selectively release the portion of array of micro
devices onto at least one receiving substrate
3360

FIG. 33
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METHOD OF FABRICATING AND
TRANSFERRING A MICRO DEVICE AND AN
ARRAY OF MICRO DEVICES UTILIZING AN

INTERMEDIATE ELECTRICALLY

CONDUCTIVE BONDING LAYER

RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 13/372,422 filed on Feb. 13,2012,
which claims the benefit of priority from U.S. Provisional
Patent Application Ser. No. 61/561,706 filed on Nov. 18,
2011, U.S. Provisional Patent Application Ser. No. 61/594,
919filed on Feb. 3,2012, U.S. Provisional Patent Application
Ser. No. 61/597,109 filed on Feb. 9, 2012, and U.S. Provi-
sional Patent Application Ser. No. 61/597,658 filed on Feb.
10,2012, the full disclosures of which are incorporated herein
by reference.

BACKGROUND

[0002] 1.Field

[0003] The present invention relates to micro semiconduc-
tor devices. More particularly embodiments of the present
invention relate to a method of forming an array of micro
devices such as light emitting diodes (LEDs) and transferring
to a different substrate.

[0004] 2. Background Information

[0005] Light emitting diodes (LEDs) based upon gallium
nitride (GaN) are expected to be used in future high-efficiency
lighting applications, replacing incandescent and fluorescent
lighting lamps. Current GaN-based LED devices are prepared
by heteroepitaxial growth techniques on foreign substrate
materials. A typical wafer level LED device structure may
include a lower n-doped GaN layer formed over a sapphire
growth substrate, a single quantum well (SQW) or multiple
quantum well (MWQ), and an upper p-doped GaN layer.
[0006] In one implementation, the wafer level LED device
structure is patterned into an array of mesas on the sapphire
growth substrate by etching through the upper p-doped GaN
layer, quantum well layer, and into the n-doped GaN layer. An
upper p-electrode is formed on the top p-doped GaN surfaces
of the array of mesas, and an n-electrode is formed on a
portion of the n-doped GaN layer which is in contact with the
array of mesas. The mesa LED devices remain on the sapphire
growth substrate in the final product.

[0007] In another implementation, the wafer level LED
device structure is transferred from the growth substrate to an
acceptor substrate such as silicon, which has the advantage of
being more easily diced to form individual chips than a GaN/
sapphire composite structure. In this implementation, the
wafer level LED device structure is permanently bonded to
the acceptor (silicon) substrate with a permanent bonding
layer. For example, the p-electrode formed on the p-doped
GaN surfaces of the array of mesas can be bonded to the
acceptor (silicon) substrate with a permanent bonding layer.
The sapphire growth substrate is then removed to expose the
inverted wafer level LED device structure, which is then
thinned to expose the array of mesas. N-contacts are then
made with the exposed n-doped GaN, and p-contacts are
made on the silicon surface which is in electrical contact with
the p-electrode. The mesa LED devices remain on the accep-
tor substrate in the final product. The GaN/silicon composite
can also be diced to form individual chips.

May 23, 2013

SUMMARY OF THE INVENTION

[0008] A micro light emitting diode (LED) and a method of
forming an array of micro LEDs for transfer to a receiving
substrate are described. For example, the receiving substrate
may be, but is not limited to, a display substrate, a lighting
substrate, a substrate with functional devices such as transis-
tors or integrated circuits (ICs), or a substrate with metal
redistribution lines. In an embodiment, a micro LED structure
includes a micro p-n diode, a reflective metallization stack
below a bottom surface of the micro p-n diode, and an elec-
trically insulating spacer spanning a portion of sidewalls of
the reflective metallization stack and laterally surrounding the
reflective metallization stack, where the reflective metalliza-
tion stack is between the micro p-n diode and a bonding layer
formed on a substrate. In an embodiment, the bonding layer
has a liquidus temperature of approximately 350° C. or lower,
and more specifically approximately 200° C. or lower. In an
embodiment, the bonding layer is an alloy bonding layer. For
example, the bonding layer may be an indium-silver (InAg)
alloy. Depending upon the manner of formation, the bonding
layer can have a uniform concentration, or a gradient concen-
tration.

[0009] The electrically insulating spacer may span a por-
tion of a bottom surface of the metallization stack. The elec-
trically insulating spacer may span a portion of the bottom
surface of the micro p-n diode. A conformal dielectric barrier
layer may span sidewalls of the micro p-n diode and partially
span the bottom surface of the micro p-n diode.

[0010] In an embodiment, a method of forming a micro
LED array includes bonding a first substrate stack to a bond-
ing layer on a second substrate stack. The first substrate stack
may include a p-n diode layer formed on a growth substrate,
a plurality of separate reflective metallization stacks on the
p-n diode layer, and a patterned electrically insulating layer
laterally between the plurality of separate reflective metalli-
zation stacks on the p-n diode layer. In an embodiment, the
plurality of separate reflective metallization stacks on the p-n
diode layer can be patterned followed by depositing the elec-
trically insulating layer prior to bonding the first substrate
stack to the bonding layer on the second substrate stack. The
electrically insulating layer can also be patterned to form a
plurality of openings exposing the plurality of separate reflec-
tive metallization stacks, followed by depositing a first elec-
trically conductive bonding layer over the patterned electri-
cally insulating layer and the plurality of separate reflective
metallization stacks.

[0011] The first substrate stack may include a first electri-
cally conductive bonding layer over the patterned electrically
insulating layer and the plurality of separate reflective metal-
lization stacks. Bonding of the first substrate stack to the
second substrate stack may include bonding the first electri-
cally conductive bonding layer to the second electrically con-
ductive bonding layer. In an embodiment, the first electrically
conductive bonding layer and the second electrically conduc-
tive bonding layer are formed of the same material, and are
fusion bonded together. For example, the material of the two
bonding layers may have a liquidus temperature of approxi-
mately 350° C. or lower, or more specifically approximately
200° C. or lower. In an embodiment, the first and second
electrically conductive bonding layers are formed of indium.
[0012] In an embodiment, bonding the first electrically
conductive bonding layer and the second electrically conduc-
tive bonding layer forms an alloy bonding layer. The two
bonding layers which form the alloy bonding layer may form
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analloy with a liquidus temperature of approximately 350° C.
or lower, or more specifically approximately 200° C. or lower.
As an example, the first electrically conductive bonding layer
may include silver, and the second electrically conductive
bonding layer may include indium. Alternatively, the first
electrically conductive bonding layer may include indium,
and the second electrically conductive bonding layer may
include silver. The relative thicknesses of the bonding layers
can be controlled to keep the liquidus temperature of the alloy
bonding layer within a useable range. In an embodiment, one
of'the first and second electrically conductive bonding layers
has a thickness which is 5% or less a thickness of the other one
of'the first and second electrically conductive bonding layers.
Bonding of the two bonding layers together may result in one
or both of the electrically conductive bonding layers being
completely consumed in the resultant alloy bonding layer at
locations where the electrically conductive bonding layers
make contact with one another.

[0013] The first substrate is then removed, and the p-n
diode is then etched through to form a plurality of micro p-n
diodes over the plurality of separate reflective metallization
stacks to expose the patterned electrically insulating layer
laterally between the plurality of micro p-n diodes. In an
embodiment, etching through the p-n diode layer to from the
plurality of micro p-n diodes is performed utilizing a plasma
etching technique. The plurality of micro p-n diodes can
include a top surface, a bottom surface, and tapered sidewalls,
where the bottom surface is wider than the top surface. After
formation of the plurality of micro p-n diodes, the patterned
electrically insulating layer can be etched to expose a bottom
surface of each of the plurality of micro p-n diodes. A con-
formal dielectric barrier layer can then be formed on side
surfaces and a portion of the bottom surface of each of the
plurality of micro p-n diodes. The conformal dielectric layer
may cover side surfaces of the quantum well layer in each of
the plurality of micro p-n diodes.

[0014] In an embodiment, a method of transferring one or
more micro LEDs to a receiving substrate includes position-
ing a transfer head over a carrier substrate having an array of
micro LED structures disposed thereon. Each micro LED
structure includes a micro p-n diode, a reflective metallization
stack below a bottom surface of the micro p-n diode, and an
electrically insulating spacer spanning a portion of sidewalls
of the reflective metallization stack and laterally surrounding
the reflective metallization stack, with the reflective metalli-
zation stack being between the micro p-n diode and a bonding
layer on the carrier substrate. An operation is performed to
create a phase change in the bonding layer for at least one of
the micro LED structures. For example, the operation may
include heating the bonding layer above a liquidus tempera-
ture of the bonding layer, with the liquidus temperature being
350° C. or lower, or more specifically 200° C. or lower. The
bonding layer may also be an alloy bonding layer, such as an
Ag—In alloy bonding layer, or a fusion bonded bonding
layer, such as an In—In bonding layer.

[0015] The micro p-n diode, reflective metallization stack,
and electrically insulating spacer for at least one of the micro
LED structures is picked up with a transfer head. In some
embodiments, a substantial portion, such as approximately
half a thickness of the bonding layer, is also picked up. In
some embodiments a conformal dielectric barrier layer span-
ning sidewalls, and a bottom surface of the micro p-n diode is
also picked up. The micro LED structure which has been
picked up with the transfer head is then placed onto a receiv-
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ing substrate. The transfer head may operate in accordance
with a variety of principles, including the transfer head exert-
ing a pick up pressure on the micro LED structure in accor-
dance with electrostatic principles. Heat may also be applied
to the bonding layer to create the phase change from a variety
of sources, including local heat transfer, heat transfer through
the carrier substrate, and heat transfer through the transfer
head, and combinations thereof.

[0016] Inan embodiment, a method of fabricating a micro
device such as a micro LED device includes bonding a first
substrate stack to a second substrate stack with an intermedi-
ate electrically conductive bonding layer having a liquidus
temperature of 350° C. or lower, or more specifically 200° C.
or lower. An active device layer such as a p-n diode layer,
which may contain a quantum well layer, in the first substrate
stack is then patterned to form a plurality of micro devices. A
region of the intermediate electrically conductive bonding
layer is then heated to its liquidus temperature or higher, and
at least one of the plurality of micro devices is picked up,
along with a portion of the intermediate electrically conduc-
tive bonding layer, with a transfer head. The micro device and
the portion of the intermediate electrically conductive bond-
ing layer are then placed onto an electrically conductive
receiving bonding layer on a receiving substrate, and the
intermediate electrically conductive bonding layer and the
electrically conductive receiving bonding layer are bonded
together to form a permanent alloy bonding layer having a
liquidus temperature above 150° C., or more specifically
above 200° C. or above 250° C. For example, the intermediate
electrically conductive bonding layer can be a pure metal
layer, alloy bonding layer, or fusion bonded layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1A is a cross-sectional side view illustration of
a bulk LED substrate in accordance with an embodiment of
the invention.

[0018] FIG. 1B is a cross-sectional side view illustration of
a patterned reflective metallization stack layer in accordance
with an embodiment of the invention.

[0019] FIG. 1C s a cross-sectional side view illustration of
an electrically insulating layer formed over and laterally
between a plurality of separate reflective metallization stacks
in accordance with an embodiment of the invention.

[0020] FIGS. 1D-1F include top and cross-sectional side
view illustrations of a patterned electrically insulating layer
laterally between a plurality of separate reflective metalliza-
tion stacks in accordance with an embodiment of the inven-
tion.

[0021] FIGS. 1G-1I are cross-sectional side view illustra-
tions of an adhesion layer and an electrically conductive
bonding layer formed over a patterned electrically insulating
layer and a plurality of separate reflective metallization stacks
in accordance with an embodiment of the invention.

[0022] FIG. 1J-1L are cross-sectional side view illustra-
tions of a patterned adhesion layer and an electrically con-
ductive bonding layer in accordance with an embodiment of
the invention.

[0023] FIGS. 2A-2E are cross-sectional side view illustra-
tions of a carrier substrate with bonding layer in accordance
with an embodiment of the invention.

[0024] FIGS. 3A-3B are cross-sectional side view illustra-
tions of bonding a growth substrate and carrier substrate
together in accordance with an embodiment of the invention.
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[0025] FIG. 4A is an Ag—In binary phase diagram in
accordance with an embodiment of the invention.

[0026] FIG. 4B is an Au—In binary phase diagram in
accordance with an embodiment of the invention.

[0027] FIG.4Cisan Al-—In binary phase diagram in accor-
dance with an embodiment of the invention.

[0028] FIG. 5 is a cross-sectional side view illustration of
various possible structures for the growth substrate and car-
rier substrate prior to bonding together in accordance with an
embodiment of the invention

[0029] FIG. 5' is a cross-sectional side view illustration of
various possible structures after bonding the growth substrate
and carrier substrate together in accordance with an embodi-
ment of the invention.

[0030] FIG. 6 is a cross-sectional side view illustration of
the growth substrate removed from the bonded structure in
accordance with an embodiment of the invention.

[0031] FIG. 7 is a cross-sectional side view illustration of a
thinned-down p-n diode layer in accordance with an embodi-
ment of the invention.

[0032] FIGS. 8-8' are cross-sectional side view illustrations
of etching p-n diode layer to form micro p-n diodes in accor-
dance with an embodiment of the invention.

[0033] FIG. 8" is a cross-sectional side view illustration of
etching a patterned electrically insulating layer to expose a
bottom surface of each of a plurality of micro p-n diodes in
accordance with an embodiment of the invention.

[0034] FIGS.9-9"are cross-sectional side view illustrations
of the formation of contact openings in a micro LED array in
accordance with an embodiment of the invention.

[0035] FIGS. 10-10" are cross-sectional side view illustra-
tions of the formation of contact openings in a micro LED
array in accordance with an embodiment of the invention.
[0036] FIG. 11 is a cross-sectional side view of an array of
micro LED structures on a carrier substrate in accordance
with an embodiment of the invention.

[0037] FIGS.12A-12B includetop and cross-sectional side
view illustrations of a carrier wafer and array of micro LED
structures including micro p-n diodes in accordance with an
embodiment of the invention.

[0038] FIG. 13 is an illustration of a method of picking up
and transferring a micro LED structure from a carrier sub-
strate to a receiving substrate in accordance with an embodi-
ment of the invention.

[0039] FIG. 14 is a cross-sectional side view illustration of
a transfer head picking up a micro LED structure from a
carrier substrate in accordance with an embodiment of the
invention.

[0040] FIG. 15is a cross-sectional side view illustration of
a receiving substrate with a micro LED structure in accor-
dance with an embodiment of the invention.

[0041] FIG. 16 is a flow chart illustrating a method of
fabricating an array of micro devices in accordance with an
embodiment of the invention.

[0042] FIG. 17 is a cross-sectional side view illustration of
a receiving substrate with an electrically conductive bonding
layer in accordance with an embodiment of the invention.
[0043] FIG. 18 is a cross-sectional side view illustration of
a micro LED structure bonded to a receiving substrate in
accordance with an embodiment of the invention.

[0044] FIG. 19A is a graphical illustration showing the
pressure required to overcome the force of surface tension to
pick up a micro device of various dimensions in accordance
with an embodiment of the invention.
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[0045] FIG. 19B is a graphical illustration of the relation-
ship between surface tension and increasing gap distance
created during a pick up operation in accordance with an
embodiment of the invention.

[0046] FIG. 19C is a graphical illustration of the relation-
ship between viscous force pressures and increasing gap dis-
tance created during a pick up operation at various pull rates
in accordance with an embodiment of the invention.

[0047] FIG. 19D is a graphical illustration obtained by
modeling analysis showing the grip pressure exerted by a
transter head on a micro device as the transfer head is with-
drawn from the micro device in accordance with an embodi-
ment of the invention.

[0048] FIG. 20 is a cross-sectional side view illustration of
a bipolar micro device transfer head in accordance with an
embodiment of the invention.

[0049] FIG. 21 is a flow chart illustrating a method of
picking up and transferring a micro device from a carrier
substrate to a receiving substrate in accordance with an
embodiment of the invention.

[0050] FIG. 22 is a flow chart illustrating a method of
picking up and transferring an array of micro devices from a
carrier substrate to at least one receiving substrate in accor-
dance with an embodiment of the invention.

[0051] FIG. 23 is a cross-sectional side view illustration of
an array of micro device transfer heads in contact with an
array of micro LED devices in accordance with an embodi-
ment of the invention.

[0052] FIG. 24 is a cross-sectional side view illustration of
an array of micro device transfer heads in contact with an
array of micro LED devices in accordance with an embodi-
ment of the invention.

[0053] FIG. 25 is a cross-sectional side view illustration of
an array of micro device transfer heads picking up an array of
micro LED devices in accordance with an embodiment of the
invention.

[0054] FIG. 26 is a cross-sectional side view illustration of
anarray of micro device transfer heads picking up a portion of
anarray of micro LED devices in accordance with an embodi-
ment of the invention.

[0055] FIG. 27 is a cross-sectional side view illustration of
an array of micro device transfer heads with an array of micro
LED devices positioned over a receiving substrate in accor-
dance with an embodiment of the invention.

[0056] FIG. 28 is a cross-sectional side view illustration of
amicro device selectively released onto a receiving substrate
in accordance with an embodiment of the invention.

[0057] FIG. 29 is a flow chart illustrating a method of
picking up and transferring a micro device from a carrier
substrate to a receiving substrate in accordance with an
embodiment of the invention.

[0058] FIG. 30A is a cross-sectional side view illustration
of an at least partially melted location of a laterally continu-
ous bonding layer in accordance with an embodiment of the
invention.

[0059] FIG. 30B is a cross-sectional side view illustration
of at least partially melted locations of a laterally continuous
bonding layer in accordance with an embodiment of the
invention.

[0060] FIG. 31A is a cross-sectional side view illustration
of an at least partially melted laterally separate location of a
bonding layer in accordance with an embodiment of the
invention.
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[0061] FIG. 31B is a cross-sectional side view illustration
of at least partially melted laterally separate locations of a
bonding layer in accordance with an embodiment of the
invention.

[0062] FIG. 32A is a cross-sectional side view illustration
of an at least partially melted laterally separate location of a
bonding layer on a post in accordance with an embodiment of
the invention.

[0063] FIG. 32B is a cross-sectional side view illustration
of at least partially melted laterally separate locations of a
bonding layer on posts in accordance with an embodiment of
the invention.

[0064] FIG. 33 is a flow chart illustrating a method of
picking up and transferring an array of micro devices from a
carrier substrate to at least one receiving substrate in accor-
dance with an embodiment of the invention.

[0065] FIG. 34 is a cross-sectional side view illustration of
an array of micro device transfer heads in contact with an
array of micro LED devices in accordance with an embodi-
ment of the invention.

[0066] FIG. 35 is a cross-sectional side view illustration of
an array of micro device transfer heads picking up an array of
micro LED devices in accordance with an embodiment of the
invention.

[0067] FIG. 36 is a side view illustration of an array of
micro device transfer heads with an array of micro LED
devices positioned over a receiving substrate in accordance
with an embodiment of the invention.

[0068] FIG. 37 is a side view illustration of an array of
micro LED devices selectively released onto a receiving sub-
strate in accordance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0069] Embodiments of the present invention describe
micro semiconductor devices and a method of forming an
array of micro semiconductor devices such as micro light
emitting diodes (LEDs) for transfer to a receiving substrate.
For example, the receiving substrate may be, but is not limited
to, a display substrate, a lighting substrate, a substrate with
functional devices such as transistors or integrated circuits
(ICs), or a substrate with metal redistribution lines. While
embodiments of the present invention are described with
specific regard to micro LEDs comprising p-n diodes, it is to
be appreciated that embodiments of the invention are not so
limited and that certain embodiments may also be applicable
to other micro semiconductor devices which are designed in
such a way so as to perform in a controlled fashion a prede-
termined electronic function (e.g. diode, transistor, integrated
circuit) or photonic function (LED, laser).

[0070] In various embodiments, description is made with
reference to figures. However, certain embodiments may be
practiced without one or more of these specific details, or in
combination with other known methods and configurations.
In the following description, numerous specific details are set
forth, such as specific configurations, dimensions and pro-
cesses, etc., in order to provide a thorough understanding of
the present invention. In other instances, well-known semi-
conductor processes and manufacturing techniques have not
been described in particular detail in order to not unnecessar-
ily obscure the present invention. Reference throughout this
specification to “one embodiment,” “an embodiment™ or the
like means that a particular feature, structure, configuration,
or characteristic described in connection with the embodi-
ment is included in at least one embodiment of the invention.
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Thus, the appearances of the phrase “in one embodiment,” “in
an embodiment” or the like in various places throughout this
specification are not necessarily referring to the same
embodiment of the invention. Furthermore, the particular
features, structures, configurations, or characteristics may be
combined in any suitable manner in one or more embodi-
ments.

[0071] The terms “spanning,” “over,” “to,” “between” and
“on” as used herein may refer to a relative position of one
layer with respect to other layers. One layer “spanning,”
“over” or “on” another layer or bonded “to” another layer
may be directly in contact with the other layer or may have
one or more intervening layers. One layer “between” layers
may be directly in contact with the layers or may have one or
more intervening layers.

[0072] The terms “micro” device, “micro” p-n diode or
“micro” LED structure as used herein may refer to the
descriptive size of certain devices or structures in accordance
with embodiments of the invention. As used herein, the terms
“micro” devices or structures are meant to refer to the scale of
1 to 100 um. However, it is to be appreciated that embodi-
ments of the present invention are not necessarily so limited,
and that certain aspects of the embodiments may be appli-
cable to larger, and possibly smaller size scales.

[0073] In one aspect, embodiments of the invention
describe a method of processing a bulk LED substrate into an
array of micro LED structures which are poised for pick up
and transfer to a receiving substrate. In this manner, it is
possible to integrate and assemble micro LED structures into
heterogeneously integrated systems. The micro LED struc-
tures can be picked up and transferred individually, in groups,
or as the entire array. Thus, the micro LED structures in the
array of micro LED structures are poised for pick up and
transfer to a receiving substrate such as display substrate of
any size ranging from micro displays to large area displays,
and at high transfer rates. In some embodiments, arrays of
micro LED structures which are poised for pick up are
described as having a 10 um by 10 pm pitch, or 5 pm by 5 pm
pitch. At these densities a 6 inch substrate, for example, can
accommodate approximately 165 million micro LED struc-
tures with a 10 pm by 10 pm pitch, or approximately 660
million micro LED structures with a 5 um by 5 um pitch.
Thus, a high density of pre-fabricated micro device structures
with a specific functionality may be produced in a manner in
which they are poised for pick up and transfer to a receiving
substrate. The techniques described herein are not limited to
micro LED structures, and may also be used in the manufac-
ture of other micro devices.

[0074] In another aspect, embodiments of the invention
describe a micro LED structure and micro LED array in
which each micro p-n diode is formed over a respective loca-
tion of a bonding layer. The respective locations of the bond-
ing layer may or may not be laterally separate locations. An
operation may be performed on a respective location of the
bonding layer corresponding to a micro LED during the
micro LED pick up process in which the respective location
of the bonding layer undergoes a phase change which assists
in the pick up process. For example, the respective location of
the bonding layer may change from solid to liquid in response
to a temperature cycle. In the liquid state the respective loca-
tion of the bonding layer may retain the micro p-n diode in
place on a carrier substrate through surface tension forces,
while also providing a medium from which the micro p-n
diode is readily releasable. In addition, the liquid state may
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act as a cushion or shock absorber to absorb forces exerted by
a transfer head if a transfer head makes contact with the micro
LED structure during the pick up process. In this manner, the
liquid state may compensate for non-uniformities in the
topography in the micro LED array or transfer head array by
smoothing out over the underlying surface in response to
compressive forces exerted by a transfer head. In other
embodiments, the respective location of the bonding layer
may not undergo a complete phase transformation. For
example, the respective location of the bonding layer may
become substantially more malleable in response to a tem-
perature cycle while partially remaining in the solid state. In
another embodiment, the respective location of the bonding
layer may undergo a crystal phase transformation in response
to an operation, such as a temperature cycle.

[0075] In another aspect, embodiments of the invention
describe a manner of forming a micro LED structure and
array of micro LED structures in which an electrically insu-
lating layer acts as an etch stop layer during etching of a p-n
diode layer to form a plurality of micro p-n diodes. As a result,
the electrically insulating layer can function to protect the
sidewalls of the micro p-n diodes and a quantum well layer
located within the micro p-n diodes from electrically conduc-
tive contamination which could degrade functionality of the
micro LED devices. In an embodiment, the electrically insu-
lating layer acts as a physical barrier to wicking of the bond-
ing layer along the p-n diode layer during bonding of the
growth substrate to the carrier substrate. In an embodiment,
the electrically insulating layer acts as a physical barrier to the
redistribution or re-sputtering of underlying electrically con-
ductive layers such as an electrically conductive bonding
layer during etching of the p-n diode layer to form the plural-
ity of micro p-n diodes.

[0076] In accordance with embodiments of the invention,
the electrically insulating layer is patterned after etching of
the p-n diode layer to form electrically insulating spacers
spanning a portion of the sidewalls of the reflective metalli-
zation stacks and laterally surrounding the reflective metalli-
zation stacks of the array of micro LED structures. The elec-
trically insulating spacers can protect a layer within the
reflective metallization stacks from oxidation. For example, a
silver (Ag) layer can be utilized as a reflective mirror within
the reflective metallization stacks. The electrically insulating
spacers may span a portion of the sidewalls of the reflective
metallization stacks which include the reflective mirror layer,
and protect the reflective mirror layers from oxidation which
could potentially change color of the reflective mirror layers
and affect the reflective properties of the reflective mirror
layers.

[0077] In another aspect, embodiments of the invention
describe a manner of increasing adhesion between a growth
substrate bonded to a carrier substrate with one or more
interfacial bonding layers in which a bonding layer is formed
on either or both of the growth substrate and carrier substrate
prior to bonding the growth substrate and carrier substrate
together. The bonding layer(s) can be formed of a variety of
materials such as thermoplastic polymers, metals, and sol-
ders. Where a bonding layer is formed on each of the growth
substrate and carrier substrate, the bonding layers can be
formed of the same or different materials. In one embodi-
ment, electrically conductive bonding layers of the same
material are formed on the growth substrate and carrier sub-
strate and fusion bonded together. For example, two indium
(or alternatively indium alloy) bonding layers can be fusion
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bonded together. In another embodiment, an electrically con-
ductive alloy bonding layer is formed by bonding a first
electrically conductive bonding layer formed on the growth
substrate to a second electrically conductive bonding layer
formed on the carrier substrate, with the first and second
bonding layers being formed of different materials. In accor-
dance with embodiments of the invention, the resultant bond-
ing layer, whether a single layer, fusion bonded layer, or alloy
bonded layer has a melting or liquidus temperature of 350° C.
or lower, or more particularly 200° C. or lower. In the liquid
state, the bonding layer may retain the micro LED structure in
place on a carrier substrate through surface tension forces,
while also providing a medium from which the micro LED
structure is readily releasable. Thus, the bonding layer,
whether formed as a single layer on either of the growth
substrate or carrier substrate, by fusion bonding, or alloy
bonding may provide adhesion during formation of the micro
LED structures, while retaining a sufficiently low liquidus or
melting temperature to be employed as a temporary medium
from which the micro LED structures can be removed.

[0078] Referring now to FIG. 1, a semiconductor device
layer 110 may be formed on a substrate 101. In an embodi-
ment, semiconductor device layer 110 may include one or
more layers and is designed in such a way so as to perform in
a controlled fashion a predetermined electronic function (e.g.
diode, transistor, integrated circuit) or photonic function
(LED, laser). It is to be appreciated that while semiconductor
device layer 110 may be designed in such a way so as to
perform in a controlled fashion in a predetermined function,
that the semiconductor device layer 110 may not be fully
functionalized. For example, contacts such as an anode or
cathode may not yet be formed. In the interest of conciseness
and to not obscure embodiments of the invention, the follow-
ing description is made with regard to semiconductor device
layer 110 as a p-ndiode layer 110 grown on a growth substrate
101 in accordance with conventional heterogeneous growth
conditions.

[0079] The p-n diode layer 110 may include a compound
semiconductor having a bandgap corresponding to a specific
region in the spectrum. For example, the p-n diode layer 110
may include one or more layers based on II-VI materials (e.g.
ZnSe) or III-V materials including III-V nitride materials
(e.g. GaN, AIN, InN, InGaN, and their alloys) and III-V
phosphide materials (e.g. GaP, AlGalnP, and their alloys).
Growth substrate 101 may include any suitable substrate such
as, but not limited to, silicon, SiC, GaAs, GaN and sapphire
(ALO,).

[0080] Inaparticular embodiment, growth substrate 101 is
sapphire, and the p-n diode layer 110 is formed of GaN.
Despite the fact that sapphire has a larger lattice constant and
thermal expansion coefficient mismatch with respect to GaN,
sapphire is reasonably low cost, widely available and its
transparency is compatible with excimer laser-based lift-off
(LLO) techniques. In another embodiment, another material
such as SiC may be used as the growth substrate 101 for a
GaN p-n diode layer 110. Like sapphire, SiC substrates may
be transparent. Several growth techniques may be used for
growth of p-n diode layer 110 such as metalorganic chemical
vapor deposition (MOCVD). GaN, for example, can be
grown by simultaneously introducing trimethylgallium
(TMGa) and ammonia (NH;) precursors into a reaction
chamber with the sapphire growth substrate 101 being heated
to an elevated temperature such as 800° C. to 1,000° C. In the
particular embodiment illustrated in FIG. 1A, p-n diode layer
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110 may include a bulk GaN layer 112, an n-doped layer 114,
a quantum well 116 and p-doped layer 118. The bulk GaN
layer 112 may be n-doped due to silicon or oxygen contami-
nation, or intentionally doped with a donor such as silicon.
N-doped GaN layer 114 may likewise be doped with a donor
such as silicon, while p-doped layer 118 may be doped with
an acceptor such as magnesium. A variety of alternative p-n
diode configurations may be utilized to form p-n diode layer
110. Likewise, a variety of single quantum well (SQW) or
multiple quantum well (MQW) configurations may be uti-
lized to form quantum well 116. In addition, various buffer
layers may be included as appropriate. In one embodiment,
the sapphire growth substrate 101 has a thickness of approxi-
mately 200 pm, bulk GaN layer 112 has a thickness of
approximately 0.5 pm-5 pm, n-doped layer 114 has a thick-
ness of approximately 0.1 pm-3 pm, quantum well layer 116
has a thickness less than approximately 0.3 pm and p-doped
layer 118 has a thickness of approximately 0.1 um-1 um.

[0081] A reflective metallization stack layer 123 may then
be formed over the p-n diode layer 110. As illustrated in FIG.
1A, reflective metallization stack layer 123 may include an
electrode layer 122 and optionally a barrier layer 124, though
other layers may be included. Electrode layer 122 and barrier
layer 124 may also include multiple layers. In an embodi-
ment, reflective metallization stack layer has a thickness of
approximately 0.1 um-2 pm. Electrode layer 122 may make
ohniic contact to the p-doped GaN layer 118, and may be
formed of a high work-function metal such as Ni, Au, Ag, Pd
and Pt. In an embodiment, electrode layer 122 may be reflec-
tive to light emission, and may function as a mirror reflecting
light back toward the p-n diode layer 110. For example, an Ag
or Ni layer may be included in the electrode layer 122 for its
reflective properties. Electrode layers such as Ag may also be
susceptible to oxidation. A barrier layer 124 may optionally
be included in the reflective metallization stack layer 123 for
avariety of reasons, including protecting the underlying elec-
trode layer 122 from oxidation, and to prevent diffusion of
impurities into the electrode layer 122 or p-n diode 110. For
example, barrier layer 124 may include, but is not limited to,
Pd, Pt, Ni, Ta, Ti and TiW. In certain embodiments, barrier
layer 124 may prevent the diffusion of components from the
bonding layer into the p-n diode layer 110. Barrier layer 124
may also prevent the diffusion of components, for example
from bonding layers described below, into the electrode layer
122.

[0082] In accordance with certain embodiments of the
invention, p-n diode layer 110 and reflective metallization
stack layer 123 are grown on a growth substrate 101 and
subsequently transferred to a carrier substrate 201, such as
oneillustrated in FIGS. 2A-2E and described in more detail in
the following description. As described in more detail in the
following figures and description, the reflective metallization
stack layer 123 can be patterned prior to transfer to a carrier
substrate 201. The carrier substrate 201 and bonding layer
210 may also be patterned prior to transfer of the p-n diode
layer 110 and reflective metallization stack layer 123 to the
carrier substrate 201. Accordingly, embodiments of the
invention may be implemented in a multitude of variations
during formation of an array of micro LEDs for subsequent
transfer to a receiving substrate.

[0083] Referring now to FIG. 1B reflective metallization
stack layer 123 may be patterned prior to transfer to a carrier
substrate 201. In an embodiment, the structure of FIG. 1B
may be achieved by forming a patterned photoresist layer
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over the p-n diode layer 110 followed by deposition of the
reflective metallization stack layer 123. The photoresist layer
is then lifted off (along with the portion of the reflective
metallization stack layer on the photoresist layer) leaving
behind the laterally separate reflective metallization stacks
120 illustrated in FIG. 1B. In certain embodiments, the pitch
of the laterally separate reflective metallization stacks 120
may be 5 um, 10 pm, or larger corresponding to the pitch of
the array of micro LEDs. For example, a 5 um pitch may be
formed of 3 um wide laterally separate reflective metalliza-
tion stack 120 separated by a 2 um spacing. A 10 um pitch
may be formed of 8 pm wide separate reflective metallization
stack 120 separated by a 2 pm spacing. Though, these dimen-
sions are meant to be exemplary and embodiments of the
invention are not so limited. In some embodiments, the width
of the laterally separate reflective metallization stacks 120 is
less than or equal to the width of the bottom surface of the
array of micro p-n diodes 150 as discussed in further detail in
the following description and figures.

[0084] Referring now to FIG. 1C an electrically insulating
layer 126 is deposited over and laterally between the plurality
of separate reflective metallization stacks 120. In an embodi-
ment, the electrically insulating layer 126 may be formed of a
material such as silicon dioxide (SiO,), aluminum oxide
(A1,0,), silicon nitride, and polyimide with a thickness 0f 0.1
um to 1.0 um. The electrically insulating layer 126 may also
be deposited at temperatures higher than the liquidus tem-
perature of bonding layer or alloy bonding layer which is
melted during the pickup operation. For example, electrically
insulating layer 126 may be deposited at temperatures above
350° C. so that the electrically insulating layer 126 adheres to
the p-n diode layer (e.g. GaN) and the barrier layer 124 (e.g.
TiW) during melting of the bonding layer or alloy bonding
layer.

[0085] The electrically insulating layer 126 is then pat-
terned to form a plurality of openings 125 exposing the plu-
rality of separate reflective metallization stacks 120 as illus-
trated in the top and cross-sectional side view illustrations of
FIG. 1D. In the particular embodiment illustrated, the open-
ings 125 have a width which is less than a width of the
plurality of separate reflective metallization stacks 120 so that
aportion of the electrically insulating layer 126 forms a lip on
top of a respective reflective metallization stack 120.

[0086] The electrically insulating layer 126 can also be
patterned so that a lip does not form on top of the respective
metallization stack 120 as illustrated in FIG. 1E. For example,
lithographic patterning techniques or chemical mechanical
polishing (CMP) can be used to pattern the openings 125
having a width which is approximately the same width as the
plurality of separate reflective metallization stacks 120.
[0087] The electrically insulating layer 126 can also be
patterned in a self-aligned deposition process in which the
reflective metallization stacks 120 are masked while the elec-
trically insulating layer 126 is isotropically deposited later-
ally between the separate reflective metallization stacks 120,
as illustrated in FIG. 1F. In each of the embodiments illus-
trated in FIGS. 1E-1F, the patterned electrically insulating
layer 126 is laterally between the plurality of separate reflec-
tive metallization stacks 120, and partially spans sidewalls of
the plurality of separate reflective metallization stacks 120
including electrode layer 122.

[0088] In accordance with some embodiments, the growth
substrate 101 stacks illustrated in FIGS. 1E-1F are ready for
bonding to a carrier substrate 201 stack. For example the
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growth substrate 101 stack can be bonded to a carrier sub-
strate 201 stack including a bonding layer 210 as described
below with regard to FIGS. 2A-2E. In other embodiments, an
additional layer or layers may be formed over the patterned
electrically insulating layer 126 and plurality of separate
reflective metallization stacks 120. For example, additional
layers such as an adhesion promoting layer and/or bonding
layer may be formed. Referring to FIGS. 1G-11, a bonding
layer 128 is formed over the patterned electrically insulating
layer 126 and plurality of separate reflective metallization
stacks 120 of FIGS. 1E-1F, respectively. The bonding layer
128 may be formed of any of the materials described with
regard to Table 1 and Table 2 below, some of which may be
dependent upon the composition of bonding layer 210, if
present, for the formation of a fusion bonded layer or alloy
bonding layer. For example, where bonding layer 128 is
alloyed bonded with bonding layer 210, bonding layer 128
can be a pure metal, or metal alloy contributing to the chemi-
cal compositions provided in Table 1. In an embodiment the
bonding layer 128 is electrically conductive and is approxi-
mately 500 to 2,000 angstroms thick. Prior to depositing the
electrically conductive bonding layer 128, an adhesion layer
129 may optionally be formed to increase adhesion of the
electrically conductive bonding layer 128 to the electrically
insulating layer 126 (e.g. SiO,). For example, adhesion layer
129 may be formed from Ti, TiW, Cr, or Ni, with a thickness
of 100 to 1,000 angstroms, and more specifically approxi-
mately 300 angstroms or less.

[0089] Referring now to FIGS. 1J-1L, the bonding layer
128 and adhesion layer 129 of FIGS. 1G-11, respectively, may
be patterned. In the particular embodiments illustrated, the
bonding layer 128 and adhesion layer 129 are removed from
over the electrically insulating layer 126 at regions where the
bonding layer 128 will not make contact with a corresponding
bonding layer on a carrier substrate.

[0090] FIGS. 2A-2E are cross-sectional side view illustra-
tions of various embodiments of a carrier substrate 201 with
bonding layer 210 for bonding to the growth substrate 101
stack. The bonding layer 210 may be formed of any of the
materials described with regard to Table 1 and Table 2 below,
some of which may be dependent upon the composition of
bonding layer 128, if present, for the formation of a fusion
bonded layer or alloy bonding layer. For example, where
bonding layer 210 is alloy bonded with bonding layer 128,
bonding layer 210 can be a pure metal, or metal alloy con-
tributing to the chemical compositions provided in Table 1.
An adhesion layer 208 may optionally be formed prior to
bonding layer 210. For example, adhesion layer 208 may be
formed from Ti, TiW, Cr, or Ni, with a thickness of 100 to
1,000 angstroms, and more specifically approximately 300
angstroms or less. FIG. 2A illustrates a carrier substrate 201
and bonding layer 210 and adhesion layer 208 which are not
patterned prior to bonding. FIGS. 2B-2D illustrate a carrier
substrate 201 which has been patterned to form a plurality of
posts 202 having sidewalls 204 and separated by trenches
206. Posts 202 may be formed from a variety of materials and
techniques. In an embodiment, posts 202 may be formed
integrally with carrier substrate 201 by patterning the carrier
substrate 201 by an etching or embossing process. For
example, carrier substrate 201 may be a silicon substrate with
integrally formed posts 202. In another embodiment, posts
can be formed on top of carrier substrate 201. For example,
posts 202 may be formed by a plate up and photoresist lift off
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technique. Posts can be formed from any suitable material
including semiconductors, metals, polymers, dielectrics, etc.

[0091] Posts 202 may have a maximum width which is
equal to or less than a width of the micro p-n diodes 150, as
will become more apparent in the following description and
figures. In an embodiment, the trench posts 202 are at least
twice as tall as a thickness of the bonding layer 210. In an
embodiment, bonding layer 210 may have a thickness of
approximately 0.1 pm-2 pm, and trench posts have a height of
atleast 0.2 pm-4 pum. In the particular embodiment illustrated
in FIG. 2B, a conformal bonding layer 210 is formed over the
posts 202, and on the sidewalls 204 and within trenches 206.
In the particular embodiment illustrated in FIG. 2C, bonding
layer 210 and adhesion layer 208 are anisotropically depos-
ited so that they are formed only on the top surface of posts
202 and within the trenches 206, without a significant amount
being deposited on the sidewalls 204. In the particular
embodiment illustrated in FIG. 2D, bonding layer 210 and
adhesion layer 208 are formed only on the top surface of posts
202. Such a configuration may be formed by patterning the
posts 202, adhesion layer 208 and bonding layer 210 with the
same patterned photoresist. In the particular embodiment
illustrated in FIG. 2E, the laterally separate locations of the
bonding layer 210 may be formed with a photoresist lift off
technique in which blanket layers of the adhesion layer and
bonding layer are deposited over a patterned photoresist
layer, which is then lifted off (along with the portion of the
adhesion layer and bonding layer on the photoresist layer)
leaving behind the laterally separate locations of the bonding
layer 210 illustrated in FIG. 2E, though other processing
techniques may be used.

[0092] As described above with regard to FIGS. 2B-2E and
FIGS. 1B-1L, certain embodiments of the invention include
laterally separate reflective metallization stacks 120 and/or
laterally separate locations of the bonding layers 128, 210.
With regard to FIG. 2B, in which a conformal bonding layer
210 is formed over the posts 202, and on the sidewalls 204 and
within trenches 206, the particular locations of the bonding
layer on top of the posts 202 are laterally separated by the
trenches 206. Thus, even though the conformal bonding layer
210 is continuous, the locations of the bonding layer 210 on
top of the posts 202 are laterally separate locations. Likewise,
the individual discrete locations of the bonding layer 210 in
FIG. 2E are laterally separated by the space between them.
Where posts 202 exist, the relationship of the bonding layer
210 thickness to post 202 height may factor into the lateral
separation of the locations of the bonding layer 210.

[0093] The bonding layers 128 and 210 described above
may be formed from a variety of suitable materials such as
thermoplastic polymers, metals, and solders. The bonding
layers as a single bonding layer or when bonded together
through fusion bonding or alloy bonding may be capable of
adhering a micro LED structure to a carrier substrate. In an
embodiment, the resultant bonding layer may have a liquidus
temperature or melting temperature below approximately
350° C., or more specifically below approximately 200° C. At
such temperatures the resultant bonding layer may undergo a
phase change without substantially affecting the other com-
ponents of the micro LED structure. In an embodiment, the
resultant bonding layer may be electrically conductive. For
example, where the resultant bonding layer undergoes a
phase change from solid to liquid in response to a change in
temperature a portion of the resultant bonding layer may
remain on the micro LED structure during the pick up opera-
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tion as described in more detail the following description. In
such an embodiment, it may be beneficial that the resultant
bonding layer is formed of an electrically conductive material
so that it does not adversely affect the micro LED structure
when it is subsequently transferred to a receiving substrate. In
this case, the portion of resultant bonding layer remaining on
the micro LED structure during the transfer operation may aid
in bonding the micro LED structure to an electrically conduc-
tive pad on the receiving substrate.

[0094] Solders may be suitable materials for bonding layers
128, 210 since many are generally ductile materials in their
solid state and exhibit favorable wetting with semiconductor
and metal surfaces. A typical alloy melts not a single tem-
perature, but over a temperature range. Thus, solder alloys are
often characterized by a liquidus temperature corresponding
to the lowest temperature at which the alloy remains liquid,
and a solidus temperature corresponding to the highest tem-
perature at which the alloy remains solid. An exemplary list of
low melting solder materials which may be utilized with
embodiments of the invention are provided in Table 1, in
which the chemical compositions are listed by weight percent
ofthe components. As described above, where bonding layers
128, 210 are bonded together to form an alloy bonding layer,
the bonding layers 128, 210 can be a pure metal, or metal
alloy contributing to the chemical compositions provided in
Table 1.

TABLE 1

Chemical composition Liquidus

(weight %) Temperature (° C.)  Solidus Temperature (° C.)
100In 156.7 156.7
66.3In33.7Bi 72 72
51In32.5Bi16.5Sn 60 60
57Bi26In17Sn 79 79
54.02Bi29.68In16.38n 81 81
67Bi33In 109 109
90In10Sn 151 143
48In52Sn 118 118
50In508n 125 118
52Sn48In 131 118
58Sn42In 145 118
97In3Ag 143 143
94.5In5.5Ag 200 —
99.5In0.5Au 200 —
95In5Bi 150 125
99.3In0.7Ga 150 150
99.4In0.6Ga 152 152
99.6In0.4Ga 153 153
99.5In0.5Ga 154 154
58Bi42Sn 138 138
60Sn40Bi 170 138
1008n 232 232
95Sn5Sb 240 235
100Ga 30 30
99In1Cu 200 —
98In2Cu 182 —
96In4Cu 253 —
74In26Cd 123 123
70In30Pb 175 165
60In40Pb 181 173
50In50Pb 210 184
40In60Pb 231 197
55.5Bi44.5Pb 124 124
58Bi42Pb 126 124
45.5Bi54.5Pb 160 122
60Bi40Cd 144 144
67.8Sn32.2Cd 177 177
458n55Pb 227 183
63Sn37Pb 183 183
62Sn38Pb 183 183
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TABLE 1-continued

Chemical composition Liquidus

(weight %) Temperature (° C.)  Solidus Temperature (° C.)
65Sn35Pb 184 183
70Sn30Pb 186 183
60Sn40Pb 191 183
75Sn25Pb 192 183
80Sn20Pb 199 183
85Sn15Pb 205 183
90Sn10Pb 213 183
91Sn9Zn 199 199
90Sn10Au 217 217
99Sn1Cu 227 227
99.38n0.7Cu 227 227

[0095] An exemplary list thermoplastic polymers which
may be utilized with embodiments of the invention are pro-
vided in Table 2.

TABLE 2
Polymer Melting Temperature (° C.)
Acrylic (PMMA) 130-140
Polyoxymethylene (POM or Acetal) 166
Polybutylene terephthalate (PBT) 160
Polycaprolactone (PCL) 62
Polyethylene terephthalate (PET) 260
Polycarbonate (PC) 267
Polyester 260
Polyethylene (PE) 105-130
Polyetheretherketone (PEEK) 343
Polylactic acid (PLA) 50-80
Polypropylene (PP) 160
Polystyrene (PS) 240
Polyvinylidene chloride (PVDC) 185
[0096] In accordance with embodiments of the invention,

bonding layers 128, 210 are formed with a uniform thickness
and may be deposited by a variety of suitable methods
depending upon the particular composition. For example,
solder compositions may be sputtered, deposited by electron
beam (E-beam) evaporation, or plated with a seed layer to
obtain a uniform thickness.

[0097] Referring now to FIGS. 3A-3B, the growth substrate
101 and carrier substrate 201 may be bonded together under
heat and/or pressure. It is to be appreciated that while FIG. 3B
illustrates the bonding of the patterned structure of FIG. 11
with the unpatterned structure of FIG. 2A, that these illustra-
tions are exemplary and that any combination of FIGS. 1A-1L
and FIGS. 2A-2E are contemplated in accordance with
embodiments of the invention. In addition, growth substrate
101 and carrier substrate 201 may be bonded together utiliz-
ing only a single bonding layer 128 or 210.

[0098] Inanembodiment, during bonding of the substrates
illustrated in FIGS. 3A-3B, the electrically conductive bond-
ing layer 128 may diffuse into the electrically conductive
bonding layer 210, or vice versa, transforming layers 128,
210 into an alloy bonding layer. As described above, one
function of the resultant bonding layer is to retain the micro
LED structure including the micro p-n diode in place on a
carrier substrate, while also providing a medium from which
the micro LED structure is readily releasable. In some
embodiments, one of the electrically conductive bonding lay-
ers 128, 210 is formed of a material with a melting or liquidus
temperature greater than 350° C., or more particularly greater
than 200° C., however the resultant alloy bonding layer is
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characterized by a melting or liquidus temperature of 350° C.
or lower, or more particularly 200° C. or lower so as to
provide a medium from which the micro LED can be picked
up. Accordingly, the electrically conductive bonding layers
128, 210 are formed with specific compositions and thick-
nesses to achieve a desired alloy concentration upon interdif-
fusion of bonding layer 128 and bonding layer 210. In an
embodiment, the compositions and thicknesses of the bond-
ing layer 128 and bonding layer 210 are selected to achieve
eutectic alloy bonding in which the eutectic alloy transforms
directly from solid to liquid state at a specific composition and
temperature without passing a two phase equilibrium of lig-
uid and solid state.

[0099] In accordance with embodiments of the invention,
the bonding interface produced with bonding layers 128, 210
may be stronger than the bonding interface using bonding
layer 210 alone. The increased bonding interface strength can
provide additional structural integrity for the system, for
example during removal of the growth substrate 101
described in more detail below. For example, where a laser
lift-off technique is used to remove the growth substrate the
system is subjected to heat and mechanical shock waves
which can potentially result in delamination of layers
between the growth substrate 101 and carrier substrate 201
and cracking of the p-n diode layer 110. In accordance with
embodiments of the invention, eutectic bonding of the bond-
ing layers 128, 210 can create a strong bonding interface
which protects against such delamination, thereby preserving
the integrity of the p-n diode layer 110.

[0100] FIG. 4A is a silver-indium (Ag—In) binary phase
diagram presented in molar amounts in accordance with an
embodiment of the invention. The superimposed vertical and
horizontal lines indicate that for an exemplary Ag—In alloy
bonding layer having a liquidus temperature of 200° C. (473°
K), that the alloy contains 0.93 moles In to 0.07 moles Ag.
Assuming a molecular weight of 107.8682 g/mol and density
of 10.49 g/cc for Ag, and a molecular weight of 114.818
g/mol and density of 7.31 g/cc for In, the relative thicknesses
of electrically conductive bonding layers 128, 210 can be
determined assuming complete interdiffusion of Ag—In in
the alloy bonding layer. For example, a 1.5 pm thick In elec-
trically conductive bonding layer 210 can be interdiffused
with an Ag electrically conductive bonding layer 128 up to a
thickness of 740 angstroms to form an alloy bonding layer
with a melting temperature of 200° C. As another example, a
2.0 um thick In electrically conductive bonding layer 210 can
be interdiffused with an Ag electrically conductive bonding
layer 128 up to a thickness of 986 angstroms to form an alloy
bonding layer with a melting temperature of 200° C. Thus, in
this example, electrically conductive bonding layer 128 has a
thickness which is 5% or less of the thickness of electrically
conductive bonding layer 210. While these specific embodi-
ments have been described with bonding layer 210 including
the lower melting temperature material (In, 156.7° C.) and
bonding layer 128 including the higher melting temperature
material (Ag, 962° C.), an opposite arrangement is also pos-
sible with bonding layer 210 including the higher melting
temperature material with bonding layer 128 including the
lower melting temperature material.

[0101] Achieving a uniform diffusion profile of electrically
conductive bonding layer 128 material (e.g. Ag) in electri-
cally conductive bonding layer 210 material (e.g. In) can be
achieved during the bonding operation utilizing temperature
profiles between room temperature and the liquidus tempera-
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ture of the resultant alloy. Due to the interdiffusion, the bond-
ing operation can be performed at temperatures above the
lower liquidus temperature of bonding layers 128, 210. For
example, where electrically conductive bonding layer 128 is
formed of Ag and electrically conductive bonding layer 210 is
formed of In (156.7° C. liquidus temperature), a bonding
temperature profile may include holding the stacked structure
at approximately 160° C. for an extended period of time
sufficient to produce a constant concentration eutectic con-
centration in the alloy bonding layer. Though a constant con-
centration may not be necessary, and a concentration gradient
may remain in the alloy bonding layer with the top surface of
the bonding layer (former location of bonding layer 128)
having a higher Ag concentration than at a bottom surface of
the alloy bonding layer.

[0102] While a specific example of a binary Ag—In alloy
bonding layer system has been described, it is understood that
embodiments of the invention are not limited to only Ag—In
alloy bonding systems and that other suitable systems can be
derived, such as, but not limited to those based upon the
compositions provided in Table 1. For example, in addition to
the alloy bonding systems listed in Table 1, Au—In and
Al—In alloy bonding systems can be derived based upon the
binary phase diagrams presented in molar amounts illustrated
in FIGS. 4B-4C in accordance with an embodiment of the
invention.

[0103] FIG. 5 is a cross-sectional side view illustration of
various non-limiting possible structures of the growth sub-
strate 101 and carrier substrate 201 presented side-by-side
prior to bonding. FIG. 5' is a cross-sectional side view illus-
tration of various non-limiting possible structures presented
side-by-side after bonding the growth substrate 101 and car-
rier substrate 201. The particular combinations of substrates
are described in Table 3. For example, the particular embodi-
ment illustrated in FIG. 5, Example A, represents the bonding
of the carrier substrate illustrated in FIG. 2A to the growth
substrate illustrated in FIG. 1G. The following description is
made with regard to alloy bonding of an electrically conduc-
tive bonding layer 128 and electrically conductive bonding
layer 210 to form alloy bonding layer 211. It is to be appre-
ciated however, that embodiments of the invention are not
limited to alloy bonding, and that the representative bonding
layer can be a fusion bonded layer, or other bonding layer as
described above.

TABLE 3

Ex. Ex. Ex. Ex. Ex. Ex.
4A 4B 4C 4D  4E 4F

Ex. Ex. Ex. Ex.
4G 4H 4 4

Carrier 2A 2B 2C 2D 2E 2A 2B 2C 2D 2E
Substrate

(2A-2D)

Growth G 13 13 10 1 1 1L 1L 1L 1L
Substrate

(1G-1L)

[0104] Still referring to FIG. 5', one feature of the illus-

trated embodiments is that the topography of the growth
substrate 101 stack bonded to the carrier substrate 201 stack
is embedded (or embossed) into the alloy bonding layer 211
during the bonding operation. For example, the topography
including electrically insulating layer 126 underneath the
reflective metallization stack 120 is embedded (or embossed)
into the alloy bonding layer 211. This may assist in the for-
mation of an array of micro LED structures with uniform
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height. However, embodiments of the invention do not
require such, and it is not required that the topography is
embedded (or embossed) into the alloy bonding layer 211
during the bonding process.

[0105] Another feature of the illustrated embodiments is
that the electrically insulating layer 126 is a physical barrier
between the p-n diode layer 110 and underlying metal layers
(e.g. adhesion layer 129, alloy bonding layer 211, adhesion
layer 208). Thus, electrically insulating layer 126 provides a
barrier to metal contamination along the bottom surface of the
micro p-n diodes subsequently formed out of p-n diode layer
110. Another notable feature, referring to FIG. 5', Examples
B, C, G and H, the portions of electrically conductive bonding
layer 210 which do not make contact with the electrically
conductive bonding layer 128 during the bonding operation
are not included in alloy bonding layer 211. Also another
notable features, while not required, is that bonding layer 128
and adhesion layer 129, as well as bonding layer 210, can be
patterned prior to bonding to only be present at locations
where they will be bonded together.

[0106] Referring now to FIG. 6, the growth substrate 101
has been removed from the bonded structure. Growth sub-
strate 101 may be removed by a suitable method such as
chemical etching or an excimer laser-based lift-off (LLO) if
the growth substrate is transparent. In an embodiment, LLO
of a GaN p-n diode layer 110 from a transparent sapphire
growth substrate 101 is accomplished by irradiating the 101/
110 layer interface through the transparent sapphire growth
substrate 101 with a short pulse (e.g. tens of nanoseconds)
from an ultraviolet laser such as a Nd-YAG laser or KrF
excimer laser. Absorption in the GaN p-n diode layer 110 at
the interface results in localized heating of the interface
resulting in decomposition at the interfacial GaN to liquid Ga
metal and nitrogen gas. Once the desired area has been irra-
diated, the transparent sapphire growth substrate 101 can be
removed by remelting the Ga on a hotplate.

[0107] In accordance with embodiments of the invention,
eutectic alloy bonding of bonding layer 128 and bonding
layer 210 can achieve an increased bonding interface strength
which provides additional structural integrity for the system
during removal of the growth substrate 101, for example
during a laser lift-off technique in which the growth substrate
is subjected to heat and mechanical shock waves. The
increased bonding interface strength may protect against
delamination during removal of the growth substrate thereby
preserving the integrity of the p-n diode layer 110.

[0108] Referring now to FIG. 7, the p-n diode layer 110 is
thinned down to a desirable thickness. Referring back to the
enlarged p-n diode layer 110 in FIG. 1A, a predetermined
amount of the bulk GaN layer 112 (which may be n-type) or
a portion of the n-type GaN layer 114 are removed so that an
operable p-n diode remains after thinning. Depending upon
the underlying structure, the thinning process may be per-
formed utilizing suitable techniques such as polishing, wet
etching or dry etching. For example, a combination of polish
and/or timed etch to a desired thickness may be performed. In
circumstances where there are underlying patterned struc-
tures such as pillars, a timed etch to a desired thickness may
be performed in order to avoid damaging the patterned struc-
tures.

[0109] Referring now to FIG. 8, a patterned mask layer 140
may be formed over the thinned down p-n diode layer 110 for
etching of p-n diode layer 110 to form a plurality of separate
micro p-n diodes 150. Mask layer 140 may be formed from

May 23, 2013

photoresist or a variety of materials such as metal (e.g. chro-
mium, nickel) or dielectric (silicon nitride, silicon oxide)
which are more resistant to the GaN etching conditions than
is photoresist. Etching of the GaN p-n diode layer 110 can be
performed utilizing dry plasma etching techniques such as
reactive ion etching (RIE), electro-cyclotron resonance
(ECR), inductively coupled plasmareactive ion etching (ICP-
RIE), and chemically assisted ion-beam etching (CAME).
The etch chemistries may be halogen-based, containing spe-
cies such as Cl,, BCl; or SiCl,.

[0110] As illustrated, the electrically insulating layer 126
acts as an etch stop layer during etching of the GaN p-n diode
layer 110. As aresult, the electrically insulating layer protects
the sidewalls 153 of the micro p-n diodes 150, and the quan-
tum well structure located within from contamination by the
underlying electrically conductive alloy bonding layer 211,
and adhesion layers 129 and 208 if present. For example,
since the dry plasma etching chemistry sees an electrically
insulating layer 126 (e.g SiO,) instead of metal from the
covered electrically conductive alloy bonding layer 211 or
adhesion layers 129 and 208, metal resputtering onto the p-n
diode 150 sidewalls is eliminated.

[0111] In the particular embodiment illustrated in FIG. 8,
micro p-n diodes 150 may have outwardly tapered sidewalls
153 (from top to bottom of the micro p-n diodes 150) up to 15
degrees. For example, RIE with a chlorine-based etch chem-
istry may be utilized. Alternatively, the sidewalls 153 may be
vertical. For example, ICP-RIE which a chlorine-based etch
chemistry may be utilized to obtain vertical sidewalls. As will
become apparent in the description of FIG. 15, outwardly
tapered sidewalls may be advantageous in some embodi-
ments when forming a common contact over a series of micro
LED structures which have been picked up and transferred to
a receiving substrate. In certain embodiments, the pitch
between the micro p-n diodes 150 may be 5 pm, 10 pm, or
larger. For example, a micro p-n diode 150 array with a 5 um
pitch may be formed of 3 pm wide micro p-n diodes separated
by a 2 um spacing. A micro p-n diode 150 array witha 10 pm
pitch may be formed of 8 um wide micro p-n diodes separated
by a 2 um spacing. Upon completion of etching p-n diode
layer 110 to form the plurality of separate micro p-n diodes
150, the patterned mask layer 140 may be removed exposing
top surfaces 152 of the plurality of micro p-n diodes 150 as
illustrated in FIG. 8'. Alternatively, the patterned mask layer
140 may be removed at a later time.

[0112] Referring now to FIG. 8", the electrically insulating
layer 126 is patterned to form electrically insulating spacers
127 laterally surrounding the reflective metallization stacks
120 of the array of micro LED structures. Electrically insu-
lating spacers 127 may also span a portion of the sidewalls of
the separate reflective metallization stacks 120, protecting a
reflective mirror layer within the separate reflective metalli-
zation stacks from oxidation which could potentially change
color of the reflective mirror layers and affect the reflective
properties of the reflective mirror layers. For example, a silver
(Ag) layer can be utilized as a reflective mirror layer within
the reflective metallization stacks.

[0113] In an embodiment, if not already removed the pat-
terned mask layer 140 can be removed in the same operation
of etching back the electrically insulating layer 126 to form
the laterally separate electrically insulating spacers 127.
Alternatively, where the etching solution has different selec-
tivity to electrically insulating layer 126 and patterned mask
layer 140, the patterned mask layer 140 can remain on the p-n
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diode 150 and be utilized to form a contact opening in a
conformal dielectric barrier layer as described with regard to
FIGS. 9-9'.

[0114] Still referring to FIG. 8" the micro LED array
includes a carrier substrate 201, a plurality of locations of an
alloy bonding layer 211 (which may or may not be laterally
separate) on the carrier substrate, and a respective plurality of
separate micro p-n diodes 150 over the plurality of locations
of the alloy bonding layer 211. A plurality of separate reflec-
tive metallization stacks 120 are formed between the respec-
tive plurality of separate micro p-n diodes 150 and the plu-
rality of locations of the alloy bonding layer 211. A plurality
of electrically insulating spacers 127 laterally surround and
span sidewalls of the plurality of separate reflective metalli-
zation stacks 120. The plurality of electrically insulating
spacers 127 may also span a portion of a bottom surface of the
respective plurality of reflective metallization stacks 120. The
plurality of electrically insulating spacers 127 may also span
a portion of a bottom surface of the respective plurality of
micro p-n diodes 150. In some embodiments, the carrier
substrate includes a respective plurality of pillars 202 on
which the plurality of laterally separate locations of the alloy
bonding layer 211 are formed, as illustrated in Examples B-D
and G-I.

[0115] In some embodiments, the micro p-n diodes 150
include a top surface 152 and a bottom surface 151, and the
reflective metallization stack 120 includes a top surface and a
bottom surface, and the bottom surface 151 of the micro p-n
diode 150 is wider than the top surface of the reflective met-
allization stack 120. In some embodiments, the plurality of
micro p-n diodes 150 each include a bottom surface 151
which has approximately the same width as a top surface of
each of the respective plurality of pillars 202. In other
embodiments, the plurality of micro p-n diodes 150 each
include abottom surface 151 which is wider than a top surface
of'each of the respective plurality of pillars 202. The relation-
ship of the micro p-n diode 150 bottom width and underlying
pillar 202 top surface may affect the pick up process. For
example, if the alloy bonding layer 211 exhibits a phase
change from solid to liquid during the pick up process then the
micro p-n diode 150 is essentially floating on a liquid layer.
Surface tension forces in the liquid alloy bonding layer 211
may retain the micro p-ndiode 150 in place on top of the pillar
202. In particular, surface tension forces associated with the
edges of the top surface of the pillar 202 may further assist in
maintaining the micro p-n diode 150 in place where the pillar
202 top surface width is less than or approximately equal to
the p-n diode 150 bottom width.

[0116] In some embodiments, the plurality of micro p-n
diodes 150 are positioned over an unpatterned alloy bonding
layer 211. For example, as illustrated in Examples A and F,
the alloy bonding layer 211 may be a uniform layer on the
carrier substrate and the corresponding plurality of locations
of'the alloy bonding layer 211 are not laterally separate from
each other. In other embodiments, the plurality of micro p-n
diodes 150 are positioned over a pattered alloy bonding layer
211. For example, as illustrated in Examples B-E and G-J, the
patterned alloy bonding layer may include a plurality of lat-
erally separate locations of the alloy bonding layer 211. In an
embodiment, the plurality of micro p-n diodes 150 each
include a bottom surface 151 which has approximately the
same or greater width than a corresponding top surface for a
plurality of laterally separate locations of the alloy bonding
layer 211.
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[0117] As previously described the alloy bonding layer
may absorb compression forces associated with contacting
the micro LED structure with a transfer head during the pick
up process. As aresult, the alloy bonding layer may absorb the
compressive forces and bulge out laterally. Where each micro
LED structure is patterned to have a small separation dis-
tance, of 2 um for example, the amount of alloy bonding layer
laterally protruding from each micro LED structure should be
minimized so as to not interfere with an adjacent micro LED
structure during the pick up process. In certain embodiments
where trenches 206 are present between posts 202, the
trenches may act as (alloy) bonding layer reservoirs into
which molten (alloy) bonding layer may flow without inter-
fering with an adjacent micro LED structure.

[0118] Insome embodiments, the micro LED structures of
FIG. 8" are poised for pick up and transfer to a receiving
substrate, for example with a transfer head 300 described in
more detail with regard to FIG. 20. In other embodiments, a
thin conformal dielectric barrier layer may be formed of an
array of any of the micro p-n diodes 150 prior to pick up and
transfer to a receiving substrate. Referring now to FIGS.
9-10", a thin conformal dielectric barrier layer 160 may be
formed over an array of any of the micro p-n diodes 150 of
FIG. 8". In one embodiment, the thin conformal dielectric
barrier layer 160 may protect against charge arcing between
adjacent micro p-n diodes 150 during the pick up process, and
thereby protect against adjacent micro p-n diodes 150 from
sticking together during the pick up process. The thin confor-
mal dielectric barrier layer 160 may also protect the sidewalls
153, quantum well layer 116 and bottom surface 151, of the
micro p-n diodes 150 from contamination which could affect
the integrity of the micro p-n diodes 150. For example, the
thin conformal dielectric barrier layer 160 can function as a
physical barrier to wicking of the bonding layer material 210
(or alloy bonding layer 211) up the sidewalls and quantum
layer 116 of the micro p-n diodes 150 during subsequent
temperature cycles (particularly at temperatures above the
liquidus or melting temperature of the bonding layer material
210/211) such as during picking up the micro device from the
carrier substrate, and releasing the micro device onto the
receiving substrate. The thin conformal dielectric barrier
layer 160 may also insulate the micro p-n diodes 150 once
placed on a receiving substrate. In an embodiment, the thin
conformal dielectric barrier layer 160 is approximately
50-600 angstroms thick aluminum oxide (Al,O;). Conformal
dielectric barrier layer 160 may be deposited by a variety of
suitable techniques such as, but not limited to, atomic layer
deposition (ALD).

[0119] Referring now to FIGS. 9-9', a thin conformal
dielectric barrier layer 160 may be formed over an array of
any of the micro p-n diodes 150 of FIG. 8" in which the
patterned mask layer 140 has not yet been removed. The thin
conformal dielectric barrier layer 160 may be formed over an
array of any of the micro p-n diodes 150 and is conformal to
and spans across exposed surfaces of the mask layer 140, and
sidewalls 153 and the bottom surface 151 of the p-n diode
150. The conformal dielectric barrier layer 160 may also span
across exposed surfaces of electrically insulating spacers 127,
alloy bonding layer 211, as well as adhesion layer 129, if
present. The mask layer 140 is then removed with a lift off
technique, lifting off the portion of the thin conformal dielec-
tric barrier layer 160 formed thereon resulting in the structure
illustrated in FIG. 9' including contact openings 162. In the
particular embodiment illustrated in FIG. 9', the conformal
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dielectric barrier layer 160 is not formed on the top surface
152 of the micro p-n diodes 150.

[0120] Referring to FIGS. 10-10" the thin conformal
dielectric layer can also be formed over the array of micro p-n
diodes 150 of FIG. 8" followed by patterning to create contact
openings 162. As illustrated in FIG. 10, the thin conformal
dielectric barrier layer 160 may be formed over an array of
any of the micro p-n diodes 150 and is conformal to and spans
across the exposed top surface and sidewalls of the p-n diodes
150. The dielectric barrier layer 160 may also span across the
exposed bottom surface 151 of the p-n diodes 150 and
exposed surfaces of electrically insulating spacers 127, alloy
bonding layer 211, as well as adhesion layer 129, if present. A
blanket photoresist layer may then be formed over the p-n
diode array and carrier substrate 201, and then patterned to
form openings over each micro p-n diode 150. The thin con-
formal dielectric barrier layer 160 may then be etched to form
contact openings 162 on the top surface of each micro p-n
diode 150. Contact openings 162 are illustrated in FIGS.
10'-10" after removal of the patterned photoresist. As illus-
trated in FIG. 10', contact openings 162 may have a slightly
larger width than the top surface of the micro p-n diodes 150.
Inthe embodiment illustrated in FIG. 10" the contact openings
162 expose the top surfaces of the micro p-n diodes 150 and
an upper portion of the sidewalls of the micro p-n diodes 150,
while the dielectric barrier layer 160 covers and insulates the
quantum well layers 116. As illustrated in FIG. 10", contact
openings 162 may have a slightly smaller width than the top
surface of the micro p-n diodes 150. The difference in width
may be a result of adjusting for an alignment tolerance in
patterning the photoresist. As a result, the conformal dielec-
tric barrier layer 160 may form a lip around the top surface
and sidewalls of the micro p-n diodes 150. An exemplary
array of micro LED structures from FIG. 10" Example A are
illustrated in FIG. 11.

[0121] FIGS.12A-12B includetop and cross-sectional side
view illustrations of a carrier substrate 201 and array of micro
LED structures in accordance with an embodiment of the
invention. In the particular embodiments illustrated, the
arrays are produced from micro LED structures in FIG. 11.
However, it is to be appreciated that FIGS. 12A-12B are
meant to be exemplary, and that the array of micro LED
structures can be formed from any of the micro LED struc-
tures previously described. In the embodiment illustrated in
FIG. 12A, each individual micro p-n diode 150 is illustrated
as a pair of concentric circles having different diameters or
widths corresponding the different widths of the top and
bottom surfaces of the micro p-n diode 150, and the corre-
sponding tapered sidewalls spanning between the top and
bottom surfaces. In the embodiment illustrated in FIG. 12B,
each individual micro p-n diode 150 is illustrated as a pair of
concentric squares with tapered or rounded corners, with each
square having a different width corresponding to the different
widths of the top and bottom surfaces of the micro p-n diode
150, and the corresponding tapered sidewalls spanning from
the top and bottom surfaces. However, embodiments of the
invention do not require tapered sidewalls, and the top and
bottom surfaces of the micro p-n diode 150 may have the
same diameter, or width, and vertical sidewalls. As illustrated
in FIGS. 12A-12B the array of micro LED structures is
described as having a pitch (P), spacing (S) between each
micro LED structure and maximum width (W) of each micro
LED structure. In order for clarity and conciseness, only
x-dimensions are illustrated by the dotted lines in the top view
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illustration, though it is understood that similar y-dimensions
may exist, and may have the same or different dimensional
values. In the particular embodiments illustrated in FIGS.
12A-12B, the x- and y-dimensional values are identical in the
top view illustration. In one embodiment, the array of micro
LED structures may have a pitch (P) of 10 um, with each
micro LED structure having a spacing (S) of 2 um and maxi-
mum width (W) of 8 um. In another embodiment, the array of
micro LED structures may have a pitch (P) of 5 um, with each
micro LED structure having a spacing (S) of 2 um and maxi-
mum width (W) of 3 um. However, embodiments of the
invention are not limited to these specific dimensions, and any
suitable dimension may be utilized.

[0122] Anembodiment of a method of transferring a micro
LED structure to a receiving substrate is described in FIG. 13.
In such an embodiment a carrier substrate is provided having
an array of micro LED structures disposed thereon. As
described above, each micro LED structure may include a
micro p-n diode, a reflective metallization stack below a bot-
tom surface of the micro p-n diode, and an electrically insu-
lating spacer laterally surrounding and spanning a portion of
the sidewalls of the reflective metallization stack, with the
reflective metallization stack being between the micro p-n
diode and a bonding layer on the carrier substrate. As
described above, the bonding layer may be a single bonding
layer, an alloy bonding layer, or a fusion bonded bonding
layer. The electrically insulating spacer may optionally span
a portion of the bottom surface of the reflective metallization
stack and/or a portion of the bottom surface of the micro p-n
diode. A conformal dielectric barrier layer may optionally
span sidewalls of the micro p-n diode. The conformal dielec-
tric barrier layer may additionally span a portion of the bot-
tom surface of the micro p-n diode. At operation 1310 a phase
change is created in the bonding layer for at least one of the
micro LED structures. For example, the phase change may be
associated with heating the bonding layer above a melting
temperature or liquidus temperature of a material forming the
bonding layer. The micro p-n diode, reflective metallization
stack, and electrically insulating spacer, and optionally a por-
tion of the conformal dielectric barrier layer for at least one of
the micro LED structures, and optionally a portion of bonding
layer may then be picked up with a transfer head at operation
1320 and then placed on a receiving substrate at operation
1330.

[0123] A general illustration of operation 1320 in accor-
dance with an embodiment is provided in FIG. 14 in which a
transfer head 300 picks up a micro p-n diode 150, reflective
metallization stack 120, electrically insulating spacer 127, a
portion of the conformal dielectric barrier layer 160 for at
least one of the micro LED structures, and a portion of alloy
bonding layer 211. The micro LED structure of Example A
which has been picked up is slightly enlarged in comparison
to the other exemplary micro LED structures in the illustra-
tion. In the particular embodiment illustrated a conformal
dielectric barrier layer 260 has been formed, however, in
other embodiments a conformal dielectric barrier layer may
not be present. In some embodiments a portion of alloy bond-
ing layer 211, such as approximately half, may be lifted off
with the micro LED structure. While a specific micro LED
structure including micro p-n diode 150 of Example A is
illustrated, it is understood than any of the micro LED struc-
tures including any of the micro p-n diodes 150 described
herein may be picked up. In addition, while the embodiment
illustrated in FIG. 14 shows a transfer head 300 picking up a
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single micro LED structure, transfer head 300 or a plurality of
transfer heads 300 may pick up a group of micro LED struc-
tures in other embodiments.

[0124] Still referring to FIG. 14, in the particular embodi-
ment illustrated the bottom surface of the micro p-n diode 150
is wider than the top surface of the reflective metallization
stack 120, and the conformal dielectric barrier layer 160
spans the sidewalls of the micro p-n diode 150, a portion of
the bottom surface of the micro p-n diode 150. In one aspect,
the portion of the conformal dielectric barrier layer 160 wrap-
ping underneath the micro p-n diode 150 protects the confor-
mal dielectric barrier layer 160 on the sidewalls of the micro
p-n diode 150 from chipping or breaking during the pick up
operation with the transfer head 300. Stress points may be
created in the conformal dielectric barrier layer 160 adjacent
the electrically insulating spacers 127 or alloy bonding layer
211, particularly at corners and locations with sharp angles.
Upon contacting the micro LED structure with the transfer
head 300 and/or creating the phase change in the alloy bond-
ing layer, these stress points become natural break points in
the conformal dielectric barrier layer 160 at which the con-
formal dielectric layer can be cleaved. In an embodiment, the
conformal dielectric barrier layer 160 is cleaved at the natural
break points after contacting the micro LED structure with
the transfer head and/or creating the phase change in the alloy
bonding layer, which may be prior to or during picking up the
micro p-n diode and the reflective metallization stack. As
previously described, in the liquid state the alloy bonding
layer may smooth out over the underlying structure in
response to compressive forces associated with contacting the
micro LED structure with the transfer head. In an embodi-
ment, after contacting the micro LED structure with the trans-
fer head, the transfer head is rubbed across a top surface of the
micro LED structure prior to creating the phase change in the
alloy bonding layer. Rubbing may dislodge any particles
which may be present on the contacting surface of either of
the transfer head or micro LED structure. Rubbing may also
transfer pressure to the conformal dielectric barrier layer.
Thus, both transferring a pressure from the transfer head 300
to the conformal dielectric barrier layer 160 and heating the
alloy bonding layer above a liquidus temperature of the alloy
bonding layer can contribute to cleaving the conformal
dielectric barrier layer 160 at a location underneath the micro
p-n diode 150 and may preserve the integrity of the micro
LED structure and quantum well layer 116.

[0125] In an embodiment, the bottom surface of the micro
p-n diode 150 is wider than the top surface of the reflective
metallization stack 120, and the electrically insulating spac-
ers 127 have been etched back underneath the bottom surface
of the micro p-n diode to the extent that there is room for the
conformal dielectric barrier layer 160 to be formed on the
bottom surface of the micro p-n diode 150 and create break
points, though this distance may also be determined by litho-
graphic tolerances. In an embodiment, a 0.25 pm to 1 um
distance on each side of the micro p-n diode 150 accommo-
dates a 50 angstrom to 600 angstrom thick conformal dielec-
tric barrier layer 160.

[0126] In the particular embodiment illustrated in FIG. 14,
Example A, the unpatterned thin adhesion layer 129 is also
cleaved, with a portion of the adhesion layer 129 being picked
up with the micro LED structure. Stress points may also be
created in the adhesion layer 129 adjacent the electrically
insulating spacers 129 or alloy bonding layer 211. Upon
contacting the micro LED structure with the transfer head 300
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and/or creating the phase change in the alloy bonding layer,
these stress points become natural break points in the adhe-
sion layer 129 at which the adhesion layer can be cleaved. In
an embodiment, the adhesion layer 129 is cleaved at the
natural break points after contacting the micro LED structure
with the transfer head and/or creating the phase change in the
alloy bonding layer, which may be prior to or during picking
up the micro p-n diode and the reflective metallization stack.
In other embodiments, such as Examples C-E and H-J, the
patterned adhesion layers 129 may be picked up with the
micro LED structures without being cleaved.

[0127] A variety of suitable transfer heads can be utilized to
aid in the pick up and placement operations 1320, 1330 in
accordance with embodiments of the invention. For example,
the transfer head 300 may exert a pick up pressure on the
micro LED structure in accordance with vacuum, magnetic,
adhesive, or electrostatic principles in order to pick up the
micro LED structure.

[0128] FIG.15is anillustration of a receiving substrate 400
onto which a plurality of micro LED structures have been
placed in accordance with an embodiment of the invention.
For example, the receiving substrate may be, butis not limited
to, a display substrate, a lighting substrate, a substrate with
functional devices such as transistors, or a substrate with
metal redistribution lines. In the particular embodiment illus-
trated, each micro LED structure may be placed over a driver
contact 410. A common contact line 420 may then be formed
over the series of micro p-n diodes 150. As illustrated, the
tapered sidewalls of the micro p-n diodes 150 may provide a
topography which facilitates the formation of a continuous
contact line. In an embodiment, the common contact line 420
can be formed over a series of red-emitting, green-emitting or
blue-emitting micro LEDs. In certain embodiments, the com-
mon contact line 420 will be formed from a transparent con-
tact material such as indium tin oxide (ITO). In one embodi-
ment, the plurality of micro LEDs may be arranged into pixel
groups of three including a red-emitting micro LED, green-
emitting micro LED, and a blue-emitting micro LED.
[0129] In one embodiment, the p-n diode 150 may include
atop n-doped layer 114 with a thickness of approximately 0.1
um-3 pum, quantum well layer 116 (which may be SQW or
MQW) with a thickness less than approximately 0.3 um, and
lower p-doped layer 118 with thickness of approximately 0.1
um-1 pm. In an embodiment, top n-doped layer 114 may be
0.1 um-6 um thick (which may include or replace bulk layer
112 previously described). In a specific embodiment, p-n
diodes 150 may be less than 3 um thick, and less than 10 pm
wide.

[0130] FIG. 16 is a flow chart illustrating a method of
fabricating an array of micro devices in accordance with an
embodiment of the invention. At operation 1600 a first sub-
strate stack is bonded to a second substrate stack with an
intermediate electrically conductive bonding layer having a
liquidus temperature of 350° C. or lower, or more specifically
200° C. or lower. The intermediate bonding layer can be
formed from any of the materials listed in Table 1 above, as
well as aluminum as related to FIG. 4C. For example, the
intermediate bonding layer can be a pure metal layer or alloy
metal layer. In an embodiment, the intermediate bonding
layer includes indium or tin, and may be an indium-based or
tin-based solder material. The intermediate electrically con-
ductive bonding layer can additionally include a component
such as bismuth, silver, gold, gallium, zinc, copper, alumi-
num, lead, and cadmium.
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[0131] In an embodiment, the intermediate electrically
conductive bonding layer is formed by bonding a first elec-
trically conductive bonding layer of the first substrate stack to
a second electrically conductive bonding layer of the second
substrate stack. For example, this can be accomplished by
fusion bonding the first and second electrically conductive
bonding layers when formed of the same material. The inter-
mediate electrically conductive bonding layer can also be
formed by alloy bonding the first electrically conductive
bonding layer to a second electrically conductive bonding
layer formed of a different material. In such a case, the com-
positions and thicknesses of the bonding layers can be con-
trolled to achieve the desired liquidus temperature of the
intermediate electrically conductive bonding layer. Bonding
the first electrically conductive bonding layer to the second
electrically conductive bonding layer can including maintain-
ing the two electrically conductive bonding layers at an
elevated temperature above a liquidus temperature of one of
the two electrically conductive bonding layers.

[0132] At operation 1610 an active device layer of the first
substrate stack is then patterned to form a plurality of micro
devices. The active device layer may include a p-n diode
layer, as well as a quantum well layer for the formation of
micro LED devices as described with regard to FIGS.
1A-12B. Following the formation of the plurality of micro
devices, a region of the intermediate electrically conductive
bonding layer is heated to its liquidus temperature or higher at
operation 1620. For example, heating can include transfer-
ring heat from an underlying substrate and/or a transfer head.
Atleast one of the plurality of the micro devices is then picked
up, along with a portion of the intermediate electrically con-
ductive bonding layer, with the transfer head. In an embodi-
ment, a substantial portion of the intermediate electrically
conductive bonding layer is picked up.

[0133] FIG. 17 is a cross-sectional side view illustration of
a receiving substrate 400 with an electrically conductive
receiving bonding layer 412 and a contact pad 410 in accor-
dance with an embodiment of the invention. As illustrated, the
transfer head 300 has picked up a micro device and a substan-
tial portion of an intermediate electrically conductive bond-
ing layer, illustrated as alloy bonding layer 211. The micro
device and the portion of the intermediate electrically con-
ductive bonding layer 211 are then placed on an electrically
conductive receiving bonding layer 412 on a receiving sub-
strate at operation 1640. Referring now to FIG. 18, at opera-
tion 1650 the intermediate electrically conductive bonding
layer is bonded to the electrically conductive receiving bond-
ing layer to form a permanent alloy bonding layer 420 having
a liquidus temperature above 150° C. The micro device may
then be released by the transfer head 300 as illustrated. In
accordance with embodiments of the invention, the liquidus
temperature of the permanent alloy bonding layer 420 is
sufficient to withstand post-processing packaging operations
such as flip chip bonding of controller circuitry or protective
sealing. Such processes may be performed at temperatures, of
up to 200° C., oreven 250° C. Accordingly, in an embodiment
the liquidus temperature of the permanent alloy bonding layer
420 is greater than 200° C., or even 250° C.

[0134] The electrically conductive receiving bonding layer
412 may have a higher liquidus temperature than the inter-
mediate electrically conductive bonding layer 211. In an
embodiment, the intermediate electrically conductive bond-
ing layer 211 is an indium or tin based material and the
electrically conductive receiving bonding layer 412 a mate-
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rial of a higher liquidus temperature such as silver or gold. In
an embodiment, the permanent alloy bonding layer 420 has a
higher liquidus temperature than the intermediate electrically
conductive bonding layer 211 in order to withstand post-
processing packaging operations and to provide device dura-
bility.

[0135] Thethicknesses and compositions of the electrically
conductive receiving bonding layer 412 and the portion of the
intermediate electrically conductive bonding layer 211 which
is picked up with the micro device are controlled to achieve a
desired alloy concentration in the permanent alloy bonding
layer 420. In accordance with embodiments of the invention,
the bonding interface produced with bonding layers 211, 412
may be stronger than the bonding interface using a single
bonding layer. The increased bonding interface strength can
provide additional structural integrity to the micro device
during post-process and during desired use.

[0136] While embodiments of the invention describe form-
ing a permanent alloy bonding layer 420 from a separate
electrically conductive receiving bonding layer 412, embodi-
ments are not limited to such. In an embodiment, the inter-
mediate electrically conductive bonding layer 211 forms a
permanent alloy bonding layer 420 with a portion of contact
410, which may be metallic. In another embodiment, contact
410 is an electrically conductive non-metallic material such
as indium-tin oxide. For example, an indium or indium alloy
intermediate electrically conductive bonding layer 211 may
form an adhesion bond with the indium-tin oxide contact 410
and diffuse into the indium-tin oxide.

[0137] In an embodiment, bonding the intermediate elec-
trically conductive bonding layer 211 to the electrically con-
ductive receiving bonding layer 412 can include maintaining
the intermediate electrically conductive bonding layer 211
and the electrically conductive receiving bonding layer 412 at
an elevated temperature above a liquidus temperature of the
intermediate electrically conductive bonding layer 211.
Bonding of the intermediate electrically conductive bonding
layer 211 to the electrically conductive receiving bonding
layer 412 can also include transferring heat to the intermedi-
ate electrically conductive bonding layer with the transfer
head 300.

[0138] Incertain embodiments, a substantial portion of the
intermediate electrically conductive bonding layer is released
onto the receiving substrate with a corresponding micro
device. In such embodiments, a substantial portion may cor-
responding to a sufficient amount of intermediate electrically
conductive bonding layer to alter the liquidus temperature of
the electrically conductive receiving bonding layer when
forming the permanent alloy bonding layer. In other embodi-
ments, a substantial portion may correspond to a significant
quantity which can affect bonding to the receiving substrate.
[0139] While FIGS. 16-18 describe the transfer of a single
micro device, the method is also applicable to the transfer of
an array of micro devices. For example, operation 1620 may
include heating a plurality of regions of the intermediate
electrically conductive bonding layer to its liquidus tempera-
ture or higher. Operation 1630 may include picking up a
corresponding plurality of the micro devices and a corre-
sponding plurality of portions of the intermediate electrically
conductive bonding layer with a corresponding plurality of
transfer heads. Operation 1640 may include placing the plu-
rality of micro devices and plurality of portions of the inter-
mediate bonding layer on a corresponding plurality of loca-
tions of the electrically conductive receiving bonding layer on
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the receiving substrate. Operation 1650 may include bonding
the plurality of portion of the intermediate electrically con-
ductive bonding layer to the corresponding plurality of loca-
tions of the electrically conductive receiving bonding layer to
form a corresponding plurality of permanent alloy bonding
layers having a liquidus temperature above 150° C., or more
specifically above 200° C. or above 250° C.

[0140] In another aspect, embodiments of the invention
describe a manner for mass transfer of an array of pre-fabri-
cated micro devices with an array of transfer heads. A transfer
tool including an array of transfer heads matching an integer
multiple of the pitch of the corresponding array of micro LED
devices can be used to pick up and transfer the array of micro
LED devices to a receiving substrate. In this manner, it is
possible to integrate and assemble micro LED devices into
heterogeneously integrated systems, including substrates of
any size ranging from micro displays to large area displays,
and at high transfer rates. For example, a 1 cm by 1 cm array
of micro device transfer heads can pick up and transfer more
than 100,000 micro devices, with larger arrays of micro
device transfer heads being capable of transferring more
micro devices. Each transfer head in the array of transfer
heads may also be independently controllable, which enables
selective pick up and release of the micro devices.

[0141] Without being limited to a particular theory,
embodiments of the invention describe micro device transfer
heads and head arrays which operate in accordance with
principles of electrostatic grippers, using the attraction of
opposite charges to pick up micro devices. In accordance with
embodiments of the present invention, a pull-in voltage is
applied to a micro device transfer head in order to generate a
grip force on a micro device and pick up the micro device.
Grip force is proportional to charged plate area so is calcu-
lated as a pressure. According to ideal electrostatic theory, a
non-electrically conductive dielectric layer between a
monopolar electrode and an electrically conductive substrate
yields a grip pressure in Pascal (Pa) in equation (1) of:

P=[E 2|[VE /] 1

where €,=8.85.107'2, V=electrode-substrate voltage in volts
(V), € =dielectric constant, and d=dielectric thickness in
meters (m). With a bipolar gripper using two grip electrodes
the voltage (V) in the above equation is half of the voltage
between electrodes A and B, [V -V ;]/2. The substrate poten-
tial is centered at the average potential, [V =V ]/2. This
average is generally zero with V_=[-V].

[0142] In another aspect, embodiments of the invention
describe a bonding layer which can maintain a micro device
on a carrier substrate during certain processing and handling
operations, and upon undergoing a phase change provides a
medium on which the micro device can be retained yet is also
readily releasable from during a pick up operation. For
example, the bonding layer may be remeltable or reflowable
such that the bonding layer undergoes a phase change from
solid to liquid state prior to or during the pick up operation. In
the liquid state the bonding layer may retain the micro device
in place on a carrier substrate while also providing a medium
from which the micro device is readily releasable. Without
being limited to a particular theory, in determining the grip
pressure which is necessary to pick up the micro device from
the carrier substrate the grip pressure should exceed the forces
holding the micro device to the carrier substrate, which may
include but are not limited to, surface tension forces, capillary
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forces, viscous effects, elastic restoration forces, van-der-
Waals forces, stiction and gravity.

[0143] In accordance with embodiments of the invention,
when the dimensions of a micro device are reduced below a
certain range, the surface tension forces of the liquid bonding
layer holding the micro device to the carrier substrate may
become dominant over other forces holding the micro device.
FIG. 19A is a graphical illustration of one embodiment
obtained by modeling analysis showing the pressure required
to overcome the force of surface tension to pick up a micro
device of various dimensions, assuming a liquid indium (In)
bonding layer with a surface tension of 560 mN/m at the
melting temperature of 156.7° C. For example, referring to
FIG.19A an exemplary 10 um by 10 um wide micro device is
retained on a carrier substrate with a surface tension pressure
of approximately 2.2 atmospheres (atm) with an indium
bonding layer having a liquid surface tension of 560 mN/m at
its melting temperature of 156.7° C. This is significantly
larger than the pressure due to gravity, which is approxi-
mately 1.8x107° atm for an exemplary 10 umx10 um widex3
um tall piece of gallium nitride (GaN).

[0144] Surface tension pressures and viscous effects may
also be dynamic during the pick up operation. FIG. 19B is a
graphical illustration of one embodiment obtained by model-
ing analysis showing the relationship of surface tension and
increasing gap distance created during the pick up operation
of'an exemplary 10 pm by 10 um wide micro device retained
ona carrier substrate with a molten indium (In) bonding layer.
The gap distance along the x-axis referred to in FIG. 19B is
the distance between the bottom of the micro device and the
carrier substrate, and starts at 2 pm corresponding to an un-
molten thickness of the In bonding layer. As illustrated in
FIG. 19B, a surface tension pressure of 2.2 atm along the
y-axis is initially overcome by the grip pressure at the begin-
ning of the pick up operation. As the micro device is then
lifted from the carrier substrate, the surface tension rapidly
falls, with the pressure leveling out as the micro device is
lifted further away from the carrier substrate.

[0145] FIG. 19C is a graphical illustration of one embodi-
ment obtained by modeling analysis showing the relationship
of viscous force pressures (atm) and increasing gap distance
(um) created during a pick up operation at various pull rates
for an exemplary 10 pum by 10 pm micro device retained on a
carrier substrate with a molten indium (In) bonding layer. The
gap distance referred to in FIG. 19C is the distance between
the bottom of the micro device and the carrier substrate, and
starts at 2 um corresponding to an un-molten thickness of the
In bonding layer. As illustrated, viscous force pressures are
more apparent during faster lift speeds such as 1,000 mm/s
than for slower lift speeds such as 0.1 mm/s. Yet, the pressures
generated from the viscous effects using the exemplary lift
speeds illustrated in FIG. 19C are significantly less than the
surface tension pressure generated and illustrated in FIG. 19B
which suggests that surface tension pressure is the dominant
pressure which must be overcome by the grip pressure during
the pick up operation.

[0146] Ifanair gap ofsize (g) is present between the dielec-
tric layer of the micro device transfer head and a top electri-
cally conductive surface of the micro device then the grip
pressure in equation (2) is:

P=[€,2)[VE/d+EQ)) @

[0147] Itis contemplated that an air gap can be present due
to a variety of sources including, but not limited to, particulate
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contamination, warpage, and misalignment of either surface
of the transfer head or micro device, or the presence of an
additional layer on the transfer head or micro device, such as
a lip of a conformal dielectric barrier layer around the top
electrically conductive surface of a micro device. In a
embodiment, a lip of a conformal dielectric barrier layer may
create both an air gap where a contact opening is formed and
increase the effective thickness of the dielectric layer of the
transfer head where the lip is present.

[0148] As seen from equations (1) and (2) above, lower
voltages may be utilized where no air gap is present between
the micro device transfer head and micro device to be picked
up. However, when an air gap is present this presents a series
capacitance in which the air capacitance may compete with
the dielectric layer capacitance. In order to compensate for
the possibility of an air capacitance between any of an array of
micro device transfer heads over a corresponding array of
micro devices to be picked up, a higher operating voltage,
higher dielectric constant for the dielectric material, or thin-
ner dielectric material may be used to maximize the electric
field. However, use of a higher electric field has limitations
due to possible dielectric breakdown and arcing.

[0149] FIG. 19D is a graphical illustration of one embodi-
ment obtained by modeling analysis showing the grip pres-
sure exerted by a transfer head on a micro device as the
transfer head is withdrawn from the top electrically conduc-
tive surface of the micro device, corresponding to an increas-
ing air gap size. The different lines correspond to different
Ta,O; dielectric layer thicknesses between 0.5 um and 2.0 pm
on the transfer head, with the electric field being kept con-
stant. As illustrated, no appreciable effect on grip pressure is
observed at these conditions below air gap sizes of approxi-
mately 1 nm (0.001 um), and even as high as 10 nm (0.01 um)
for some conditions. However, it is to be appreciated that the
tolerable air gap can be increased or decreased by changing
the conditions. Thus, in accordance with some embodiments
of the invention a certain amount of air gap tolerance is
possible during the pick up operation and actual contact with
the micro device transfer head and the top electrically con-
ductive surface of the micro device may not be necessary.

[0150] Now assuming that the grip pressure required to
pick up the micro device from the carrier substrate should
exceed the sum of pressures retaining the micro device on the
carrier substrate (as well as any pressure reduction due to air
gap) it is possible to derive the interrelationship of operating
voltage, dielectric constant and dielectric thickness of the
dielectric material in the micro device transfer head by solv-
ing the grip pressure equations. For purposes of clarity,
assuming that the air gap distance is zero, for a monopolar
electrode this becomes:

SqUi(P*2/E,)=VE,/d 3)

[0151] Exemplary ranges of calculated dielectric thickness
values are provided in Table 4 for desired grip pressures of 2
atm (202650 Pa) and 20 atm (2026500 Pa) for Al,O, and
Ta,05 dielectric materials between operating voltages
between 25 V and 300V in order to illustrate the interdepen-
dence of grip pressure, voltage, dielectric constant and dielec-
tric thickness in accordance with an embodiment of the inven-
tion. The dielectric constants provided are approximate, and it
is understood that the values can vary depending upon man-
ner of formation.
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TABLE 4
Dielectric
constant, €, Dielectric

Dielectric (Hz-MHz thickness, d
Material Voltage (V) range) (microns)

Grip pressure = 2 atm
ALO, 25 9.8 1.1
ALO, 100 9.8 4.6
ALO, 300 9.8 13.7
Ta,05 25 25 2.9
Ta,05 100 25 11.7
Ta,0, 300 25 35.0

Grip pressure = 20 atm
ALO; 25 9.8 0.4
ALO, 100 9.8 1.4
ALO, 300 9.8 43
Ta,0s5 25 25 0.9
Ta,Os 100 25 3.7
Ta,05 300 25 111

[0152] Since the grip pressure is proportional to the inverse

square of the dielectric thickness, the calculated dielectric
thicknesses in Table 4 represents the maximum thicknesses
which can be formed to achieve the necessary grip pressure
with the set operating voltage. Thicknesses lower than those
provided in Table 4 may result in higher grip pressures at the
set operating voltage, however lower thicknesses increase the
applied electric field across the dielectric layer which requires
that the dielectric material possess a dielectric strength suffi-
cient to withstand the applied electric field without shorting.
It is to be appreciated that the grip pressure, voltage, dielectric
constant and dielectric thickness values provided in Table 4
are exemplary in nature, and provided in order to provide a
foundation for working ranges of the micro device transfer
head in accordance with embodiments of the invention. The
relationship between grip pressure, voltage, dielectric con-
stant and dielectric thickness values provided in Table 4 has
been illustrated in accordance with ideal electrostatic theory,
and embodiments of the invention are not limited by such.
[0153] FIG. 20 is a cross-sectional side view illustration of
a bipolar micro device transfer head and head array which
operates according to electrostatic principles in order to pick
up the micro LED structure in accordance with an embodi-
ment ofthe invention. As illustrated, the micro device transfer
head 300 may include a base substrate 302, a mesa structure
304 including a top surface 308 and sidewalls 306, an optional
passivation layer 310 formed over the mesa structure 304 and
including a top surface 309 and sidewalls 307, a pair of
electrodes 316 A, 316B formed over the mesa structure 304
(and optional passivation layer 310) and a dielectric layer 320
with a top surface 321 covering the electrodes 316A, 316B.
Base substrate 302 may be formed from a variety of materials
such as silicon, ceramics and polymers which are capable of
providing structural support. In an embodiment, base sub-
strate has a conductivity between 10 and 10'® ohm-cm. Base
substrate 302 may additionally include wiring (not shown) to
connect the micro device transfer heads 300 to the working
electronics of an electrostatic gripper assembly.

[0154] The mesa structures 304 generate a profile which
protrudes away from the base substrate so as to provide a
localized contact point to pick up a specific micro device
during a pick up operation. In an embodiment, mesa struc-
tures 304 have a height of approximately 1 um to 5 um, or
more specifically approximately 2 um. Specific dimensions



US 2013/0130440 Al

of the mesa structures 304 may depend upon the specific
dimensions ofthe micro devices to be picked up, as well as the
thickness of any layers formed over the mesa structures. In an
embodiment, the height, width, and planarity of the array of
mesa structures 304 on the base substrate 302 are uniform
across the base substrate so that each micro device transfer
head 300 is capable of making contact with each correspond-
ing micro device during the pick up operation. In an embodi-
ment, the width across the top surface 321 of each micro
device transfer head is slightly larger, approximately the
same, or less than the width of the top surface of the each
micro device in the corresponding micro device array so that
a transfer head does not inadvertently make contact with a
micro device adjacent to the intended corresponding micro
device during the pick up operation.

[0155] Mesa structure 304 has a top surface 308, which
may be planar, and sidewalls 306. In an embodiment, side-
walls 306 may be tapered up to 10 degrees, for example.
Tapering the sidewalls 306 may be beneficial in forming the
electrodes 316 and electrode leads 314. Passivation layer 310
can be deposited by a variety of suitable techniques such as
chemical vapor deposition (CVD), sputtering, or atomic layer
deposition (ALD). In an embodiment, passivation layer 310
may be 0.5 pm-2.0 pum thick oxide such as, but not limited to,
silicon oxide (SiO,), aluminum oxide (Al,O5) or tantalum
oxide (Ta,Os). Electrodes 316 A, 316B may be a single layer
or multiple layers. A variety of electrically conductive mate-
rials including metals, metal alloys, refractory metals, and
refractory metal alloys may be employed to form electrodes
316A, 316B. In an embodiment, the electrodes 316A, 3168
have a thickness up to 5,000 angstroms (0.5 pum). In an
embodiment, the electrodes 316 A, 316B include a high melt-
ing temperature metal such as platinum or a refractory metal
or refractory metal alloy. For example, electrodes 316A,
316B may include platinum, titanium, vanadium, chromium,
zirconium, niobium, molybdenum, ruthenium, rhodium,
hafnium, tantalum, tungsten, rhenium, osmium, iridium and
alloys thereof. Refractory metals and refractory metal alloys
generally exhibit higher resistance to heat and wear than other
metals. In an embodiment, electrodes 316A, 316B are
approximately 500 angstrom (0.05 um) thick titanium tung-
sten (TiW) refractory metal alloy.

[0156] Dielectric layer 320 has a suitable thickness and
dielectric constant for achieving the required grip pressure of
the micro device transfer head 300, and sufficient dielectric
strength to not break down at the operating voltage. The
dielectric layer may be a single layer or multiple layers. In an
embodiment, the dielectric layer is 0.5 pm-2.0 pm thick,
though thickness may be more or less depending upon the
specific topography of the transfer head 300 and underlying
mesa structure 304. Suitable dielectric materials may include,
but are not limited to, aluminum oxide (Al,O,) and tantalum
oxide (Ta,O;). Referring back to Table 4 above, embodiments
of Al,0; dielectric layers with applied electric fields (deter-
mined by dividing the voltage by dielectric thickness) of 22
V/um to 71 V/um and Ta,O5 dielectric layers with applied
electric fields of 9 V/um to 28 V/um were provided. In accor-
dance with embodiments of the invention, the dielectric layer
320 possesses a dielectric strength greater than the applied
electric field so as to avoid shorting of the transfer head during
operation. Dielectric layer 320 can be deposited by a variety
of suitable techniques such as chemical vapor deposition
(CVD), atomic layer deposition (ALD) and physical vapor
deposition (PVD) such as sputtering. Dielectric layer 320

May 23, 2013

may additionally be annealed following deposition. In one
embodiment, the dielectric layer 320 possesses a dielectric
strength of at least 400 V/um. Such a high dielectric strength
can allow for the use of a thinner dielectric layer than the
calculated thicknesses provided in exemplary Table 4. Tech-
niques such as ALD can be utilized to deposit uniform, con-
formal, dense, and/or pin-hole free dielectric layers with good
dielectric strength. Multiple layers can also be utilized to
achieve such a pin-hole free dielectric layer 320. Multiple
layers of different dielectric materials may also be utilized to
form dielectric layer 320. In an embodiment, the underlying
electrodes 316 A, 316B include platinum or a refractory metal
or refractory metal alloy possessing a melting temperature
above the deposition temperature of the dielectric layer mate-
rial(s) so as to not be a limiting factor in selecting the depo-
sition temperature of the dielectric layer.

[0157] The following description corresponding to FIGS.
21-37 describes various manners for picking up a micro LED
device and array of micro LED devices. It is be appreciated
that while certain micro LED devices are described and illus-
trated in FIGS. 21-37, that the micro LED devices can be any
of'the micro LED device structures previously illustrated and
described above with regard to FIGS. 1-15. Furthermore,
reference to bonding layer 220 is made in the following
description corresponding to FIGS. 21-37. It is to be appre-
ciated that bonding layer 220 in the following description and
FIGS. 21-37 can refer to bonding layer 210, a fusion bonded
bonding layer, an alloy bonding layer 211, and an intermedi-
ate bonding layer as described above with regard to FIGS.
1-18.

[0158] FIG. 21 is a flow chart illustrating a method of
picking up and transferring a micro device from a carrier
substrate to a receiving substrate in accordance with an
embodiment of the invention. At operation 2110 a transfer
head is positioned over a micro device connected to a carrier
substrate. The transfer head may comprise a mesa structure,
an electrode over the mesa structure, and a dielectric layer
covering the electrode as described in the above embodi-
ments. The micro device is then contacted with the transfer
head at operation 2120. In an embodiment, the micro device
is contacted with the dielectric layer 320 of the transfer head.
In an alternative embodiment, the transfer head is positioned
over the micro device with a suitable air gap separating them
which does not significantly affect the grip pressure, for
example, 1 nm (0.001 pm) or 10 nm (0.01 pm). At operation
2130 a voltage is applied to the electrode to create a grip
pressure on the micro device, and the micro device is picked
up with the transfer head at operation 2140. The micro device
is then released onto a receiving substrate at operation 2150.

[0159] While operations 2110-2150 have been illustrated
sequentially in FIG. 21, it is to be appreciated that embodi-
ments are not so limited and that additional operations may be
performed and certain operations may be performed in a
different sequence. For example, in one embodiment, after
contacting the micro device with the transfer head, the trans-
fer head is rubbed across a top surface of the micro device in
order to dislodge any particles which may be present on the
contacting surface of either of the transfer head or micro
device. In another embodiment, an operation is performed to
create a phase change in the bonding layer connecting the
micro device to the carrier substrate prior to or while picking
up the micro device. If a portion of the bonding layer is picked
up with the micro device, additional operations can be per-
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formed to control the phase of the portion of the bonding layer
during subsequent processing.

[0160] Operation 2130 of applying the voltage to the elec-
trode to create a grip pressure on the micro device can be
performed in various orders. For example, the voltage can be
applied prior to contacting the micro device with the transfer
head, while contacting the micro device with the transfer
head, or after contacting the micro device with the transfer
head. The voltage may also be applied prior to, while, or after
creating the phase change in the bonding layer.

[0161] Where the transfer head includes a bipolar elec-
trode, an alternating voltage is applied across the pair of
electrodes 316A, 316B so that at a particular point in time
when a negative voltage is applied to electrode 316 A, a posi-
tive voltage is applied to electrode 316B, and vice versa in
order to create the pick up pressure. Releasing the micro
device from the transfer head may be accomplished with a
variety of methods including turning off the voltage sources,
lowering the voltage across the pair of electrodes, changing a
waveform of the AC voltage, and grounding the voltage
source.

[0162] FIG. 22 is a flow chart illustrating a method of
picking up and transferring an array of micro devices from a
carrier substrate to at least one receiving substrate in accor-
dance with an embodiment of the invention. At operation
2210 an array of transfer heads is positioned over an array of
micro devices, with each transfer head having a mesa struc-
ture, an electrode over the mesa structure, and a dielectric
layer covering the electrode. At operation 2220 the array of
micro devices are contacted with the array of transfer heads.
In an alternative embodiment, the array of transfer heads is
positioned over the array of micro devices with a suitable air
gap separating them which does not significantly affect the
grip pressure, for example, 1 nm (0.001 pm) or 10 nm (0.01
pm).

[0163] FIG. 23 is a side view illustration of an array of
micro device transfer heads 300 in contact with an array of
micro LED devices 100 inaccordance with an embodiment of
the invention. As illustrated in FIG. 23, the pitch (P) of the
array of transfer heads 300 matches the pitch of the micro
LED devices 100, with the pitch (P) of the array of transfer
heads being the sum of the spacing (S) between transfer heads
and width (W) of a transfer head.

[0164] Inoneembodiment, the array of micro LED devices
100 have a pitch of 10 um, with each micro LED device
having a spacing of 2 pm and a maximum width of 8 pm. In an
exemplary embodiment, assuming a micro p-n diode 150
with straight sidewalls the top surface of the each micro LED
device 100 has a width of approximately 8 um. In such an
exemplary embodiment, the width of the top surface 321 (see
FIG. 20) of a corresponding transfer head 300 is approxi-
mately 8 pm or smaller so as to avoid making inadvertent
contact with an adjacent micro LED device. In another
embodiment, the array of micro LED devices 100 may have a
pitch of 5 pum, with each micro LED device having a spacing
of 2 um and a maximum width of 3 pm. In an exemplary
embodiment, the top surface of the each micro LED device
100 has a width of approximately 3 pm. In such an exemplary
embodiment, the width of the top surface 321 of a corre-
sponding transfer head 300 is approximately 3 pm or smaller
so as to avoid making inadvertent contact with an adjacent
micro LED device 100. However, embodiments of the inven-
tion are not limited to these specific dimensions, and may be
any suitable dimension. For example, the top surface 321 of
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the transfer head 300 may be slightly larger than the tops
surface of the micro LED device 100, and smaller than the
pitch (P) of the micro LED array described with regard to
FIGS. 12A-12B.

[0165] FIG. 24 is a side view illustration of an array of
micro device transfer heads in contact with an array of micro
LED devices 100 in accordance with an embodiment of the
invention. In the embodiment illustrated in FIG. 24, the pitch
(P) of the transfer heads is an integer multiple of the pitch of
the array of micro devices. In the particular embodiment
illustrated, the pitch (P) of the transfer heads is 3 times the
pitch of the array of micro LED devices. In such an embodi-
ment, having a larger transfer head pitch may protect against
arcing between transfer heads.

[0166] Referring again to FIG. 22, at operation 2230 a
voltage is selectively applied to a portion of the array of
transfer heads 100. Thus, each transfer head 300 may be
independently operated. At operation 2240 a corresponding
portion of the array of micro devices is picked up with the
portion of the array of transfer heads to which the voltage was
selectively applied. In one embodiment, selectively applying
a voltage to a portion of the array of transfer heads means
applying a voltage to every transfer head in the array of
transfer heads. FIG. 25 is a side view illustration of every
transfer head in an array of micro device transfer heads pick-
ing up an array of micro LED devices 100 in accordance with
an embodiment of the invention. In another embodiment,
selectively applying a voltage to a portion of the array of
transfer heads means applying a voltage to less than every
transfer head (e.g. a subset of transfer heads) in the array of
transfer heads. FIG. 26 is a side view illustration ofa subset of
the array of micro device transfer heads picking up a portion
of an array of micro LED devices 100 in accordance with an
embodiment of the invention. In a particular embodiment
illustrated in FIGS. 25-26, the pick up operation includes
picking up the micro p-n diode 150, the reflective metalliza-
tion stack 120, the electrically insulating spacer 127 and a
portion of the conformal dielectric barrier layer 160 for the
micro LED device 100. In a particular embodiment illustrated
in FIGS. 25-26, the pick up operation includes picking up a
substantial portion of the bonding layer 220. Accordingly,
any of the embodiments described with regard to FIGS. 23-28
may also be accompanied by controlling the temperature of
the portion of the bonding layer 220. For example, embodi-
ments described with regard to FIGS. 23-28 may include
performing an operation to create a phase change from solid
to liquid state in a plurality of locations of the bonding layer
connecting the array of micro devices to the carrier substrate
201 prior to picking up the array of micro devices. In an
embodiment, the plurality of locations of the bonding layer
can be regions of the same bonding layer. In an embodiment,
the plurality of locations of the bonding layer can be laterally
separate locations of the bonding layer.

[0167] At operation 2250 the portion of the array of micro
devices is then released onto at least one receiving substrate.
Thus, the array of micro LEDs can all be released onto a
single receiving substrate, or selectively released onto mul-
tiple substrates. For example, the receiving substrate may be,
but is not limited to, a display substrate, a lighting substrate,
a substrate with functional devices such as transistors or ICs,
or a substrate with metal redistribution lines. Release may be
accomplished by affecting the applied voltage as previously
described.
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[0168] Inaccordance with some embodiments, release may
also be accompanied by alloy bonding the bonding layer 220
with an electrically conductive receiving bonding layer to
form a permanent alloy bonding layer, similarly as described
with regard to FIGS. 16-18. In certain embodiments, a sub-
stantial portion of the bonding layer 220 is released onto the
receiving substrate with a corresponding micro LED device.
In such embodiments, a substantial portion may correspond-
ing to a sufficient amount of bonding layer to alter the liquidus
temperature of the electrically conductive receiving bonding
layer when forming the permanent alloy bonding layer. In
other embodiments, a substantial portion may correspondto a
significant quantity which can affect bonding to the receiving
substrate.

[0169] FIG. 27 is a side view illustration of an array of
micro device transfer heads holding a corresponding array of
micro LED devices 100 over areceiving substrate 400 includ-
ing a plurality of driver contacts 410. The array of micro LED
devices 100 may then be placed into contact with the receiv-
ing substrate and then selectively released. FIG. 28 is a side
view illustration of a single micro LED device 100 selectively
released onto the receiving substrate 400 over a driver contact
410 in accordance with an embodiment of the invention. In
another embodiment, more than one micro LED device 100 is
released, or the entire array of micro LED devices 100 are
released.

[0170] FIG. 29 is a flow chart illustrating a method of
picking up and transferring a micro device from a carrier
substrate to a receiving substrate in accordance with an
embodiment of the invention. For purpose of clarity, FIG. 29
is described in relation to various structural configurations
illustrated in FIGS. 30A-32B, though embodiments of the
invention are not so limited and may be practiced with other
structural configurations referred to herein. At operation 2910
a carrier substrate carrying a micro device connected to a
bonding layer is optionally heated to a temperature below a
liquidus temperature of the bonding layer. In an embodiment,
the carrier substrate is heated to a temperature of 1° C. to 10°
C. below a liquidus temperature of the bonding layer, though
lower or higher temperatures may be used. The heat from the
carrier substrate may transfer from the carrier substrate to the
bonding layer, to also maintain the bonding layer at approxi-
mately the same temperature. At operation 2920 a transfer
head is heated to a temperature above the liquidus tempera-
ture of the bonding layer. For example, the transfer head may
be heated to a temperature of 1° C. to 150° C., and more
specifically 1° C. to 50° C., above the liquidus temperature of
the bonding layer, though higher temperatures may be used.
The micro device is then contacted with the transfer head at
operation 2925, and heat is transferred from the transfer head
300 into the bonding layer 220 to at least partially melt the
bonding layer at operation 2930. Alternatively, the micro
device can be contacted with the transfer head at operation
2925, followed by heating the transfer head to the tempera-
ture above the liquidus temperature of the bonding layer at
operation 2920 so that heat is transferred from the transfer
head 300 into the bonding layer 220 to at least partially melt
the bonding layer at operation 2930. Accordingly, it is to be
understood that the order of operations in the flow charts
illustrated in FIG. 29 and FIG. 33 can be performed in differ-
ent orders than the sequentially numbered operations. In an
embodiment, the transfer head and carrier substrate are
heated to temperatures such that a sufficient portion of the
bonding layer rapidly melts upon contacting the micro device
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with the transfer head which is heated above the liquidus
temperature so that the micro device may be picked up by the
transfer head upon creating a grip pressure which overcomes
the surface tension forces holding the micro device to the
carrier substrate. Size of the micro device, pick up speed, and
thermal conductivity of the system are factors in determining
the temperatures.

[0171] FIG. 30A is a side view illustration of an at least
partially melted location 215 of a laterally continuous bond-
ing layer directly below the micro LED device 100 in accor-
dance with an embodiment of the invention. As illustrated,
area 209 in location 215 of the bonding layer 220 located
directly below the micro device 200 is illustrated with a
darker shading indicating that the area 211 is in the liquid
state, while the lighter shaded portions 213 of bonding layer
220 are in the solid state. In the particular embodiment illus-
trated in FIG. 33 A, the localized melting of area 209 of the
bonding layer 220 may be accomplished by separately heat-
ing the substrate 201 carrying the micro device 100, and the
transfer head assembly carrying the transfer head 300. For
example, the carrier substrate 201 can be globally heated with
an optional heating element 602 (indicated by dotted lines)
and heat distribution plate 600 to a temperature 1° C.to 10° C.
below a liquidus temperature of the bonding layer, and the
transfer head can be heated with a heating element 502 and
heat distribution plate 500 to a temperature of 1° C. to 150° C.,
and more specifically 1° C. to 150° C., above the liquidus
temperature of the bonding layer. Heat can be applied in other
fashions, such as IR heat lamps, lasers, resistive heating ele-
ments, amongst others. Substrate 201 may also be locally
heated.

[0172] FIG. 30B is a side view illustration of at least par-
tially melted locations of a laterally continuous bonding layer
directly below the micro LED device 100 in accordance with
an embodiment of the invention. As illustrated, the location of
the bonding layer 220 located directly below the micro device
200 is illustrated with a darker shading indicating that the area
209 is in the liquid state. In the particular embodiment illus-
trated in FIG. 30B, substantially all ofthe laterally continuous
bonding layer 220 is in the liquid state 209, which may be
accomplished by globally heating the substrate 201 carrying
the micro device 100 to or above the liquidus temperature of
the bonding layer 220, for example with heating element 602
and heat distribution plate 600, without requiring separate
heating of the transfer head 300.

[0173] FIG. 31A is a side view illustration of an at least
partially melted laterally separate location 215 of a bonding
layer directly below the micro LED device 100 in accordance
with another embodiment of the invention. As illustrated, the
locations 215 of the bonding layer 220 directly below the
micro devices 100 are laterally separate locations, with the
laterally separate location 215 of the bonding layer located
directly below the micro device 100 which is in contact with
the transfer head 300 at least partially melted, indicated by
shading of area 209. Similar to FIG. 30A, localized melting of
area 209 of the laterally separate location of bonding layer
220 may be accomplished by separately heating the substrate
201 carrying the micro device 100, and the transfer head
assembly carrying the transfer head 300. Heating element 602
may be optional for localized heating, indicated by the dotted
lines. Carrier substrate 201 may also be locally heated.
[0174] FIG. 31B is a side view illustration of at least par-
tially melted laterally separate locations of a bonding layer in
accordance with an embodiment of the invention. As illus-
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trated, the laterally separate locations 215 of the bonding
layer 220 located below the micro devices 100 are illustrated
with a darker shading indicating that areas 209 are in the
liquid state. In the particular embodiment illustrated in FIG.
31B, substantially all of each laterally separate location 215
of the bonding layer 220 is molten, which may be accom-
plished by globally heating the substrate 201 carrying the
micro devices 100 to or above the liquidus temperature of the
bonding layer 220, for example with heating element 602 and
heat distribution plate 600, without requiring separate heating
of the transfer head 300.

[0175] FIG. 32A is a side view illustration of an at least
partially melted laterally separate location 215 of a bonding
layer on a post 202 in accordance with an embodiment of the
invention. As illustrated, the locations 215 of the bonding
layer 220 located below the micro devices 100 are laterally
separate locations, with the laterally separate location 215 of
the bonding layer located below the micro device 100 in
contact with the transfer head 300 at least partially melted,
indicated by shading of area 209. Bonding layer 220 may also
include regions of alloy bonding layer 211 and regions of
bonding layer 210 similar to FIG. 10", Example, B. Similar to
FIG. 30A, localized melting of area 209 of the laterally sepa-
rate location 215 of bonding layer 220 may be accomplished
by separately heating the substrate 201 carrying the micro
device 100, and the transfer head assembly carrying the trans-
fer head 300. Heating element 602 may be optional for local-
ized heating, indicated by the dotted lines. Carrier substrate
201 may also be locally heated.

[0176] FIG. 32B is a side view illustration of at least par-
tially melted laterally separate locations 215 of a bonding
layer on posts 202 in accordance with an embodiment of the
invention. As illustrated, the laterally separate locations of the
bonding layer 220 located below the micro devices 100 are
illustrated with a darker shading indicating that areas 209 are
in the liquid state. In the particular embodiment illustrated in
FIG. 32B, each laterally separate location 215 of the bonding
layer 220 is molten, which may be accomplished by globally
heating the substrate 201 carrying the micro devices 100 to or
above the liquidus temperature of the bonding layer 220, for
example with heating element 602 and heat distribution plate
600, without requiring separate heating of the transfer head
300.

[0177] Referring again to FIG. 29 a voltage is applied to the
electrode(s) 316 in the transfer head 300 to create a grip
pressure on the micro device 100 at operation 2940, and at
operation 2950 the micro device is picked up with the transfer
head. As described above, the order of operations in the flow
charts illustrated in FIG. 29 and FIG. 33 can be performed in
different orders than the sequentially numbered operations.
For example, operation 2940 of applying a voltage to the
transfer head to create a grip pressure on the micro device can
be performed earlier in the sequence of operations. In an
embodiment, a substantial portion of the bonding layer 220 is
picked up with the transfer head 300 at operation 2945. For
example, approximately half of the bonding layer 220 may be
picked up with the micro device 100. In an alternative
embodiment, none of the bonding layer 220 is picked up with
the transfer head. At operation 2950 the micro device and
optionally a portion of the bonding layer 220 are placed in
contact with a receiving substrate. The micro device and
optionally a portion of the bonding layer 220 and conformal
dielectric barrier layer 160 are then released onto the receiv-
ing substrate at operation 2960.
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[0178] A variety of operations can be performed to control
the phase of the portion of the bonding layer when picking up,
transferring, contacting the receiving substrate, and releasing
the micro device and portion of the bonding layer 220 (or
alloy bonding layer 211) on the receiving substrate. For
example, the portion of the bonding layer which is picked up
with the micro device can be maintained in the liquid state
during the contacting operation 2950 and during the release
operation 2960. In another embodiment, the portion of the
bonding layer can be allowed to cool to a solid phase after
being picked up. For example, the portion of the bonding
layer can be in a solid phase during contacting operation
2950, and again melted to the liquid state prior to or during the
release operation 2960. A variety of temperature and material
phase cycles can be performed in accordance with embodi-
ments of the invention.

[0179] An exemplary embodiment which illustrates con-
trolling the phase of the portion of the bonding layer (or alloy
bonding layer) when picking up, transferring, contacting the
receiving substrate, and releasing the micro device of FIG.
30A is described in additional detail in the following method
illustrated in FIG. 33 and the structural configurations illus-
trated in FIGS. 34-37, though embodiments of the invention
are not so limited an may be practiced with other structural
configurations. At operation 3310 a substrate carrying an
array of micro devices connected to a plurality of locations of
a bonding layer is optionally heated to a temperature below a
liquidus temperature of the bonding layer. The heat from the
carrier substrate may transfer from the carrier substrate to the
bonding layer, to also maintain the bonding layer at approxi-
mately the same temperature. At operation 3320 a transfer
head is heated to a temperature above the liquidus tempera-
ture of the bonding layer. The array of micro devices are then
contacted with the array of transfer heads at operation 3325,
and heat is transferred from the array of transfer heads 300
into the plurality of locations of the bonding layer 220 to at
least partially melt portions of the plurality of locations of the
bonding layer at operation 3330. Alternatively, the array of
micro devices can be contacted with the array of transfer
heads at operation 3325, followed by heating the array of
transfer heads to the temperature above the liquidus tempera-
ture of the bonding layer at operation 3320 so that heat is
transferred from the array of transfer heads 300 into the
plurality of locations of the bonding layer 220 to at least
partially melt the portions of the plurality of locations of the
bonding layer at operation 3330. Accordingly, it is to be
understood that the order of operations in the flow charts
illustrated in FI1G. 29 and FIG. 33 can be performed in differ-
ent orders than the sequentially numbered operations.

[0180] FIG. 34 is a side view illustration of an array of
micro device transfer heads in contact with an array of micro
LED devices of FIG. 30A, in which the plurality of locations
of the bonding layer 220 (or alloy bonding layer 211) are at
least partially melted, indicated by the dark shaded areas 209,
in accordance with an embodiment of the invention. In the
particular embodiment illustrated in FIG. 34, the localized
melting of areas 209 of the bonding layer 220 may be accom-
plished by separately heating the carrier substrate 201 carry-
ing the micro devices 100, and the array of transfer heads 300.
For example, the carrier substrate 201 can be heated with a
heating element 602 and heat distribution plate 600 to a
temperature 1° C. to 10° C. below a liquidus temperature of
the bonding layer, and the base array of transfer heads 300 can
be heated with a heating element 502 and heat distribution
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plate 500 to a temperature of 1° C. to 150° C., and more
specifically 1° C. to 150° C., above the liquidus temperature
ofthe bonding layer as described in relation to FIG. 30 A. Heat
can be applied in other fashions, such as IR heat lamps, lasers,
resistive heating elements, amongst others. Carrier substrate
201 may also be locally heated.

[0181] Referring again to FIG. 33 a voltage is then selec-
tively applied to the electrode(s) 116 in a portion of the array
of transfer heads 300 to create a grip pressure on the corre-
sponding array of micro devices 100 at operation 3340, and at
operation 3345 the corresponding portion of the array of
micro devices 100 are picked up with the portion of the array
oftransfer heads 300. As described above, the order of opera-
tions in the flow charts illustrated in FIG. 29 and FIG. 33 can
be performed in different orders than the sequentially num-
bered operations. For example, operation 3340 of applying a
voltage to the transfer head to create a grip pressure on the
micro device can be performed earlier in the sequence of
operations. In an embodiment, a substantial portion of the
plurality of locations of the bonding layer 220 is picked up
with the array of micro devices 100 at operation 3345. For
example, approximately half of the plurality of locations of
the bonding layer 220 may be picked up with the array of
micro devices 100. In an alternative embodiment, none of the
bonding layer 220 is picked up with the array of micro devices
100. FIG. 35 is a side view illustration of an array of micro
device transfer heads 300 picking up an array of micro LED
devices 100 in accordance with an embodiment of the inven-
tion, in which a substantial portion of the plurality locations
of bonding layer are picked up in the liquid state 209 along
with the array of micro LED devices 100.

[0182] At operation 3350 the corresponding portion of the
array of micro devices 100 and optionally the portion of the
bonding layer 220 which have been picked up are placed in
contact with a receiving substrate. The bonding layer 220 may
be in either the solid state 213 or liquid state 209 when
contacting the substrate. The portion of the array of micro
devices and optionally the portion of the bonding layer 220
are then selectively released onto the at least one receiving
substrate at operation 3360. Thus, the array of micro devices
can all be released onto a single receiving substrate, or selec-
tively released onto multiple substrates. The receiving sub-
strate may be, but is not limited to, a display substrate, a
lighting substrate, a substrate with functional devices such as
transistors or ICs, or a substrate with metal redistribution
lines. Release may be accomplished by turning off the voltage
source, grounding the voltage source, or reversing the polar-
ity of the constant voltage.

[0183] Inaccordance with some embodiments, release may
also be accompanied by alloy bonding the bonding layer 220
with an electrically conductive receiving bonding layer to
form a permanent alloy bonding layer, similarly as described
with regard to FIGS. 16-18. In certain embodiments, a sub-
stantial portion of the bonding layer 220 is released onto the
receiving substrate with a corresponding micro LED device.
In such embodiments, a substantial portion may correspond-
ing to a sufficient amount of bonding layer to alter the liquidus
temperature of the electrically conductive receiving bonding
layer when forming the permanent alloy bonding layer. In
other embodiments, a substantial portion may correspondto a
significant quantity which can affect bonding to the receiving
substrate.

[0184] FIG. 36 is a side view illustration of an array of
micro device transfer heads with an array of micro LED
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devices positioned over a receiving substrate 400 including a
plurality of driver contacts 410 in accordance with an
embodiment of the invention, in which the portions of the
bonding layer which have been picked up are in the liquid
state 209. FIG. 37 is a side view illustration of an array of
micro LED devices selectively released onto the receiving
substrate 400 over the driver contacts 410 in accordance with
an embodiment of the invention. In another embodiment, a
single micro LED device 100 or a portion of the micro LED
devices 100 are released. Upon release of the micro devices
100 onto the receiving substrate 400 the corresponding por-
tions of the bonding layer are allowed to cool to the solid state
213.

[0185] In an embodiment, the receiving substrate 400 can
be heated to a temperature above or below the liquidus tem-
perature of the bonding layer 220 to assist with the transfer
process. The receiving substrate 400 can also be locally or
globally heated. In one embodiment, the receiving substrate is
globally heated with a heating element 702 and heat distribu-
tion plate 700 similar to the carrier substrate. Heat can be
applied in other fashions, such as IR heat lamps, lasers, resis-
tive heating elements, amongst others. In one embodiment, a
localized laser can be provided above a top surface of the
receiving substrate 400 to provide localized heating to the
bonding layer or receiving substrate. In another embodiment,
a localized laser can be provided below a bottom surface of
the receiving substrate 400, so that the bonding layer or
receiving substrate is locally heated from the backside. Where
localized heating of the receiving substrate 400 is utilized, for
example by laser, temperatures below or above the liquidus
temperature of the bonding layer may be accomplished. For
example, a local region of receiving substrate 400 adjacent
contact 410 can be locally heated to or above the liquidus
temperature of the bonding layer to facilitate bonding, fol-
lowed by cooling to solidify the bond. Likewise, the receiving
substrate 400 can be locally or globally maintained at an
elevated temperature below the liquidus temperature of the
bonding layer, or allowed to remain at room temperature.

[0186] A variety of operations can be performed to control
the phase of the portion of the bonding layer when picking up,
transferring, contacting the receiving substrate, and releasing
the micro devices and portion of the bonding layer 220 on the
receiving substrate. For example, the portion of the bonding
layer which is picked up with the micro device can be main-
tained in the liquid state during the contacting operation 3350
and during the release operation 3360. In another embodi-
ment, the portion of the bonding layer can be allowed to cool
to a solid phase after being picked up. For example, the
portion of the bonding layer can be in a solid phase during
contacting operation 3350, and again melted to the liquid
state prior to or during the release operation 3360. A variety of
temperature and material phase cycles can be performed in
accordance with embodiments of the invention.

[0187] In utilizing the various aspects of this invention, it
would become apparent to one skilled in the art that combi-
nations or variations of the above embodiments are possible
for forming an array of micro LED structures which are
poised for pick up and transfer to a receiving substrate.
Although the present invention has been described in lan-
guage specific to structural features and/or methodological
acts, it is to be understood that the invention defined in the
appended claims is not necessarily limited to the specific
features or acts described. The specific features and acts dis-
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closed are instead to be understood as particularly graceful
implementations of the claimed invention useful for illustrat-
ing the present invention.
‘What is claimed is:
1. A method of fabricating a micro device comprising:
bonding a first substrate stack to a second substrate stack
with an intermediate electrically conductive bonding
layer having a liquidus temperature of 350° C. or lower;

patterning an active device layer of the first substrate stack
to form a plurality of micro devices;

heating a region of the intermediate electrically conductive

bonding layer to the liquidus temperature or higher;

picking up one of the plurality of the micro devices and a

portion of the intermediate electrically conductive bond-
ing layer with a transfer head,

placing the micro device and the portion of the intermedi-

ate electrically conductive bonding layer on an electri-
cally conductive receiving bonding layer on a receiving
substrate; and

bonding the intermediate electrically conductive bonding

layer to the electrically conductive receiving bonding
layer to form a permanent alloy bonding layer having a
liquidus temperature above 150° C.

2. The method of claim 1, wherein the active device layer
comprises a p-n diode layer.

3. The method of claim 2, wherein the p-n diode layer
includes a quantum well layer.

4. The method of claim 1, wherein the intermediate elec-
trically conductive bonding layer comprises a component
selected from the group consisting of indium (In) and tin (Sn).

5. The method of claim 4, wherein the intermediate elec-
trically conductive bonding layer additionally comprises a
component selected from the group consisting of bismuth
(Bi), silver (Ag), gold (Au), gallium (Ga), zinc (Zn), copper
(Cu), aluminum (Al), lead (Pb), and cadmium (Cd).

6. The method of claim 4, wherein the intermediate elec-
trically conductive bonding layer has a liquidus temperature
of 200° C. or lower.

7. The method of claim 1, wherein the electrically conduc-
tive receiving bonding layer comprises gold (Au).

8. The method of claim 1, wherein bonding the first sub-
strate stack to the second substrate stack with the intermediate
electrically conductive bonding layer comprises:

bonding a first electrically conductive bonding layer of the

first substrate stack to a second electrically conductive
bonding layer of the second substrate stack to form the
intermediate electrically conductive bonding layer.

9. The method of claim 8, wherein the first electrically
conductive bonding layer and the second electrically conduc-
tive bonding layer are the same material, and bonding the first
electrically conductive bonding layer to the second electri-
cally conductive bonding layer comprises fusion bonding.

10. The method of claim 9, wherein the same material
comprises a material selected from the group of indium (In)
and tin (Sn).

11. The method of claim 8, wherein the first electrically
conductive bonding layer and the second electrically conduc-
tive bonding layer are different materials, and bonding the
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first electrically conductive bonding layer to the second elec-
trically conductive bonding layer comprises alloy bonding,
and the intermediate electrically conductive bonding layer is
an intermediate electrically conductive alloy bonding layer.

12. The method of claim 11, wherein one of the first and
second electrically conductive bonding layers has a thickness
which is 5% or less a thickness of the other one of the first and
second electrically conductive bonding layers.

13. The method of claim 11, wherein the first electrically
conductive bonding layer is completely consumed in the alloy
bonding layer at locations where the first electrically conduc-
tive bonding layer makes contacts with the second electrically
conductive bonding layer.

14. The method of claim 11, wherein bonding the first
electrically conductive bonding layer to the second electri-
cally conductive bonding layer comprises maintaining the
first and second electrically conductive bonding layers at an
elevated temperature above a liquidus temperature of one of
the first and second electrically conductive bonding layers.

15. The method of claim 1, wherein picking up comprises
exerting a pick up pressure on the micro device with the
transtfer head in accordance with electrostatic principles.

16. The method of claim 1, wherein heating the region of
the intermediate electrically conductive bonding layer to the
liquidus temperature or higher comprises transferring heat to
the intermediate electrically conductive bonding layer with
the transfer head.

17. The method of claim 1, wherein bonding the interme-
diate electrically conductive bonding layer to the electrically
conductive receiving bonding layer comprises maintaining
the intermediate electrically conductive bonding layer and the
electrically conductive receiving bonding layer at an elevated
temperature above a liquidus temperature of the intermediate
electrically conductive bonding layer.

18. The method of claim 17, wherein bonding the interme-
diate electrically conductive bonding layer to the electrically
conductive receiving bonding layer comprises transferring
heat to the intermediate electrically conductive bonding layer
with the transfer head.

19. The method of claim 1, further comprising

heating a plurality of regions of the intermediate electri-

cally conductive bonding layer to the liquidus tempera-
ture or higher;

picking up a corresponding plurality of the micro devices

and a corresponding plurality of portions of the interme-
diate electrically conductive bonding layer with a corre-
sponding plurality of transfer heads;
placing the plurality of micro devices and plurality of por-
tions of the intermediate bonding layer on a correspond-
ing plurality of locations of the electrically conductive
receiving bonding layer on the receiving substrate; and

bonding the plurality of portions of the intermediate elec-
trically conductive bonding layer to the corresponding
plurality of locations of the electrically conductive
receiving bonding layer to form a corresponding plural-
ity of permanent alloy bonding layers having a liquidus
temperature above 150° C.
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