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MICRO-LIGHT EMITTING DIODE (LED)
FABRICATION BY LAYER TRANSFER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The instant United States nonprovisional patent
application claims priority to U.S. Provisional Patent Appli-
cation No. 62/421,149 filed Nov. 11, 2016, as well as to U.S.
Provisional Patent Application No. 62/433,189 filed Dec.
12, 2016, both of which are incorporated by reference in
their entireties herein for all purposes.

BACKGROUND

[0002] Semiconducting materials find many uses, for
example in the formation of logic devices, solar cells, and
increasingly, illumination such as general lighting or dis-
plays. One type of semiconductor device that can be used for
displays is the micro-light emitting diode (micro-LED). In
contrast with traditional display technologies such as Lig-
uid-Crystal Display (LCDs) and emissive displays such as
Organic LED (OLED) displays, micro-LED’s offer signifi-
cant advantages in terms of reduced power consumption,
brightness, and reliability.

SUMMARY

[0003] Embodiments relate to fabricating a micro-Light
Emitting Diode (LED) structure utilizing layer-transferred
material. In particular, high quality Gallium Nitride (GaN) is
grown upon a donor substrate, utilizing techniques such as
Hydride Vapor Phase Epitaxy (HVPE) or Liquid-Phase
Epitaxy (LPE). Exemplary donor substrates can comprise
GaN, AlN, SiC, sapphire, and/or single crystal silicon—e.g,.,
(111). The large relative thickness (e.g., ~ten to hundreds of
pm) of the GaN grown in this manner, significantly reduces
(e.g., to about 2-3x10° cm~2) Threading Dislocation Densi-
ties (TDDs) present in the material. This allows the cleaved
grown GaN material to be well-suited for transfer and
incorporation into a micro-LED structure that can efficiently
operate over a variety of current density regimes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 shows the donor process sequence, layer-
transfer process sequence, and micro-LED process sequence
forming the main process flow according to certain embodi-
ments.

[0005] FIG. 1A shows polar and non-polar forms of GaN.
[0006] FIG. 1B shows Ga and N faces of polar GaN.
[0007] FIGS. 1C-D show a simplified view of the growth

of high quality material over a donor workpiece according to
an embodiment.

[0008] FIG. 2 shows a view of a process of N-Face donor
preparation according to an embodiment.

[0009] FIG. 3 plots dislocation density versus thickness of
GaN material grown on sapphire.

[0010] FIG. 4 plots dislocation density versus thickness of
GaN material grown on SiC.

[0011] FIGS. 5A-E shows cross-sectional views of a trans-
ferred high quality grown material using a 2-step layer-
transfer process sequence onto a target substrate for later use
in fabricating a micro-LED display.

[0012] FIGS. 6A-C show cross-sectional views of a trans-
ferred high quality grown material using a 1-step layer-
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transfer process sequence onto a target substrate for later use
in fabricating a micro-LED display.

[0013] FIGS. 7A-D show various views of a micro-LED
device fabrication sequence.

[0014] FIGS. 8A-B show various permanent target sub-
strate configurations.

[0015] FIG. 9 shows an embodiment of a manufacturing
process flow using a releasable target substrate configura-
tion.

[0016] FIG. 10 shows final steps in mounting the micro-
LED devices onto a direct-view display backplane.

[0017] FIGS. 11A-C shows a manufacturing process
allowing normalization of the display input/output function
for a collection of pixels.

[0018] FIG. 12 plots output power temperature depen-
dence versus current density for a variety of different LED
type structures.

[0019] FIG. 13 shows the GaN stress in MPa present on a
GaN film transferred at room-temperature and subsequently
grown at 1050° C. on Quartz substrates.

[0020] FIG. 14 shows the GaN stress in MPa present on a
GaN film transferred at room-temperature and subsequently
grown at 1050° C. on Sapphire substrates.

[0021] FIGS. 15A-G show simplified cross-sectional
views of an embodiment of a process flow utilizing a
protective layer.

DETAILED DESCRIPTION

[0022] Micro-LED structures may exhibit one or more
opto-electrical properties. One is the ability of an optically
active quantum well region having an area of between about
1 pmx1 pm to 100 pmx100 pm, to support a current density
of between about 0.001 A/cm? to 30-35 A/em?.

[0023] An optoelectronic device such as a micro-LED
may rely upon materials exhibiting semiconductor proper-
ties, including but limited to type III/V materials such as
gallium nitride (GaN) that is available in various degrees of
crystalline order. However, these materials are often difficult
to manufacture, especially at high quality levels.

[0024] Three major process sequences may define ele-
ments according to various embodiments. These are sum-
marized in FIG. 1. The first process sequence 100A is the
development of the donor using GaN as the example I1I-V
opto-electronic material. Once the source of the GaN mate-
rial has been made with the requisite orientation and size, a
compatible GaN layer-transfer process sequence 100B is
selected to process the donor substrate and transfer a high-
quality film of GaN to a MOCVD compatible process
substrate. This process substrate can be a temporary sub-
strate that allows release of singulatable micro-LED devices
for further processing and mounting on a display or is a
permanent substrate that becomes part of the micro-LED
display assembly. Reference number 100C shows the micro-
LED process sequence options and possible integration of
other layers such as phosphor down-conversion and light
reflection/scattering layers.

[0025] The potential benefits of large-area, cost-effective
and high-quality GaN growth layers for micro-LED manu-
facturing made possible by this invention are numerous. One
possible benefit is higher external quantum efficiency
(EQE), higher temperature stability and higher yield
expected from small area micro-LED devices made with low
threading dislocation density (TDD) GaN. FIG. 12 shows a
higher temperature stability correlated to lower TDD levels
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of the GaN in the lower current density (0.01-10 A/em?)
regime of most micro-LED applications. This is in contrast
to general lighting devices that are typically operated at
30-100 A/cm? or even higher. At these higher current injec-
tion levels, the efficiency (EQE) of general lighting LEDs
made from high-TDD GaN material such as GaN-sapphire
peak. This is due to a lower relative contribution of non-
radiative processes that recombine carriers without emitting
photons. At lower injection levels, however, non-radiative
recombination processes may become increasingly impor-
tant. Lower TDD (higher-quality) GaN will have advantages
in higher EQE and micro-LED device to device EQE
uniformity and stability under differing operating condi-
tions. A 10 pmx10 pm micro-LED device made with current
GaN-sapphire growth technologies of about 1x10® ecm™
TDD levels will have ~100 defects/micro-LED area while
the same micro-LED device made from methods according
to this invention of about 1x10° cm™ TDD level will have
~1 defects/micro-LED area.

[0026] The large substrate size templates made possible by
various embodiments may also permit cost-effective manu-
facturing of high-quality micro-LED devices compatible
with high-volume manufacturing of projection and direct
view displays of a large variety of sizes.

[0027] Donor Process Sequence

[0028] Returning to the donor process sequence 100A of
FIG. 1, various types of GaN may be employed as the donor
substrate to form the template for growth of the additional
material. For example, wurtzite GaN-based materials exists
in both polar and non-polar forms. FIG. 1A shows non-polar
GaN exhibiting an m-plane (1100). GaN in its non-polar
form is relatively expensive. As also shown in FIG. 1C,
polar GaN exhibits a c-plane (0001). FIG. 1B shows that
polar GaN is characterized by having an N face and a Ga
face.

[0029] Certain embodiments may feature the Ga face of
the donor substrate exposed to growth conditions resulting
in the formation of additional GaN also having its Ga face
exposed. This is because the Ga face has traditionally proven
more amenable to the growth of high quality GaN than the
N face.

[0030] It is emphasized, however, that other embodiments
are possible. For example some applications (e.g., power
electronics) may call for growth of GaN material from the N
face, rather than from the Ga face. Incorporated by reference
herein for all purposes are the following articles: Xun Li et
al., “Properties of GaN layers grown on N-face free-standing
GaN substrates”, Journal of Crystal Growth 413, 81-85
(2015); A. R. A. Zauner et al.,, “Homo-epitaxial growth on
the N-face of GaN single crystals: the influence of the
misorientation on the surface morphology”, Journal of Crys-
tal Growth 240, 14-21 (2002). Accordingly, a donor sub-
strate could feature a GaN layer having an N face exposed
for the growth of additional material, rather than a Ga face.
Moreover, as described in detail below, processes involving
a single layer transfer step from a N face donor would result
in the Ga face being exposed and then available for addi-
tional GaN growth under beneficial conditions. Because of
the relative ease and generally higher experience and quality
of MOCVD processes on c-plane Ga-face GaN material,
many of the micro-LED device embodiments will be
described as made on this particular orientation and face but
this invention is not to be viewed as restricted to this choice
of GaN or even restricted to GaN in particular. Other crystal
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orientation and even other I1I/V materials such as GaP, GaAs
and InGaP crystals could be used as micro-LED emission
sources. Examples of non down-conversion (non-phosphor)
LED configurations using alternative III-V materials will be
described in more detail below.

[0031] According to an embodiment, the GaN donor pro-
cess sequence is used to synthesize two classes of c-plane
donor substrates that can act as a source of high-quality GaN
films compatible with subsequent micro-LED processes.
The first is a donor substrate having a Ga-face while the
other is a donor substrate having an N-face.

[0032] One fabrication approach is illustrated in FIGS.
1C-D. There, a donor workpiece 100 is provided. This donor
growth support substrate comprises a material having prop-
erties (e.g., lattice constant, coeflicient of thermal expan-
sion) compatible with the growth of overlying high quality
GaN material. The donor workpiece 100 can have an epi-
taxial growth seed layer 101 grown or bonded onto it.
Examples of seed layer 101 can include but are not limited
to bulk GaN, sapphire layers, AIN, SiC, and single crystal
silicon—e.g., (111). Incorporated by reference in their
entireties herein for all purposes, are the following provi-
sional patent applications describing growth of GaN over
various underlying materials: U.S. Provisional Patent Appl.
62/370,169 filed Aug. 2, 2016, and U.S. Provisional Patent
Appl. 62/378,126 filed Aug. 22, 2016.

[0033] According to certain embodiments the donor
growth support substrate material may be selected to have
Coefficient of Thermal Expansion (CTE) properties that are
compatible with GaN material. Particular examples of pos-
sible candidates for substrate materials include AIN, Mullite
and others. An example table is given below.

MATERIAL CTE

GaN 55x 100Kt
Polycrystal AIN 54 x 100K
Mullite (3AL,04228i0,) 54x 100 KL

[0034] As shown in FIG. 1D, processing the exposed
surface of the seed layer atop of the donor substrate may
allow for the formation of additional thickness 102 of high
quality GaN material. That additional thickness of GaN
material (with or without the accompanying substrate and/or
dielectric material) may ultimately be incorporated into a
larger optoelectronic device structure (such as a micro-
LED).

[0035] The general method to calculate the critical thick-
ness h. of GaN grown on a base substrate with a net
differential CTE mismatch utilizes critical energy release
rate to delaminate thin-films by buckling. Such methods are
explained by Hutchinson and Suo in “Mixed Mode Cracking
in Layered Materials”, Advances in Applied Mechanics, Vol.
29, pp. 63-187 (1992), which is incorporated by reference in
its entirety herein for all purposes.

[0036] Using the thermal mismatch generated film stress
as the driving energy (0=E Ao AT, where E=Young’s
Modulus, Ac=CTE mismatch and AT=temperature differ-
ential), the equation linking this driving energy to the critical
thickness characterizing the onset of film cracking/delami-
nation is:

G=0.5(1-v)’WE M
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Where G is the energy release rate, a is the thermal mismatch
generated film stress, h is the film thickness and E is Young’s
modulus.

[0037] At the onset of buckling, the energy release rate
will equal or exceed the critical energy release rate for the
GaN film. This critical energy Go is about 2 J/m?. Equation
(1) can be rewritten for this condition to solve for the critical
thickness h_. as:

B2 GJ(1-?)o?) )

[0038] Using E=300 GPa for GaN, v=0.38 for the material
parameters and AT=1000° C. as the temperature differential
between growth and room temperature, a 0.2 ppm/° C. (Aat)
CTE mismatch will generate a 60 MPa film stress and allow
up to approximately 380 um GaN thickness on a polycrystal
AIN substrate without cracking. This is a sufficiently thick
GaN film to be considered as a practical donor seed substrate
for subsequent layer-transfer to manufacture a GaN device
template for applications including micro-LED.

[0039] And while the donor process sequence description
has focused upon forming an additional material on a
workpiece comprising a single crystal seed GaN layer to
form a multi-layer structure, this is also not required.
According to alternative embodiments, the additional mate-
rial could be present on a workpiece. One example of such
additional material is single-crystal SiC, (111) silicon,
single-crystal and metal films where the material can serve
as a seed layer for GaN heteroepitaxial growth.

[0040] FIG. 2 shows a general structure of a Ga-face donor
configuration according to an embodiment. In this particular
embodiment, a donor growth support substrate workpiece
may comprise a polycrystalline AIN substrate 2000 bearing
an optional fill layer such as silicate spin-on-glass or oxide
2001, an optional etch protection layer such as amorphous
silicon 2002, a bond/release layer such as an oxide bonding
layer 2003, another optional etch protection layer such as
amorphous silicon 2004, and a seed layer such as silicon
(111) 2005. The oxide bonding layer 2003 may have a
thickness, for example, of between about 200-400 nm.
[0041] Attached to the oxide bonding layer 2003 and
optional etch release protection layer 2004 is a single crystal
silicon layer 2005. This single crystal silicon layer has a
(111) crystal plane orientation, which may have an inten-
tional off-cut angle of between about 0.1-0.5°.

[0042] The single crystal silicon layer may have a thick-
ness of between about 100-200 nm. It may be formed on the
template substrate by separation from a high-quality ingot
utilizing a layer transfer process, for example in certain
embodiments a controlled cleaving process as is described
herein. Other layer-transfer processes such as a globally
applied thermal cleave layer-transfer process, the SMART-
CUT™ process from Soitec S.A. or the ELTRAN™ process
from Canon Inc. may be effective.

[0043] In one possible embodiment, a thin layer of AIN is
in turn formed over the single crystal silicon layer as a GaN
growth precursor layer 2006. This AIN layer is formed by
MOCVD to a thickness of between about 100-200 nm.
Capping the silicon, it serves as a precursor layer to the GaN
bulk growth seed layer that is to be grown. Other low-
temperature nucleation layer compositions that serve to
promote high-quality GaN growth can also be utilized.
Incorporated by reference herein for all purposes, is Pin-
nington et al., “InGaN/GaN multi-quantum well and LED
growth on wafer-bonded sapphire-on-polycrystalline AIN
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substrates by metalorganic chemical vapor deposition”,
Journal of Crystal Growth 310 (2008) 2514-2519.

[0044] Inparticular, a GaN seed layer may overlie the AIN
capping layer. That GaN seed layer is grown at high quality
overlying the AIN layer, also utilizing MOCVD techniques.
In this embodiment, both layers form the GaN growth
precursor layers 2006.

[0045] The surface of the high quality GaN layer offered
by the workpiece, in turn serves as a template for the growth
of additional GaN material to achieve substantial thick-
nesses. Where further high quality GaN material 2007 is
grown to greater thickness over the GaN seed layer utilizing
techniques such as LPE and/or HVPE.

[0046] In certain embodiments, additional high quality
GaN material grown by LPE would be expected to have a
defect density of ~1x10%-5x107 cm™. According to some
embodiments, additional high quality GaN material grown
by HVPE would be expected to have a defect density of
~1%105-1x107 em™2.

[0047] The multi-layer workpiece can in turn serve as a
donor for separation of high quality GaN layers to be
incorporated into electronic devices (such as LEDs, micro-
LED and power electronic devices). This may be accom-
plished by successive implant and controlled cleaving to
produce separated GaN layer as described in detail below.
[0048] In some embodiments that separated GaN layer
may be free standing. In other embodiments that separated
GaN layer may be bonded to a temporary handle substrate
or permanent target substrate.

[0049] It is noted that (111) single crystal silicon on
polycrystalline AIN offers a good match in CTE with the
overlying grown GaN. Referring to Table 1, the CTE match,
dominated by the polycrystalline AIN base substrate would
be about 0.2 ppny/® C. This would allow a few hundred
microns of additional GaN to be grown without cracking.
The single crystal silicon also offers workable lattice match-
ing (~17%) with the overlying grown GaN.

[0050] Materials other than (111) single crystal silicon,
however, may offer a more close alignment in lattice spacing
with GaN. One example of such a material is single crystal
silicon carbide (SiC) for seed layer 2005.

[0051] Single crystal SiC is available in a variety of forms,
including 3C, 4H, and 6H. The 4H SiC form offers a close
lattice match (~4%) with GaN. Of course, 3C, 6H, or other
SiC polytypes may also be utilized according to various
embodiments.

[0052] Accordingly, an alternative embodiment of a GaN
seed workpiece features a 4H SiC layer bonded to an
underlying AIN substrate 2000 through a bonding layer 2003
and other possible intermediate layers. That bonding layer
may be an oxide bonding layer, including but not limited to
spin-on-glass, for example. Again, a MOCVD AIN layer can
serve as a precursor layer to the MOCVD GaN seed layer,
which in turn serves as the template for thickened GaN
which may be grown upon the seed template workpiece
utilizing LPE and/or HVPE techniques.

[0053] Here it is noted that the AIN precursor of this
particular embodiment may be optional. Other low-tempera-
ture nucleation layers (or even none) could alternatively be
selected depending on the layer itself.

[0054] The 4H type SiC layer may be formed by a
controlled cleaving from a bulk substrate. Here, that con-
trolled cleaving process may comprise implanting the bulk
SiC material with particles, followed by exposure to rela-
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tively high temperatures of around 600-900° C. Exemplary
particle implantation conditions to form a cleave region in
the 4H type SiC are 5-10x10"® H*/em? at 300° C. implan-
tation temperature, and 180 keV proton energy, 800-900° C.
anneal for about 2 hours to achieve cleaving and transfer of
the SiC. Incorporated by reference herein for all purposes is
Amarasinghe et al., “Properties of H+ Implanted 4H-SiC as
Related to Exfoliation of Thin Crystalline Films”, ECS
Journal of Solid State Science and Technology. 3 (3) pp.
37-42 (2014).

[0055] 1In order to reduce exposure of the seed workpiece
to excessively high thermal budgets (high anneal tempera-
ture causing bonded substrate breakage and/or impractically
long anneal time) associated with cleaving of SiC, it may be
possible to subject an implanted (4H or other polytype) SiC
bulk ingot to thermal energy prior to bonding and cleaving.
This additional thermal exposure may take the form of
annealing and/or laser treatment to weaken the bond
between the SiC bulk ingot and remaining SiC material
overlying the cleave region formed by the implantation. The
purpose of lowering the bonded thermal budget is to allow
layer transfer of the SiC film onto the target substrate
without breaking the bonded pair. The implanted SiC donor
substrate can be thermally annealed to lower the bonded pair
cleaving thermal budget using methods explained, for
example in U.S. Pat. No. 6,162,705 and/or U.S. Pat. No.
6,013,563, both of which are incorporated by reference in
their entireties herein for all purposes. Thermal annealing at
a level short of blistering would be effective. As an example,
reducing the temperature to a level of about 25-50° C. lower
than that required to develop blistering would be effective in
limiting the post-bond anneal thermal budget.

[0056] Another possible embodiment of a process uses a
thin layer of layer-transferred single crystal sapphire
(AL,0;) as the initial seed layer 2004. The template work-
piece comprises an AIN substrate 2000 bearing an oxide
bonding layer 2003 as well as other possible intermediate
layers. That oxide bonding layer may have a thickness, for
example, of between about 200-400 nm.

[0057] Attached to the oxide bonding layer 1003 is a
sapphire layer 2005. This sapphire layer may have a c-cut
orientation in order to provide desirable lattice matching.
However, other forms of single crystal sapphire are known
and could potentially be used, including a-cut, m-cut, and
r-cut oriented materials.

[0058] The sapphire layer may have a thickness of
between about 0.1-5 um. It may be formed on the template
substrate by separation from a high-quality ingot utilizing a
controlled cleaving process as is described herein.

[0059] A thin layer of epitaxially grown AIN is in turn
formed over the single crystal sapphire layer. This AIN layer
is formed by MOCVD to a thickness of between about
50-200 nm. Capping the sapphire, the AIN layer serves as a
precursor layer to the GaN seed layer that is to be formed.
[0060] A GaN seed layer may overlie the AIN capping
layer. That GaN seed layer is formed at high quality over-
lying the AIN layer, also utilizing MOCVD techniques.
[0061] It is noted that a polycrystalline AIN (P-AIN) has a
lower CTE mismatch with c-plane GaN than the CTE
difference between GaN and sapphire. The thermal conduc-
tivity of P-AIN is also substantially higher than sapphire.
This will reduce the magnitude of thermal gradients arising
in the template workpiece, and improve temperature unifor-
mity during processing.
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[0062] The surface of the high quality GaN layer offered
by the workpiece, in turn serves as a template for the growth
of additional GaN material to achieve substantial thick-
nesses. High quality GaN material may be grown to greater
thickness over the GaN seed layer utilizing techniques such
as LPE and/or HVPE.

[0063] One possible benefit of the use of a layer trans-
ferred sapphire layer is that even though there is some
(~13%) lattice mismatch between the sapphire and the GaN
grown thereon, the CTE match of the donor growth support
substrate 2000 is still an advantage for thick GaN growth.
Also, the use of sapphire as growth surface for GaN is
well-researched, for example as described by the Pinnington
et al. article that is incorporated by reference above.
[0064] In summary, embodiments allow the formation of
donor workpieces comprising high quality GaN material, by
incorporating CTE/lattice compatible materials such as
(111) Si, N type SiC, and/or sapphire. Controlled cleaving
processes allow those CTE/lattice compatible materials to be
separated from large diameter (e.g., >2") bulk materials,
thereby also allowing the overlying grown GaN to exhibit
the same corresponding large area. These substrates can in
turn be utilized to manufacture GaN-based devices such as
LED, micro-LED, power electronics and RF-GaN. These
can be cost-effectively fabricated in large-diameter (4"-12")
sizes on insulating or conductive base substrates.

[0065] It is further noted that the choice of material for
both the workpiece and for the additional layer, can play a
role in determining a character of the stress/strain experi-
enced by the additional layer. For example, the choice of
workpiece/additional layer may also determine a relative
mismatch in coeficient in thermal expansion between them,
which in turn can contribute to both the polarity and mag-
nitude of stress/strain arising in the additional layer over a
range of temperatures. In view of the above, the workpiece
and/or the additional layer materials can be carefully
selected to achieve a desired layer of stress/strain within the
additional layer over various processing steps.

[0066] In specific embodiments, a silicon dioxide or AIN
layer can be applied through sputtering or PECVD and
optionally densified prior to an implant step. If a film or film
stack is applied, it may be of limited total thickness to allow
the implant at the selected energy to penetrate into the bulk
at the desired cleave depth. Of course there can be other
variations, modifications, and alternatives.

[0067] The previous donor process sequence develops a
thickened donor with an exposed Ga-face. In order to make
a final device growth layer with an exposed Ga-face, a
double-layer-transfer sequence 1050 in FIG. 1 may be
employed. If the Ga-Face donor 1001 was made using a
previously grown GaN donor with low TDD on the order of
1x10° cm™, this thickened GaN donor 1005 can be released
from its base growth support substrate 1002 and mounted on
a new support substrate 1007 with the N-face exposed. This
N-face donor substrate would have low threading disloca-
tion density (TDD) and allow a potentially more cost-
effective single layer-transfer sequence 1060.

[0068] As disclosed above, various embodiments leverage
the characteristic that the TDD of the grown material
decreases as additional material is added. This improves
suitability of the additional grown material for incorporation
into a micro-LED structure.

[0069] Specifically, FIG. 3 plots dislocation density versus
thickness of GaN material grown on sapphire. FIG. 4 plots
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dislocation density versus thickness of GaN material grown
on SiC. FIG. 4 shows the substantially higher TDD reduc-
tion rate over growth thickness of a SiC seed layer. This
could make the direct use of the SiC—GaN structure prac-
tical as a micro-LED structure. In this option described in
more detail below, the SiC layer is first bonded onto a
suitable growth support substrate and after a few microns of
GaN growth (~1-3 pm), the LED multi-quantum well struc-
ture could be grown on GaN having a low TDD on the order
of about 1-5x10° en™>, It can form a permanent micro-LED
integrated structure but if it is to be used as a patterned,
singulatable micro-LED structure, the SiC-donor growth
substrate bond layer can serve as a release layer.

[0070] Referring to portion (B) of FIG. 2, one action for
fabricating N-face donor substrates involves separating the
prior growth support substrate 2000 and remounting the
GaN 2007 N-face up on a new support substrate 2009 and
bond layer 2008. This can be accomplished by separating the
GaN material 2007 from the Ga-Face assembly in FIG. 2
through chemical etching of the bond/release layer 2003. If
this layer is silicon dioxide, hydrofluoric acid (HF) can be
used as an effective silicon dioxide etchant. To protect the
N-face GaN and growth support substrate from damage, a
thin layer of amorphous silicon (a-Si) could be deposited on
each side of the bond/release layer to act as an etch stop
(layers 2002 and 2004). If the seed layer is silicon (111) as
in a particular embodiment, it will perform this function
naturally and no additional HF etch stop layer 2004 is
necessary on this side of the bond/release layer.

[0071] Returning to FIG. 1, another possible advantage of
the N-face donor substrate 1006 (other than allowing for a
single-step layer-transfer sequence 1060) is the relative ease
in which the post-cleave N-face surface can be refreshed for
another layer-transfer sequence. It is well known that Ga-
Face is chemically very hard and relatively difficult to
polish. In contrast, N-Face is chemically weaker and can be
polished and made ready for another layer-transfer with
significantly less time and effort.

[0072] Described now in detail, are use of the donor
process sequences in single and double layer transfer pro-
cess sequences which may be useful for example in fabri-
cating a micro-LED structure incorporating high quality
grown GaN material such as is shown in portion (B) of FIG.
2. Specifically, particular embodiments transfer layers of
material utilized in electronic devices (e.g., GaN for opto-
electronic devices), from a donor to a receiving substrate.

[0073]

[0074] Embodiments of methods to fabricate micro-LED
structures utilize layer-transfer processes for both donor
formation (to fabricate a cost-effective GaN material source
by layering GaN, silicon (111), SiC, sapphire, or other
suitable GaN growth seed layers followed by GaN bulk
thickening) and final releasable or permanent product to
make releasable or permanent micro-LED growth templates.
In the succeeding examples, a Ga-face GaN donor is used to
make the micro-LED growth templates using two main
process sequences: one using a Ga-Face donor with a 2-step
layer-transfer process sequence, or the other using an
N-Face donor with a 2-step layer-transfer process sequence.
In both cases, the result is a Ga-Face final GaN layer bonded
onto a target substrate for subsequent processing for micro-
LED display fabrication. It is to be understood, however,
that other embodiments are possible such as the transfer of

Layer-Transfer Process Sequence
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an SiC layer that can act as a heteroepitaxial growth seed
layer for micro-LED GaN growth of few microns in thick-
ness.

[0075] FIGS. 5A-E show a Ga-Face GaN donor substrate
using a 2-step layer-transfer process sequence. FIG. 5A
shows the GaN exposed surface 506 of the additional grown
material exposed to implantation with particles 508. This
implantation results in the formation of a subsurface cleave
region 510 along which transfer of a layer of the additional
material may take place.

[0076] FIG. 5B shows the implanted donor is bonded and
mounted to a transfer substrate 512 using a bond/release
layer 515. The resulting assembly is now cleaved using
methods such as controlled-cleave or thermally-induced
cleave processes.

[0077] FIG. 5C is the intermediate state of the 2-step
layer-transfer process where the N-Face is now exposed.
Surface polish, etch or other conditioning is optionally made
to the N-Face GaN surface followed by the preparation of a
bond layer 516 and bonding of the transfer substrate assem-
bly onto a target substrate 517, as shown in FIG. 5D.
[0078] The second transfer step may not involve another
cleaving, but rather is simply an initial releasable bonding to
a transfer substrate, followed by a subsequent bonding to a
target substrate. Additional details regarding transfer pro-
cesses (including two-stage processes), are described in the
U.S. Non-provisional patent application Ser. No. 15/186,
184, filed Jun. 17, 2016 (published as US 2016/0372628)
and incorporated by reference in its entirety herein for all
purposes.

[0079] After release of the transfer substrate 512, FIG. 5E
shows the final layer-transfer assembly with (i) the target
substrate 517, bond layer 516, and GaN layer 214, which
now has its Ga-Face exposed.

[0080] The above description shows the 2-step layer-
transfer process sequence. Generally, it is possible to sim-
plify this process sequence by starting with an N-Face donor
substrate and thus only require a 1-step layer transfer
process sequence make a Ga-Face target substrate assembly.
[0081] In the case of an N-Face donor and referring to
FIG. 2, the surface 2010 originates from about the starting
depth 2011 (taking into account polishing and/or condition-
ing steps removing a few microns of GaN). If the seed layer
was c-plane sapphire or silicon (111) for example, this GaN
material could potentially have very high TDD levels since
it is the point closest to the seed layer. As an example, FIG.
3 would estimate the TDD level to exceed 1x10° cm™ if
sapphire is used. This issue can be remedied by transferring
a lower TDD (~2-3x10° cm?) GaN as a seed layer 2005 in
FIG. 2. This “second generation” GaN layer is also shown
as process flow 1010 in FIG. 1 (new donor GaN seed layer).
The bulk growth 2007 (FIG. 2) or 1005 (FIG. 1) would then
be largely at or lower than the starting GaN TDD level. After
the flip and bond process of F1G. 2, the resulting to make an
N-Face donor substrate will have TDD levels at or lower
than the seed layer 1010. This new donor GaN seed layer
process 1010 can be repeated indefinitely in successive GaN
growth/layer-transfer/re-growth generations to yield ever
lower TDD levels. Essentially, the processes of FIGS. 5 and
6 would be repeated using GaN seed material made from a
bulk GaN growth made on a previous (FIG. SE or 6C)
templates. Such successive process cycles (bulk GaN
growth “generations”) have lower TDD levels due to the
larger aggregate GaN thickness of each GaN bulk growth
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generation. For example referring to FIG. 3, a first bulk
growth of 500 um from a c-plane sapphire seed layer
(generation 0) would drop the TDD level from about 1x10*°
cm™2 to about 1x10” cm™. An additional 500 pm bulk GaN
growth from a template made from the top GaN layer using
the 2-step process sequence (FIG. SA-E) would yield a TDD
level equivalent to 2x500 um or 1 mm in total effective
thickness. Referring to FIG. 3, the expected TDD level for
this generation 1 template would be ~3x10° cm™2. At 3 mm
total thickness (generation 5), the TDD level would fall
below 1x10° cm™. This TDD level lowering and GaN
quality improvement through successive template re-use and
GaN thickening is another aspect offered according to
embodiments. If the GaN thickness of a particular genera-
tion template is depleted through many successive layer-
transfer cycles, additional bulk GaN thickening can be
made. However the TDD level should not change apprecia-
bly.

[0082] Various aspects of different embodiments are now
described. The donor substrate and/or seed layer may have
lattice and/or CTE properties compatible with the form of
GaN that is to be used. Possible candidate substrate mate-
rials comprise polycrystal AIN and Mullite.

[0083] Bulk GaN may be a crystal of polar or non-polar
GaN. In a particular embodiment the bulk GaN (and/or the
substrate) may be 2" wafers, but they are not limited to being
of any specific size or dimension.

[0084] The substrate may be prepared to receive the
transferred GaN. This may involve the formation of an oxide
bond layer. The surface of bulk GaN to be bonded may also
be treated to have a bond layer added or processed to be
more compatible with a bond step.

[0085] In particular embodiments, a bond layer can be
formed by exposure to oxidizing conditions. In some
embodiments this bond layer may be formed by the addition
of oxide, e.g., as spin-on-glass (SOG), or other spin on
material (e.g., XR-1541 hydrogen silsesquioxane electron
beam spin-on resist available from Dow Corning), and/or
Si02 formed by Plasma Enhanced Chemical Vapor Depo-
sition (PECVD) or oxide sputtering techniques.

[0086] In certain embodiments the implanted particles are
hydrogen ions to form a subsurface cleave region. In some
embodiments this cleave region may lie at a depth of
between about 10-20 um underneath the surface of the bulk
material. In other embodiments the cleave region may lie at
a depth of between 0.05-2 um underneath the surface of the
bulk material.

[0087] Forming a cleave region may depend upon factors
such as the target material, the crystal orientation of the
target material, the nature of the implanted particle(s), the
dose, energy, and temperature of implantation, and the
direction of implantation. Such implantation may share one
or more characteristics described in detail in connection with
the following patent applications, all of which are incorpo-
rated by reference in their entireties herein: U.S. patent
application Ser. No. 12/789,361 (published as US 2010/
0282323); U.S. patent application Ser. No. 12/730,113 (pub-
lished as US 2010/0178723); U.S. patent application Ser.
No. 11/935,197 (published as US 2008/0206962); U.S.
patent application Ser. No. 11/936,582 (published as US
2008/0128641); U.S. patent application Ser. No. 12/019,886
(published as US 2009/0042369); U.S. patent application
Ser. No. 12/244,687 (published as US 2009/0206275); U.S.
patent application Ser. No. 11/685,686 (published as 2007/
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0235074); U.S. patent application Ser. No. 11/784,524 (pub-
lished as 2008/0160661); U.S. patent application Ser. No.
11/852,088 (published as US 200/0179547).

[0088] Incertain embodiments the thickness of material of
the implanted surface of the donor is cleaved from the bulk
material using the cleave region formed by using relatively
high H+ proton implant energies in the MeV range. This
produces a detached layer of semiconductor material having
a thickness of between about 10-20 um. In other embodi-
ments using bonded layer-transfer, thinner cleaved layers of
0.05-1 um may be used. For producing GaN cleaved films of
these thicknesses, lower H+ proton implant energies ranging
from approximately 5-180 keV may be used. For example,
40 keV H+ proton energy would produce a GaN cleaved film
of approximately 0.25 um in thickness. It is understood that
H,+ can also be utilized for this implant step. In such cases,
the dose rate would be doubled while the effective H+
energy would be halved. For example, a 80 keV H,+ implant
could have the same detached layer thickness (range) than a
40 keV H+ implant. However, the dose rate would be double
the H+ dose rate for the same implant current.

[0089] Bonding may be performed by placing the oxide-
bearing surface of the substrate in contact with the implanted
face of the bulk GaN, followed by heating. Other acts may
be performed at this time, such as touch polishing, plasma
treatment and cleaning prior to bonding.

[0090] The cleaving may take place utilizing the applica-
tion of various forms of energy, and may exhibit one or more
of the characteristics disclosed in any of the patent applica-
tions incorporated by reference above. In a particular
embodiment, this cleaving may take place utilizing a com-
pressional force applied in the form of a static gas in a high
pressure chamber containing the implanted bulk material.
The application of energy in various forms to accomplish
cleaving according to particular embodiments is also
described in the U.S. Pat. No. 6,013,563 incorporated by
reference herein for all purposes. Non-controlled thermal
cleaving can also be utilized.

[0091] Further steps may involve treatment of the surface
of donor and/or seed GaN layer. Such treatment may reduce
roughness in the exposed surface, making it more amenable
to addition of high quality GaN. Surface treatment can
involve thermal, chemical, and/or plasma treatments.

[0092] The above sequence of steps provide a method
according to certain embodiments of the present invention.
Other alternatives can also be provided where steps may be
added, one or more steps may be removed, or one or more
steps may be provided in a different sequence. For example
in an alternative embodiment, the donor could itself include
a bonding material, with particle implantation taking place
before or after formation of that bonding material.

[0093] It is further noted that various embodiments could
involve the use of bond-and-release systems, in which the
GaN seed layer and substrate are later separated from each
other. Additional description of such bond and release
approaches are described in U.S. patent application Ser. No.
15/186,185, filed Jun. 17, 2016 and incorporated by refer-
ence herein for all purposes.

[0094] Surface treatment (e.g. comprising polishing,
annealing, and/or cap layer formation) could also include
etching processes. Examples of etching processes can
include but are not limited to plasma etching, and/or chemi-
cal etching. Chemical assisted ion beam etching (CABE) is
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one example of a type of chemical etching. Wet chemical
etching is another example of chemical etching.

[0095] The above sequence of steps provide a method
according to certain embodiments of the present invention.
Other alternatives can also be provided where steps may be
added, one or more steps may be removed, or one or more
steps may be provided in a different sequence. For example
in an alternative embodiment, substrate bonding could take
place after the cleaving, with the cleaving resulting in a free
standing film in turn bonded to the substrate.

[0096] Depending upon the application, according to par-
ticular embodiments smaller mass particles are generally
selected to decrease the energy requirement for implantation
to a desired depth in a material and to reduce a possibility of
damage to the material region according to a preferred
embodiment. That is, smaller mass particles more easily
travel through the substrate material to the selected depth
without substantially damaging the material region that the
particles traverse through. For example, the smaller mass
particles (or energetic particles) can be almost any charged
(e.g., positive or negative) and or neutral atoms or mol-
ecules, or electrons, or the like. In a specific embodiment,
the particles can be neutral or charged particles including
ions such as ion species of hydrogen and its isotopes, rare
gas ions such as helium and its isotopes, and neon, or others
depending upon the embodiment. The particles can also be
derived from compounds such as gases, e.g., hydrogen gas,
water vapor, methane, and hydrogen compounds, and other
light atomic mass particles. Alternatively, the particles can
be any combination of the above particles, and or ions and
or molecular species and or atomic species. The particles
generally have sufficient kinetic energy to penetrate through
the surface to the selected depth underneath the surface.
[0097] For example. using hydrogen as the implanted
species into a GaN surface as an example, the implantation
process is performed using a specific set of conditions.
Implantation dose ranges of hydrogen from about 5x10*° to
about 5x10'7 atoms/cm®, and preferably the dose of
implanted hydrogen is less than about 2x10'7 atoms/cm?,
and may be less than about 5x10"'° atoms/cm”. Implantation
energy ranges from about 0.5 MeV and greater to about 2
MeV for the formation of thick films useful for opto-
electronic applications. In certain bonded substrate embodi-
ments implantation energy may be below 500 keV, for
example 5-180 keV. Implantation temperature ranges from
about ~50 to about +500 Degrees Celsius, may be between
about 100-500 Degree Celsius, and is preferably less than
about 700 Degrees Celsius to prevent a possibility of hydro-
gen ions from diffusing out of the implanted GaN material.
Of course, the type of ion used and process conditions
depend upon the application.

[0098] Effectively, the implanted particles add stress or
reduce fracture energy along a plane parallel to the top
surface of the substrate or bulk material at the selected
depth. The energies depend, in part, upon the implantation
species and conditions. These particles reduce a fracture
energy level of the substrate or bulk material at the selected
depth. This allows for a controlled cleave along the
implanted plane at the selected depth. Implantation can
occur under conditions such that the energy state of the
substrate or bulk material at all internal locations is insuf-
ficient to initiate a non-reversible fracture (i.e., separation or
cleaving) in the substrate or bulk material. It should be
noted, however, that implantation does generally cause a
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certain amount of defects (e.g., micro-detects) in the sub-
strate or bulk material that can typically at least partially be
repaired by subsequent heat treatment, e.g., thermal anneal-
ing or rapid thermal annealing.

[0099] Optionally, specific embodiments may include a
thermal treatment process after the implanting process.
According to a specific embodiment, the present method
uses a thermal process ranging from about 150 to about 800
Degrees Celsius for GaN material. In an embodiment, the
thermal treatment can occur using conduction, convection,
radiation, or any combination of these techniques. The
high-energy particle beam may also provide part of the
thermal energy and in combination with an external tem-
perature source to achieve the desired implant temperature.
In certain embodiment, the high-energy particle beam alone
may provide the entire thermal energy desired for implant.
In a preferred embodiment, the treatment process occurs to
season the cleave region for a subsequent cleave process. Of
course, there can be other variations, modifications, and
alternatives.

[0100] Specific embodiments may include a cleave initia-
tion step, wherein some energy is applied to the cleave
portion to begin cleaving. As described in detail below, this
cleave initiation could involve the application of different
types of energy, having different characteristics.

[0101] Additionally, the present invention uses a relatively
low temperature during the controlled cleaving process of
the thin film to reduce temperature excursions of the sepa-
rated film, donor, or multi-material films according to other
embodiments. This lower temperature approach allows for
more material and process latitude such as, for example,
cleaving and bonding of materials having substantially dif-
ferent thermal expansion coeflicients. In other embodiments,
the present invention limits energy or stress in the substrate
to a value below a cleave initiation energy, which generally
removes a possibility of creating random cleave initiation
sites or fronts. This reduces cleave damage (e.g.. pits,
crystalline defects, breakage, cracks, steps, voids, excessive
roughness) often caused in pre-existing techniques. More-
over, embodiments can reduce damage caused by higher
than necessary stress or pressure effects and nucleation sites
caused by the energetic particles as compared to pre-existing
techniques.

[0102] In a specific embodiment, the GaN and target
substrate are joined or fused together using a low tempera-
ture thermal step. The low temperature thermal process
generally ensures that the implanted particles do not place
excessive stress on the material region, which can produce
an uncontrolled cleave action. In one aspect, the low tem-
perature bonding process occurs by a self-bonding process.
In particular, one wafer is stripped to remove oxidation
therefrom (or one wafer is not oxidized). A cleaning solution
treats the surface of the wafer to form O—H bonds on the
wafer surface. An example of a solution used to clean the
wafer is a mixture of H,0,—H,SO,,. A dryer dries the wafer
surfaces to remove any residual liquids or particles from the
wafer surfaces. Self-bonding occurs by placing a face of the
cleaned wafer against the face of an oxidized wafer.
[0103] Alternatively, a self-bonding process occurs by
activating one of the wafer surfaces to be bonded by plasma
cleaning. In particular, plasma cleaning activates the wafer
surface using a plasma derived from gases such as argon,
ammonia, neon, water vapor, nitrogen, and oxygen. The
activated wafer surface is placed against a face of the other
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wafer, which has a coat of oxidation thereon. The wafers are
in a sandwiched structure having exposed wafer faces. A
selected amount of pressure is placed on each exposed face
of the wafers to self-bond one wafer to the other.

[0104] After bonding the wafers into a sandwiched struc-
ture, the method includes a controlled cleaving action to
remove the substrate material to provide a thin film of
substrate material overlying interface layer(s) on the target
substrate. The controlled-cleaving occurs by way of selec-
tive energy placement or positioning or targeting of energy
sources onto the donor and/or target wafer. For instance, an
energy impulse(s) can be used to initiate the cleaving action.
The impulse (or impulses) is provided using an energy
source which include, among others, a mechanical source, a
chemical source, a thermal sink or source, and an electrical
source.

[0105] The controlled cleaving action is initiated by way
of any of the previously noted techniques and others. For
instance, a process for initiating the controlled cleaving
action uses a step of providing energy to a selected region of
the substrate to initiate a controlled cleaving action at the
selected depth (z0) in the substrate, whereupon the cleaving
action i3 made using a propagating cleave front to free a
portion of the substrate material to be removed from the
substrate. In a specific embodiment, the method uses a single
impulse to begin the cleaving action, as previously noted.
Alternatively, the method uses an initiation impulse, which
is followed by another impulse or successive impulses to
selected regions of the substrate. Alternatively, the method
provides an impulse to initiate a cleaving action which is
sustained by a scanned energy along the substrate. Alterna-
tively, energy can be scanned across selected regions of the
substrate to initiate and/or sustain the controlled cleaving
action.

[0106] The detached surface of the film of GaN material
may be rough and need finishing. Finishing occurs using a
combination of grinding and/or polishing techniques. In
some embodiments, the detached surface undergoes lapping
and polishing steps using, for examples, techniques such as
rotating an abrasive material underlaying the detached sur-
face to remove any imperfections or surface roughness
therefrom. A machine such as a “PM5 lapping & polishing
system” made by a company called Logitech Limited of
Glasgow, Scotland (UK) may provide this technique.
[0107] Alternatively, chemical mechanical polishing or
planarization (“CMP”) techniques finish the detached sur-
face of the film. In CMP, a slurry mixture is dripped directly
to a polishing surface which is attached to a rotating platen.
This slurry mixture can be transferred to the polishing
surface by way of a chute, which is coupled to a slurry
source. The slurry is often a solution containing alumina
abrasive particles and an oxidizer, e.g., sodium hypochlorite
(NaOCl) or alkaline colloidal silica, which are sold under
trade names of SF1 or Chemlox by Logitech Limited. The
abrasive is often an aluminum oxide, aluminum trioxide,
amorphous silica, silicon carbide, diamond powder, and any
mixtures thereof. This abrasive is mixed in a solution of
deionized water and oxidizer or the like. The solution may
be acidic.

[0108] This acid solution generally interacts with the
gallium nitride material from the wafer during the polishing
process. The polishing process preferably uses a very rigid
poly-urethane polishing pad. An example of this polishing
pad is one made by Rodel and sold under the trade name of
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1C-1000. The polishing pad is rotated at a selected speed. A
carrier head which picks up the target wafer having the film
applies a selected amount of pressure on the backside of the
target wafer such that a selected force is applied to the film.
The polishing process removes about a selected amount of
film material, which provides a relatively smooth film sur-
face for subsequent processing. Depending on whether
N-face or Ga-face GaN is to be polished off, slurry with
suitable abrasive particle sizes and polishing pads may be
used accordingly. As examples, colloidal silica may be used
for N-face and sodium hypochlorite may be used for Ga-
face.

[0109] Other than and/or in addition to polishing, there are
a number of other surface preparation options that can be
employed to prepare the surface condition of the GaN layer,
once it has been transferred from the high quality single
crystal GaN bulk substrate to the workpiece. A purpose of
this surface preparation is to recover the crystalline quality
of the transferred GaN layer that may be compromised or
damaged due to the implantation or cleaving step.

a. Thermal annealing in a furnace with or without a protec-
tive cap, such as silicon dioxide or AIN. This cap is required
if the anneal temperature and ambient gas conditions.

b. For GaN in 1 atm nitrogen ambient, the decomposition
temperature of the GaN can be as low as 800-900° C. If a cap
layer is used, the anneal temperature without GaN crystal
decomposition can be substantially higher.

c. Plasma dry etch to remove a limited thickness of the GaN
surface to remove the damaged surface region and allow
high-quality epitaxial growth.

d. Wet chemical etch to remove a limited thickness of the
GaN surface to remove the damaged surface region and
allow high-quality epitaxial growth.

e. Anneal and etch in a MOCVD reactor prior to epitaxial
GaN growth. This is similar technique as a. above, except
that this can be done in-sitn in an MOCVD reactor.

It is of course also possible to use the as-cleaved GaN
surface without prior surface preparation if the subsequent
epitaxial growth step yields a GaN crystal of sufficient
quality. As referenced herein and in the figures, the term
“polish™ may refer to some sort of surface treatment, which
may or may/not include polishing, depending upon the
particular embodiment.

[0110] Although the above description is in terms of a
donor GaN bulk material, others may be used. For example,
the donor can be almost any monocrystalline, polycrystal-
line, or even amorphous type material that can be made to
emit light. Additionally, the donor can be made of III/V
materials (such as gallium arsenide) or Group IV materials
(such as silicon, silicon carbide, and others). The multi-
layered substrate may include a GaN layer substrate, a
variety of sandwiched layers on a semiconductor substrate,
and numerous other types of substrates. Additionally, the
above embodiments were offered generally in terms of
providing a pulse of energy to initiate a controlled cleaving
action. The pulse can be replaced by energy that is scanned
across a selected region of the substrate to initiate the
controlled cleaving action. Energy can also be scanned
across selected regions of the substrate to sustain or maintain
the controlled cleaving action. A variety of alternatives,
modifications, and variations can be used.

[0111] In conclusion, at least the following variations
falling within the scope of particular embodiments, are
noted. Certain embodiments may utilize various underlying
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substrates and reflector/barrier/encapsulant layers, including
backing technology for enhancing cleaving. According to
some embodiments, a donor can comprise GaN, Si, SiC, or
other semiconductor material. After cleaving, the material
may be polished/prepared for further growth.

[0112] Micro-LED Process Sequence

[0113] In an embodiment of Ga-Face GaN layer-trans-
ferred onto a target substrate with an intermediate bond
layer, the substrate can be further processed to a final state
for use in micro-LED display manufacturing. The target
substrate material options and possibility of integrated layers
will be explained further below.

[0114] Again referring to an embodiment of c-plane Ga-
Face GaN as the micro-LED growth layer made with the
layer-transfer process sequences of FIGS. 5 and 6, the
following now describes the alternative configurations and
process choices to make micro-LED products.

[0115] For many configurations, the assemblies of FIG. 5E
and FIG. 6C serve as a MOCVD growth template of the
micro-LED devices. FIGS. 7A-D show a micro-LED device
fabrication sequence, where the template assembly is shown
in FIG. 7A as the target substrate 700, bond layer 701 and
layer-transferred GaN layer 702.

[0116] In FIG. 7B, an LED diode structure is grown on
GaN layer 701 using, for example, an MOCVD reactor.
Layer 702 is a n-doped layer of GaN (usually silicon doped
but other dopants such as germanium is possible). Buffer
layers and other process sequences such as high-temperature
hydrogen baking and etch-back can be added but are not
shown. The active layer is then deposited which is usually a
multi-quantum well (MQW) structure that forms the actual
diode structure and emits the light. This is followed by a
p-GaN contact layer, usually magnesium doped GaN.
[0117] To electrically isolate at least one of the two
contacts, a lithography step to selectively etch “streets” 705
on the surface is performed, optionally followed by a fill of
insulating/passivation material such as oxide. For example,
if the pitch is 13 pm with active micro-LED devices 706 of
10 pm on a side, almost 600,000 devices per square centi-
meters can be manufactured. With an RGB sub-pixel struc-
ture (3 micro-LED per RGB pixel) a million pixel display
would require about 5 cm® of MOCVD processed area. This
high pixel density is cost-effective but also underscores the
importance of low defect, high-quality GaN to achieve high
manufacturing yields.

[0118] FIG. 7C shows the singulation etch through the
device and the underlying bond layer 701. If a common
electrical contact is desired, the etch step can stop at the
n-GaN layer 702, thereby allowing a common contact. It is
also possible to alternate the etch and MOCVD growth steps
in FIGS. 7B and 7C thereby the etch and fill step is made
before the MOCVD growth step.

[0119] If the micro-LED devices are defined and the
starting GaN layer 702 is also etched for example, enhanced
stress relaxation of the film during MOCVD growth can be
realized. Finite-element analysis (FEA) of the island growth
of the GaN device on a CTE-mismatched substrate (sap-
phire) shows substantially lower stress buildup when
devices 706 are smaller than about 50 ym. The lack of a
continuous film limits the shear stress buildup. Such tech-
niques could allow the use of previously incompatible
substrates because of large CTE-mismatch. Sapphire, sili-
con, quartz are a few examples of substrates that would have
much less stress buildup when pre-MOCVD etch of micro-
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LED structures is made. FIGS. 13 and 14 show the GaN
stress in MPa present on a GaN film transferred at room-
temperature and subsequently grown at 1050° C. on Quartz
and Sapphire substrates, respectively. Clearly, the film stress
present on the films are lower for smaller device size. Stress
reduction at the edges are noticed for the 50 um device but
dramatic film stress relaxation occurs for devices lower than
about 20 pm, even for a highly CTE-mismatched substrate
as quartz.

[0120] 1. Permanent Target Substrate Configurations
[0121] Permanent substrate configurations are defined as
the configurations where the individual micro-LEDs are not
released from the MOCVD growth substrate and thus the
micro-LED device pitch becomes the final pixel pitch of the
display. These configurations may be more expensive than
the releasable, singulated micro-LED manufacturing
sequence described in detail below for many direct view
applications. However, there may be advantages in projec-
tion and small high-resolution display applications.

[0122] The micro-LED devices fabricated on this sub-
strate are used with either emission of light directed down or
up. F1G. 8A shows an example of a micro-LED structure
with downwards light emission while FIG. 8B shows an
example of a micro-LED structure with upwards light emis-
sion.

[0123] Referring to FIG. 8A, a downwards light emission
configuration would involve the target substrate 800 being
transparent and compatible with MOCVD processing envi-
ronment. Sapphire or Quartz could be used. An integrated
phosphor layer could be integrated into the GaN growth
template as layer 801 followed by bond layer 802 and the
layer-transferred GaN 803, which after the MOCVD growth
process would comprise additional n-GaN (balance of layer
803), multi-quantum well layer 804 and p-GaN layer §05.
Top contact 806 can be made with a metal that can serve as
an electrical contact 815 and a reflector to direct emitted
light downwards. Aluminum, silver and other metals can be
used and deposited at a lower temperature after the MOCVD
growth process. An etch process 816 to functionally isolate
the devices can be performed prior to or subsequent to the
MOCVD process. Fill of the trench and passivation of the
device sidewalls are also possible after the etch process.
Bottom electrical contact can be made by a common contact
that can be made if the etch process 816 keeps the n-GaN
layer continuous and available as a common contact. Other
possible contacting methods include integrating rows and
columns of electrical wires under the n-GaN layer within the
GaN template. Of course, other possible contacting methods
can be applied to enable independent application of current
to individual micro-LED devices. The integrated phosphor
material layer 801 is selected of phosphor material that can
survive MOCVD temperature environment without delete-
rious effects. Silicate phosphors are potential inorganic
phoshors that are resistant to high temperature environ-
ments. Optionally, the integrated phosphor can be eliminated
and the phosphor can be applied on the bottom surface of the
target substrate 800 before or after the MOCVD process
sequence. Light emission 806 is then directed downwards
through the transparent target substrate.

[0124] Referring to FIG. 8B, an upwards light emission
configuration may use a target substrate 807 with good
thermal conduction characteristics since this configuration
would likely be utilized in medium to high-power projection
display applications. Polycrystalline Aluminum Nitride or
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Silicon could satisfy this requirement. An MOCVD process
compatible reflector layer 808 could be integrated into the
GaN growth template followed by bond layer 809 and the
layer-transferred GaN 810 which after the MOCVD growth
process, would comprise additional n-GaN (balance of layer
810), multi-quantum well layer 811 and p-GaN layer 812.
Top contact 813 can be made with a transparent conductor
such as Indium Tin Oxide (ITO) followed by an electrical
contact 815. An etch process 816 to functionally isolate the
devices can be made prior to or subsequent to the MOCVD
process. Fill of the trench and passivation of the device
sidewalls are also possible after the etch process. Bottom
electrical contact can be made to the common contact/
reflector 808. One MOCVD compatible reflector/electrical
contact material is Molybdenum (Mo). Additional coating
can also be added to enhance reflection at the GaN emission
spectrum. Other possible contacting methods include inte-
grating rows and columns of electrical wires under the
n-GaN layer within the GaN template to contact isolated
reflector islands. Of course, other possible contacting meth-
ods can be applied to enable independent application of
current to individual micro-LED devices. Phosphor material
814 is added above conductor 813 to for the micro-LED
configuration with upwards light emission 817.

[0125] If an upwards light emission configuration is used
as a projection display for example, relatively high current
injection operation of the micro-LED devices would utilize
an efficient heat sink 818 and heat conduction layer 819 to
keep the micro-LED devices at a safe operating temperature.
[0126] As an example, a 100-inch, 1000 nit luminance
full-HDTV (19201080 resolution) projection application
with 10 umx30 um micro-LED sub-pixel device area, 3 pm
trench width would have a source area of approximately 26
em?. Assuming 10% EQE and 2.5V forward voltage at the
operating point, each micro-LED will be operated at about
2.7 Alem?, require approximately 8 pA for a total display
power of 127 Watts or about 5 W/cm®. This is a practical
power density for a target substrate 807 with good heat
conduction characteristics.

[0127] 2. Releasable Target Substrate Configurations
[0128] For many direct-view display applications, singu-
lating micro-LED devices for redistribution onto a final
direct-view display support plate can offer cost and flexibil-
ity benefits. Although the cost-effective example of a 100-
inch projection display was described above using a perma-
nent target substrate configuration, applying micro-LED to
direct-view panels in this manner can be expensive. For
example, a 13-inch laptop direct view display would require
about 470 en* of MOCVD area. Assuming about $2/cm? for
the MOCVD micro-LED process including the GaN tem-
plate, the micro-LED cost itself would exceed $900. This
approach is also ineflicient since at 1000 nit display lumi-
nance, the micro-LED devices would be operated at very
low current injection levels (less than about 0.002 A/cm?).
[0129] If there is an ability to redistribute the micro-LED
devices, the micro-LED devices can be operated at higher
current density levels and allow a better than 1.0 area ratio
(area of pixel to area of micro-L.ED device). For example, if
the same 13-inch laptop screen direct-view display is made
from micro-LED devices with 10 umx 10 um device size and
3 um trench width, only 10.5 cm® of MOCVD area is
required at a cost of approximately $22. In this example, the
micro-LED pixels would be operated at a current injection
level of 1.4 A/em® and 0.2 W/em?. In this example, the area
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ratio is 44 which equals the cost difference between using
permanent target substrate and releasable target substrate
configurations.

[0130] Other examples are listed as below follows (each
w/ 1000 nits luminance, 10 pmx10 pm micro-LED device
size, 3 um trench):

MOCVD Area  Area

Display type/pixels I(A/em2) (cm2) Ratio  Cost
55-inch HDTV 2.46 10.5 793 §21.50
(1920 x 1080)

32-inch monitor 0.83 10.5 269 821.50
(1920 x 1080)

15-inch Laptop 0.18 10.5 59 §21.50
(1920 x 1080)

Smart-phone display 0.037 5.07 12 S10.40
(1334 x 750, 4.7-inch)

Watch display 0.044 0.62 14 S 1.26

(390 x 312, 1.65-inch)

[0131] The interplay between the area ratio and the
MOCVD area for different display sizes for the three HDTV
resolution display sizes, shows the cost benefit of this
technology. To achieve the same luminance at the same
micro-LED display size, the current density is selected from
0.18 A/cm? for the 15-inch laptop screen to 2.46 A/cm? for
the 55-inch TV size display. The estimated cost for the
MOCVD micro-LED devices also demonstrates a potential
benefit for this technology.

[0132] The micro-LED device approach as described
herein can also offer power reduction advantages which can
be particularly important for battery powered devices. For
example, the smart-phone display example above is the form
factor of an iPhone 7 display made by Apple Inc., Cupertino,
Calif. Operated at 10% EQE and at the same level as the
LCD display specification of 625 nits display luminance, the
total expected micro-LED display power is about 175 mW,
as compared to the published 1.08 W for the actual iPhone
7 display. This is over 6 times lower power requirement,
offering significant product benefits in battery life and if
operated at a higher luminance level for direct sunlight
readability.

[0133] The manufacturing process flow using a releasable
target substrate configuration is described in FIGS. 9 and 10.
Referring to (A) in FIG. 9, the high-quality GaN MOCVD
growth template 900 is made using a suitable substrate 901,
a bond layer 902 (oxide in this particular embodiment for
subsequent use as a release layer) and the layer-transfer GaN
903. The micro-LED devices are then grown and etched to
be made singulatable as shown in (B) of FIG. 9. The
micro-LED devices in this particular embodiment are for
downward light emission and the top final layer will be a
p-GaN contact and light reflector as has been described more
fully in FIG. 8A. The top areas of each micro-LED device
is then contacted by a pickup plate 905 that has a releasable
bond layer 906 as shown in (C) of FIG. 9. Depending on the
application, the tackiness of this releasable bond layer 906
can be reversed using electrical, thermal, UV or other
means. Global or selectable release methods can also be
employed depending on the application.

[0134] After attachment of the top surfaces of the micro-
LED devices, the micro-LED devices are detached from
target substrate 907 as shown in (D) of FIG. 9. In this
example using a bond layer 902 composed of silicon diox-
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ide, a hydrofluoric acid (HF) based etchant can be effective
in removing the bond layer 902 while the micro-LED
devices stay attached to the pickup plate 905. If there may
be contact by the etchant with the pickup plate 905 and
releasable bond layer 906, these are made sufficiently resis-
tant to the etchant until the separation process is completed.
[0135] FIG. 10 shows the final steps in mounting the
micro-LED devices onto a direct-view display backplane.
Reference (A) of FIG. 10 shows the pickup of certain
micro-LEDs from the pickup plate 1000 onto a transfer tool
1002 by selectively adjusting the tackiness of the micro-
LED devices between the transfer tool and the pickup plate
in (A). Micro-LEDs such as micro-LED 1004 are picked up
by the transfer tool, while other micro-LEDs such as micro-
LED 1003 remain on the pickup plate. Possible methods to
effectuate this selection process can include local thermal
impulses to lower the tackiness of layer 1001 and/or locally
increase the tackiness of the transfer tool (i.e. local electro-
statics, etc.). Once the micro-LEDs are selected, they can
then be mounted onto a direct-display backplane 1005 at the
appropriate pitch where each micro-LED 1006 is then
separated and contacted per the desired pixel pitch of the
display. In this example, the micro-LED reflector side is now
downwards on the display backplane 1005 and light is
directed upwards. RGB phosphors can now be applied to
each micro-LED for down-conversion (not shown) to gen-
erate the red/green/blue color gamut of the pixel.

[0136] This particular example uses flat plates. But, to
facilitate mass-production, the transfer tool could utilize
rollers and successive move and pickup steps such as in (A)
of FIG. 10 to allow mass-production methods to be fully
utilized.

[0137] To improve yield, multiple micro-LED devices can
be mounted within each sub-pixel. Depending on the failure
mechanism, different contacting methods can be employed
to lower manufacturing costs and improve yields. For
example, micro-LED failures are more likely to be exhibited
as a short circuit than an open circuit. If two micro-LEDs are
mounted side by side, they may be connected in series to
enable at least one device to function when the other is
shorted. Driving the micro-LED by current could be
employed in this configuration. Alternatively, if a voltage
drive scheme is used, ballast resistors and parallel micro-
LED connection may be used.

[0138] Although embodiments improve the quality of the
GaN material and lower defect density, there may remain
some non-uniformity in output light level as a function of
drive level (current or voltage input). Such non-uniformity
may arise where multiple micro-LED devices are connected
within a sub-pixel to improve manufacturing yield. Depend-
ing on the drive and micro-LED redundant connection
scheme used, individual sub-pixel failures may show as
dimmer or brighter than surrounding sub-pixels. To remedy
this possible issue and normalize the display input/output
function for a collection of pixels, FIGS. 11A-C describe
steps that may be utilized during manufacturing.

[0139] FIG. 11A shows a direct-view display utilizing
micro-LEDs according to an embodiment. The display 1100
comprises a display controller with programmable memory
1101 driving a micro-LED display matrix 1102.

[0140] During the manufacturing process, a camera 1103
is used to radiometrically measure the intensity of each
micro-LED pixel as a result of programmable patterns 1105
fed to the display via a computer 1104 (see FIG. 11B). The
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measurement is to map the light output of each micro-LED
sub-pixel 1106 in response to varying input signal (grey
scale of each sub-pixel). After computing the inverse
response function necessary to normalize the display for
uniform light output as a function of uniform drive input
(shown as reference number 1108 in FIG. 11C), the display
controller is programmed with the linearization data 1107.
This can be accomplished during the manufacturing process
as one of a series of final quality assurance steps. Other
quality and yield methods can be utilized such as using
image capture and processing to measure the presence of
micro-LEDs in each pixel area and perform interim func-
tional testing of the micro-LEDs before phosphor applica-
tion, for example.

[0141] The above was described with GaN as a LED
material. Other materials can be utilized, especially when
color (RGB) micro-LED are used instead of down-converted
UV LEDs such as GaN. For example, layer-transfer of other
T1-V materials to make color micro-LED displays are pos-
sible. Some possible alternative materials are listed below:

[0142] Red LED: AlGaAs, GaAsP, AlGalnP
[0143] Green LED: GaP, AlGalnP, AlGaP
[0144] Blue LED: ZnSe, InGaN, SiC
[0145] Starting MOCVD III-V and 11-VI materials could

include GaAs and GaP substrates. Once these layers are
transferred onto a target substrate, the MOCVD growth,
singulation and mounting onto their respective RGB sub-
pixel areas would yield a high-quality micro-L.ED direct-
view display.

[0146] Clause 1. A method comprising:

growing a crystalline semiconductor material over a donor
substrate, a threading dislocation density (TDD) of the
material declining with thickness;

implanting a plurality of particles into an exposed face of the
material to create a subsurface cleave region;

bonding the exposed face to a substrate;

applying energy to cleave the material along the cleave plane
to leave a layver bonded to the substrate; and

processing the layer for incorporation into a micro-light
emitting diode (LED) structure.

[0147] Clause 2. A method as in clause 1 wherein:

the material comprises c-plane polar GaN; and

the exposed face comprises a N face of the c-plane polar
GaN.

[0148] Clause 3. A method as in clause 1 wherein:

the material comprises c-plane polar GaN; and

the exposed face comprises a Ga face of the c-plane polar
GaN.

[0149] Clause 4. A method as in clause 1 wherein the
bonding comprises a temporary bonding and the substrate
comprises a handle substrate, the method further compris-
ing:

permanently bonding the layer to a target substrate; and
releasing the layer from the handle substrate, wherein pro-
cessing the layer comprises incorporating the target sub-
strate into the micro-LED structure.

[0150] Clause 5. A method as in clause 4 wherein the
micro-light emitting diode (LED) structure generates col-
ored light with a down conversion material.

[0151] Clause 6. A method as in clause 5 wherein the
down conversion material comprises phosphor.

[0152] Clause 7. A method as in clause 6 wherein the
phosphor is an integrated layer within the target substrate.
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[0153] Clause 8. A method as in clause 1 wherein a TDD
of the layer is 1x107 cm-2 or lower.

[0154] Clause 9. A method as in clause 1 wherein the
donor substrate includes at least one of GaN, silicon carbide,
silicon, sapphire, and AIN as an epitaxial growth seed layer
having an exposed surface.

[0155] Clause 10. A method as in clause 9 wherein silicon
carbide is 4H or 6H polytype.

[0156] Clause 11. A method as in clause 9 wherein silicon
is single crystal and (111) orientation.

[0157] Clause 12. A method as in clause 9 wherein the
epitaxial growth seed layer is applied using a bond and
cleave process.

[0158] Clause 13. A method as in clause 12 wherein the
bond and cleave process comprises a controlled-cleave
layer-transfer process.

[0159] Clause 14. A method as in clause 12 wherein the
bond and cleave process comprises a globally applied ther-
mal cleave layer-transfer process.

[0160] Clause 15. A method as in clause 12 wherein the
epitaxial growth seed layer is bonded using a releasable
bond layer.

[0161] Clause 16. A method as in clause 15 wherein the
releasable bond layer is released using an etchant.

[0162] Clause 17. A method as in clause 16 wherein the
etchant comprises hydrofluoric acid (HF).

[0163] Clause 18. A method as in clause 16 wherein an
etch stop layer is present on one or both sides of the
releasable bond layer.

[0164] Clause 19. A method as in clause 18 wherein the
etch stop layer comprises amorphous silicon.

[0165] Clause 20. A method as in clause 15 wherein the
releasable bond layer comprises silicon dioxide.

[0166] Clause 21. A method as in clause 1 wherein the
donor substrate comprises polycrystalline aluminum nitride.
[0167] Clause 22. A method as in clause 1 wherein the
crystalline semiconductor material includes at least one of
GaN, GaAs, ZnSe, SiC, InP, and GaP.

[0168] Clause 23. A method as in clause 1 wherein the
micro-light emitting diode (LED) structure generates col-
ored light with a down conversion material.

[0169] Clause 24. A method as in clause 23 wherein the
down conversion material comprises phosphor.

[0170] Clause 25. A method as in clause 24 wherein the
phosphor is an integrated layer within the substrate.

[0171] Clause 26. A method as in clause 1 wherein pro-
cessing the layer comprises removing the layer in selected
regions to define a plurality of separate optically active
regions.

[0172] Clause 27. A method as in clause 26 wherein the
removing comprises a lithographic process.

[0173] Clause 28. A method as in clause 26 wherein the
removing comprises applying an energy beam.

[0174] Clause 29. A method as in clause 26 wherein:
the processing further comprises MOCVD; and

the MOCVD is performed after the removing.

[0175] Clause 30. A method as in clause 1 wherein the
applying energy comprises a controlled-cleave layer-transfer
process.

[0176] Clause 31. A method as in clause 1 wherein the
applying energy comprises a globally applied thermal cleave
layer-transfer process.
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[0177] Clause 32. A method as in clause 1 wherein the
implanting is an ion implant step with particles selected
from hydrogen or helium having ion energy between about
20 keV-750 keV.

[0178] Clause 33. A method as in clause 1 wherein:

the processing comprises MOCVD performed prior to the
implantation; and

the implanting is an ion implant with particles selected from
hydrogen or helium having ion energy between about 200
keV-750 keV.

[0179] Clause 34. A method as in clause 1 wherein the
micro-light emitting diode (LED) structure is driven by a
display controller incorporating a programmable lookup
table for at least 2 micro-LED pixels.

[0180] Clause 35. A method as in clause 34 wherein an
output light to input drive function for each micro-LED is
measured using a camera and stored in a computer memory
to develop a first transfer function.

[0181] Clause 36. A method as in clause 35 wherein a
computer analyzes the first transfer function to calculate a
linearization table that is programmed into the display
controller to normalize and linearize an output light transfer
function.

[0182] Clause 37. A method as in clause 36 wherein a
resulting light uniformity across a plurality of pixels is
within about 10%.

[0183] Clause 38. A method as in clause 37 wherein a
resulting light uniformity across the plurality of pixels is
within about 5%.

[0184] Clause 39. A method as in clause 38 wherein a
resulting light uniformity across the plurality of pixels is
within about 2%.

[0185] Clause 40. A method as in clause 37 wherein the
substrate is selected from quartz, silicon, polycrystalline
AIN, and sapphire.

[0186] Clause 41. A method as in clause 1 wherein the
micro-light emitting diode (LED) structure generates col-
ored light without a down conversion material.

[0187] Clause 42. A method as in clause 1 wherein pro-
cessing the layer comprises:

forming a plurality of discrete pixels separated by streets;
and

transferring the plurality of discrete pixels en masse to a
target substrate.

[0188] Clause 43. A method as in clause 42 wherein the
target substrate includes phosphor.

[0189] Clause 44. A method as in clause 1 wherein pro-
cessing the layer comprises:

forming a plurality of discrete pixels separated by streets;
and

selectively transferring fewer than the entire plurality of
discrete pixels to a target substrate.

[0190] Clause 45. A method as in clause 44 wherein the
selectively transferring utilizes a transfer tool.

[0191] Clause 46. A method as in clause 44 wherein the
selectively transferring utilizes a release layer.

[0192] Clause 47. A method comprising:

growing a crystalline semiconductor material over a donor
substrate, a threading dislocation density (TDD) of the
material declining with thickness;

bonding the exposed face to a target substrate;

releasing the material to leave a thickness bonded to a
substrate with a second exposed face; and
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processing the substrate for incorporation into a micro-light
emitting diode (LED) structure.

[0193] Clause 48. A method as in clause 47 wherein:
the material comprises c-plane polar GaN;

the exposed face comprises a Ga face of the c-plane polar
GaN; and

a second exposed face comprises a N face of the c-plane
polar GaN.

[0194] Clause 49. A method comprising:

providing a crystalline semiconductor material;

implanting a plurality of particles into an exposed face of the
material to create a subsurface cleave region;

bonding the exposed face to a substrate;

applying energy to cleave the material along the cleave plane
to leave a layer bonded to the substrate; and

processing the layer for incorporation into a micro-light
emitting diode (LED) structure.

[0195] Clause 50. A method as in clause 49 wherein the
crystalline semiconductor material includes at least one of
GaN, GaAs, ZnSe, SiC, InP, and GaP.

[0196] Clause 51. A method as in clause 50 wherein the
micro-light emitting diode (LED) structure generates col-
ored light without a down conversion material.

[0197] Clause 52. A method as in clause 49 wherein
processing the layer comprises:

forming a plurality of discrete pixels separated by streets;
and

transferring the plurality of discrete pixels en masse to a
target substrate.

[0198] Clause 53. A method as in clause 52 wherein the
target substrate includes phosphor.

[0199] Clause 54. A method as in clause 49 wherein
processing the layer comprises:

forming a plurality of discrete pixels separated by streets;
and

selectively transferring fewer than the entire plurality of
discrete pixels to a target substrate.

[0200] Clause 55. A method as in clause 54 wherein the
selectively transferring utilizes a transfer tool.

[0201] Clause 56. A method as in clause 54 wherein the
selectively transferring utilizes a release layer.

[0202] Certain embodiments may further disclose a pro-
tective layer for laser removal of transferred material. A
protective layer allows removing a previously-transferred
material by precise local application of a laser, without
incurring damage to an underlying handle substrate. Accord-
ing to one embodiment, the protective layer comprises
silicon oxide overlying a sapphire handle substrate, to which
a high quality material (e.g., group I1I/V) has been trans-
ferred. Individual islands of the group III/'V material are
isolated by patterning streets (e.g., utilizing lithographic
techniques). Subsequent application of energy from a laser
through the optically transparent handle substrate and
through at least a portion of the protective layer serves to
avoid damaging the underlying handle substrate. The pro-
cess allows island(s) of the high quality ITI/V material to be
selectively freed and moved to a target substrate. Protecting
the (relatively expensive) handle substrate from damage in
this manner facilitates its reuse to receive additional high
quality group I1I/V material layer-transferred from a donor.
Certain embodiments may be particularly suited to protect-
ing a sapphire handle substrate during movement of islands
of GaAs or GaN to form micro-Light Emitting Diode
(u-LED) pixels onto a target.
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[0203] One approach may be to first form a layer of
material on a high quality donor substrate—e.g., utilizing
epitaxial growth techniques. Then, a portion of the grown
material may be layer-transferred to a handle substrate for
further processing.

[0204] Examples of such further processing can include
the formation of streets (e.g., by lithography) to define
isolated islands of high quality grown material correspond-
ing to individual pixels or components thereof. Another
example of further processing of material on the handle may
be the selective transfer of individual islands to a target
substrate for incorporation into an optical device. However,
such further processing of material can damage the handle
substrate, which may be expensive.

[0205] Accordingly, embodiments relate to the use of a
protective layer for laser removal of transferred material.
The protective layer allows removing a previously-trans-
ferred material by precise local application of a laser,
without incurring damage to an underlying handle substrate.
[0206] In one embodiment, the protective layer comprises
silicon oxide overlying a sapphire handle substrate, to which
a high quality group III/'V material has been transferred.
Individual islands of the group I11/V material are isolated by
patterning streets (e.g., utilizing lithographic techniques),
with the protective layer optionally serving as an effective
stop to avoid damaging the underlying handle substrate.
Subsequent application of energy from a laser through the
optically transparent handle substrate allows island(s) of the
high quality III/V material to be selectively freed and moved
to a target substrate.

[0207] Protecting the (relatively expensive) handle sub-
strate from damage in this manner facilitates its reuse to
receive additional high quality group 1II/V material layer-
transferred from a donor. Certain embodiments may be
particularly suited to protecting a sapphire handle substrate
during movement of islands of GaAs or GaN to form
micro-Light Emitting Diode (u-LED) pixels onto a target.
[0208] FIGS. 15A-G show simplified cross-sectional
views of an embodiment of a process flow utilizing a
protective layer. Specifically, FIG. 15A shows a donor 1500
comprising high quality group III/V material, that is bonded
to ahandle substrate 1502 via an intervening protective layer
1504.

[0209] The high quality group III/V material of the donor
may be produced by epitaxial growth upon a template and/or
seed layer, as described in the U.S. Provisional Patent
Applications 62/370,169 filed Aug. 2, 2016, 62/378,126
filed Aug. 22, 2016, and 62/421,149 filed Nov. 11, 2016,
each of which are incorporated by reference in their entire-
ties herein for all purposes.

[0210] In certain embodiments the protective layer may
comprise silicon oxide. Such a silicon oxide protective layer
may be formed in a variety of ways, including but not
limited to deposition, plasma exposure in an oxygen ambi-
ent, and spin-on-glass (SOG) techniques.

[0211] FIG. 15B shows a subsequent layer transfer step,
wherein a layer 1506 of the high quality group 11I/V material
is separated from the donor and remains bonded to the
protective layer and the handle. This layer transfer may be
accomplished in a variety of ways, for example utilizing
particle implantation followed by a controlled cleaving
process as described at least in U.S. Pat. No. 6,013,563
which is incorporated by reference in its entirety herein for
all purposes. Other layer transfer approaches can include but
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are not limited to the SMART-CUT™ process from Soitec
S.A. or the ELTRAN™ process from Canon Inc.

[0212] FIG. 15C shows subsequent formation of addi-
tional high quality group III/'V material 1508 over the
layer-transferred layer 1506. Again, this additional material
can be formed by epitaxial growth techniques such as
Metallo-Organic Chemical Vapor Deposition (MOCVD) or
Hydride Vapor Phase Epitaxy (HVPE).

[0213] FIG. 15D shows patterning of individual islands
15104, 15105, 1510¢ of high quality group I1I/V material
upon the handle substrate. This may be accomplished by
forming streets 1512 separating adjacent islands.

[0214] Particular embodiments may form the streets by
lithography. Such lithographic processes may involve pat-
terning photoresist (negative or positive), followed by expo-
sure and development. Etching in regions revealed by the
developed resist (negative or positive) may remove the high
quality group III/V material in the streets.

[0215] Significantly, the presence of the protective layer
1504 may protect the underlying handle substrate from
degradation during street formation. That is, the etching
process leading to removal of the group III/V material may
be highly selective relative to the protective layer (e.g.,
Si02), but not as selective relative to the underlying handle
substrate (e.g., sapphire).

[0216] Hence, absent the protective layer the handle sub-
strate could be damaged by etching to form the streets.
Application of the protective layer in accordance with
embodiments may serve to avoid such damage to the handle.
[0217] Although not shown in the figures, upon comple-
tion of the formation of streets, any developed photoresist
mask could be removed—e.g., by ashing. The presence of
the protective layer would also serve to prevent damage to
the handle by such a process of lithographic mask removal.
[0218] While the above has described street formation as
an etching process, this is not required. Alternative embodi-
ments could employ other types of approaches in order to
form streets. Examples can include but are not limited to
subtractive processes involving removal of material, e.g., by
ablation, vaporization, and/or decomposition.

[0219] FIGS. 15E-15G show the subsequent transfer of an
individual island from the handle to a target substrate 1512.
Specifically, in FIG. 15E the target is 1513 bonded to the
handle substrate bearing the individual islands.

[0220] In FIG. 15F, the particular island 1510a is selec-
tively exposed to optical energy 1515 communicated
through the transparent handle substrate. According to cer-
tain embodiments the optical energy may take the form of a
laser beam precisely applied specifically to the location of an
island of group III/V material that is to be transferred to the
target substrate.

[0221] The applied optical energy also traverses at least a
portion of the protective layer. Absorption of the optical
energy between the handle substrate and the group III/V
material results in a separation of that group III/'V material
from the handle substrate.

[0222] In certain embodiments the separation may occur
via a localized decomposition 1520 of the group III/V
material. One example of such decomposition may occur as
GaAs changes into Ga and As at temperatures exceeding
about 650° C.

[0223] Other thermally-induced physical (e.g., phase
change) and/or chemical transformations may form the basis
for selective separation of islands to a target substrate.
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[0224] FIG. 15G shows the resulting lift-off step, wherein
the target substrate is removed 1530, taking with it the
now-separated island 1510a. The other islands 15105, 1510¢
remain bound to the handle substrate, and are available for
subsequent selective transfer to a target substrate.

[0225] One method to accomplish this selective transfer is
to make the surface of the target substrate sufficiently sticky.
The tackiness of the target substrate would be selected to be
higher than the release strength necessary to break off and
lift a device after the application of optical energy 1515 but
lower than the breaking strength of the devices without the
application of optical energy 1515. An electrostatic chuck
mounted on the target substrate can also be an effective
method to imbue a certain stickiness.

[0226] In the manner just shown, individual islands of
high quality group I1I/V material may be selectively trans-
ferred from a handle substrate to a target substrate for
incorporation into optical devices (e.g., discrete p-LED
pixels). Moreover, this may be accomplished without dam-
aging the handle substrate, rendering it suited for use in
subsequent layer transfer steps.

[0227] The potential benefits of large-area, cost-effective
and high-quality Group III/V growth layers (e.g., GaAs,
GaN) for micro-LED manufacturing are numerous.

[0228] The large substrate size templates made possible by
various embodiments may permit cost-effective manufac-
turing of high-quality micro-LED devices compatible with
high-volume manufacturing of projection and direct view
displays of a large variety of sizes.

[0229] Clause 1A. A method comprising:

providing a handle substrate;

disposing a protective layer between the handle substrate
and a group I1I/V material;

transferring a layer of the group III/V material to the
protective layer;

growing additional group III/V material from the layer:
patterning streets through the layer and the additional group
III/V material to form islands on the handle substrate, the
patterning stopping on the protective layer; and
transferring an island from the handle substrate to a transfer
substrate.

[0230] Clause 2A. A method as in clause 1A wherein the
protective layer comprises silicon oxide.

[0231] Clause 3A. A method as in clause 1A wherein the
handle substrate comprises sapphire.

[0232] Clause 4A. A method as in clause 1A wherein the
streets are patterned by a lithographic technique.

[0233] Clause 5A. A method as in clause 4A wherein the
lithographic technique comprises etching the group III/V
material.

[0234] Clause 6A. A method as in clause 4A wherein the
group III/V material comprises GaAs.

[0235] Clause 7A. A method as in clause 4A wherein the
group III/V material comprises GaN.

[0236] Clause 8A. A method as in clause 4A wherein
transferring the island comprises applying optical energy
through the handle substrate and at least a portion of the
protective layer.

[0237] Clause 9A. A method as in clause 8 A wherein the
optical energy comprises a laser beam.

[0238] Clause 10A. A method as in clause 8 A wherein the
optical energy induces a chemical change in the group III/'V
material.
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[0239] Clause 11A. A method as in clause 1A wherein
transferring the layer of the group III/V material comprises
implanting particles into the donor substrate followed by a
cleave process.
[0240] Clause 12A. A method as in clause 1A wherein the
disposing comprises bonding the group I1I/V material to the
handle substrate bearing the protective layer.
[0241] Clause 13A. A method as in clause 1A wherein the
disposing comprises bonding the group 1II/V material bear-
ing the protective layer to the handle substrate.
[0242] Clause 14A. A method as in clause 1A wherein the
disposing comprises bonding the group III/V material bear-
ing a part of the protective layer to the handle substrate
bearing another part of the protective layer.
[0243] Clause 15A. An apparatus comprising:
a handle substrate substantially transparent to incident opti-
cal energy;
a protective layer overlying the handle substrate; and
a layer transferred group 11I/V material overlying the pro-
tective layer, the group 1II/V material separating from the
handle substrate in response to the incident optical energy.
[0244] Clause 16A. An apparatus as in clause 15A wherein
the handle substrate comprises sapphire.
[0245] Clause 17A. An apparatus as in clause 15A wherein
the protective layer comprises silicon oxide.
[0246] Clause 18A. An apparatus as in clause 15A wherein
the layer transferred group III/V material comprises GaAs.
[0247] Clause 19A. An apparatus as in clause 15A wherein
the layer transferred group III/V material comprises GaN.
[0248] While the above is a full description of the specific
embodiments, various modifications, alternative construc-
tions and equivalents may be used. Although the above has
been described using a selected sequence of steps, any
combination of any elements of steps described as well as
others may be used. Additionally, certain steps may be
combined and/or eliminated depending upon the embodi-
ment. Furthermore, the particles of hydrogen can be
replaced using co-implantation of helium and hydrogen ions
or deuterium and hydrogen ions to allow for formation of the
cleave plane with a modified dose and/or cleaving properties
according to alternative embodiments. Still further, the par-
ticles can be introduced by a diffusion process rather than an
implantation process. Of course there can be other varia-
tions, modifications, and alternatives. Therefore, the above
description and illustrations should not be taken as limiting
the scope of the present invention which is defined by the
appended claims.
What is claimed is:
1. A method comprising:
growing a crystalline semiconductor material over a
donor substrate, a threading dislocation density (TDD)
of the material declining with thickness;
implanting a plurality of particles into an exposed face of
the material to create a subsurface cleave region;
bonding the exposed face to a substrate;
applying energy to cleave the material along the cleave
plane to leave a layer bonded to the substrate; and
processing the layer for incorporation into a micro-light
emitting diode (LED) structure.
2. A method as in claim 1 wherein:
the material comprises c-plane polar GaN; and
the exposed face comprises a N face of the c-plane polar
GaN.
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3. A method as in claim 1 wherein:

the material comprises c-plane polar GaN; and

the exposed face comprises a Ga face of the c-plane polar

GaN.

4. A method as in claim 1 wherein the bonding comprises
a temporary bonding and the substrate comprises a handle
substrate, the method further comprising:

permanently bonding the layer to a target substrate; and

releasing the layer from the handle substrate, wherein

processing the layer comprises incorporating the target
substrate into the micro-LED structure.

5. A method as in claim 4 wherein the micro-light emitting
diode (LED) structure generates colored light with a down
conversion material.

6. A method as in claim 1 wherein a TDD of the layer is
1x107 ecm™ or lower.

7. A method as in claim 1 wherein the donor substrate
includes at least one of GaN, silicon carbide, silicon, sap-
phire, and AIN as an epitaxial growth seed layer having an
exposed surface.

8. A method as in claim 1 wherein the donor substrate
comprises polycrystalline aluminum nitride.

9. A method as in claim 1 wherein the crystalline semi-
conductor material includes at least one of GaN, GaAs,
7ZnSe, SiC, InP, and GaP.

10. A method as in claim 1 wherein the micro-light
emitting diode (LED) structure generates colored light with
a down conversion material.

11. A method as in claim 1 wherein processing the layer
comprises removing the layer in selected regions to define a
plurality of separate optically active regions.

12. A method as in claim 11 wherein:

the processing further comprises MOCVD; and

the MOCVD is performed after the removing.

13. A method as in claim 1 wherein:

the processing comprises MOCVD performed prior to the

implantation; and

the implanting is an ion implant with particles selected

from hydrogen or helium having ion energy between
about 200 keV-750 keV.

14. A method as in claim 1 wherein processing the layer
comprises:

forming a plurality of discrete pixels separated by streets;

and

transferring the plurality of discrete pixels en masse to a

target substrate.

15. A method as in claim 1 wherein processing the layer
comprises:

forming a plurality of discrete pixels separated by streets;

and

selectively transferring fewer than the entire plurality of

discrete pixels to a target substrate.

16. A method comprising:

growing a crystalline semiconductor material over a

donor substrate, a threading dislocation density (TDD)
of the material declining with thickness;

bonding the exposed face to a target substrate;

releasing the material to leave a thickness bonded to a

substrate with a second exposed face; and

processing the substrate for incorporation into a micro-

light emitting diode (LED) structure.

17. A method as in claim 16 wherein:

the material comprises c-plane polar GaN;

the exposed face comprises a Ga face of the c-plane polar

GaN; and
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a second exposed face comprises a N face of the c-plane
polar GaN.

18. A method comprising:

providing a crystalline semiconductor material;

implanting a plurality of particles into an exposed face of
the material to create a subsurface cleave region;

bonding the exposed face to a substrate;

applying energy to cleave the material along the cleave
plane to leave a layer bonded to the substrate; and

processing the layer for incorporation into a micro-light
emitting diode (LED) structure.

19. A method as in claim 18 wherein processing the layer

comprises:

forming a plurality of discrete pixels separated by streets;
and

transferring the plurality of discrete pixels en masse to a
target substrate.

20. A method as in claim 18 wherein processing the layer

comprises:

forming a plurality of discrete pixels separated by streets;
and

selectively transferring fewer than the entire plurality of
discrete pixels to a target substrate.

® % % % %



TRBR(F) BEEREBHEHREAKX_INE (LED)
K (BE)S US20180138357A1

HRiES US15/809023

RRiE (TR A(F) QMAT INC.

LA RE(ERN)AGE) QMAT INC.

patsnap

AFF ()R 2018-05-17
g H 2017-11-10

¥R %A HENLEY FRANCOIS J
KA HENLEY, FRANCOIS J.
IPCH%E H01L33/00 HO1L25/075 H01L33/06 HO1L33/18 HO1L33/32 HO1L33/50
CPCH%5 H01L33/0079 HO1L25/0753 HO1L33/06 HO1L33/18 H01L33/32 HO1L33/502 H01L33/007 HO1L33/0075
H01L33/0095 H01L2933/0041 HO1L21/76254 HO1L33/0093 H01L33/28
k54X 62/421149 2016-11-11 US
62/433189 2016-12-12 US
ShEREERE Espacenet  USPTO
BE(F) e S,
a-Face \\/ 1L — o e roos
SIS RFIBREBMBIEEME X =RE (LED ) £, HilR, seea- [ _oan 11083 N T
BRAMWALE (GaN ) REVHEREIREEK , FIARARMELyS | = == =
HSE (HVPE ) o REMEEERKANEEGaN , AN, SIC, BER | wer
M/ &, flm, (1) . KEXNEENGaNKI UXFh R+ 2 R
(BlEn, —10BOKIHY ) |, BERE (FlE0, LAA2-3x10 &It;SUP&g; - e
6 &lt;/ SUP&gt; B K&It;SUP&gt; -2 &lt;/ SUP&gt; ) &M B R E1ERIL on =
EHBE (TDD) . XAFEEKNGaNMTHEEEETETERABA Seanenee
BMLEDEMERBER/ ARKGTEEERE LR w



https://share-analytics.zhihuiya.com/view/32cf1e04-ccf7-48dd-89d6-67fba76901b6
https://worldwide.espacenet.com/patent/search/family/060388100/publication/US2018138357A1?q=US2018138357A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220180138357%22.PGNR.&OS=DN/20180138357&RS=DN/20180138357

