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(57) Abstract: A method of removing a substrate, comprising: forming a growth restrict mask with a plurality of striped opening areas
directly or indirectly upon a GaN-based substrate; and growing a plurality of semiconductor layers upon the GaN-based substrate using
the growth restrict mask, such that the growth extends in a direction parallel to the striped opening areas of the growth restrict mask, and
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at least partially dissolves the growth restrict mask. The GaN substrate that is removed then can be recycled.
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METHOD OF REMOVING A SUBSTRATE

CROSS REFERENCE TO RELATED APPLICATION

This application claims the benefit under 35 U.S.C. Section 119(e) of the
following co-pending and commonly-assigned application:

U.S. Provisional Patent Application No. 62/502,205, filed on May 5, 2017, by
Takeshi Kamikawa, Srinivas Gandrothula, Hongjian L1 and Daniel A. Cohen, entitled
“METHOD OF REMOVING A SUBSTRATE,” attorney’s docket no. 30794.653-US-P1
(UC 2017-621-1);

which application is incorporated by reference herein.

BACKGROUND OF THE INVENTION

i Field of the Invention.
This invention relates to a method for removing a substrate, mcluding removing

(GaN-based substrates from GaN-based semiconductor layers.

2. Description of the Related Art.

The industrial value of a high-value senuconductor obtained uquality upon a low-
priced substrate made of different materials 15 extremely high. Therefore, research and
development have sought to realize this goal for a long time.

This 13 especially true n a gallium arsenide (GaAs)-based semiconductor thin
film growth upon a silicon (81) substrate and gallium nitride (GaN)-based semiconductor
thin film growth upon a sapphire (AlO3) substrate. In both instances, a relatively good
guality semiconductor thin {film can be obtained using an epitaxial lateral overgrowth

(ELO) techmque.
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However, using a substrate made of different materials mvolves a number of
problems. For example, due to different thermal expansion constants, the substrate may
bow or become curved during epitaxial growth under high teroperature.

Moreover, the substrate may be subjected to non-umiform temperatures, which
may cause non-uniformity of the doping concentration, the thickness of the layers, the
content of mdium (In). This situation may cause a decrease 1 yield,

With regard to GaN-based semiconductors, many researchers have tried to avoid
these 1ssues using GalN substrates. However, GaN substrates, which are typically
produced using HVPE (hydride vapor phase epitaxy), are very expensive.

For example, 2-inch c-plane polar GaN substrates cost about $1000/water, while
2-inch semipolar GaN substrates cost about $10000/water. Thus, there is a desire to
recycle GaN substrates.

It 18 easy to remove a GaN device from a substrate of different matenials, such as
a sapphure substrate. For example, there are many defects at the GaN/sapphire interface,
which means that bonding strength at the interface 1s weak. See, e.g., US Patent
Publication No. 2012/0280363 Al.

However, a mechanical removal method, such as ultra-somce removal, may
damage the semiconductor layers. This is a problem especially for edge emitting laser
diodes (EELDs), which need smooth facets. With a mechanical removal method, cracks
may occur. For example, when cleaving the device, damage may cause cracks in
umintended directions. It is necessary to reduce any such damage.

Furthermore, the GaN/sapphire interface absorbs laser light due to the many
defects at the interface. Consequently, a laser ablation method may be used to remove
the substrate from the semuconductor layers.

On the other hand, the use of a GaN substrate, 1n order to obtamn ligh quality

(GaN-based semiconductor layers and avoid bowing or curvature of the substrate during
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epttaxial growth, makes it hard to remove the substrate, because there s no
heterointerface, such as with GaN/sapphire.

Que conventional techrique 1s the use of photoelectrochemical (PEC) etching of
sacrificial layers to remove device structures from GaN substrates, but this takes a long
time and involves several complicated processes. Moreover, the yield from these
processes have not reached industry expectations.

Thus, there is a need in the art for improved methods of removing substrates,
espectally where GaN thin films are grown on GaN substrates. The present invention

satisfies this need.

SUMMARY OF THE INVENTION

To overcome the limitations in the prior art described above, and to overcome
other limitations that will become apparent upon reading and understanding this
specification, the present invention discloses a method for removing a substrate, and
specifically, a method of removing GaN-based substrates from GaN-based semiconductor

layers in an easy manner, so that the GaN-based substrates can be recycled.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:

FIGS. T and 2 are schematics of device structures fabricated according to the
present invention.

FIGS. 3{a) and 3(b) tllustrate the growth restrict mask and the opening areas of
the growth restrict mask.

FIGS. 4(a) and 4(b) illustrate the growth restrict mask, the opening areas of the
growth restrict mask, the flat surface region and the layer bending region.

FIGS. 5(a) and 5(b) tllustrate the etching at the layer bending region.
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FIGK. 6(a}, 6{b) and 6{c} illustrate the etching at the layer bending region, as well
as the overwrap regions.

FIG. 7 1s a schematic of a device structure including a bended active region.

FIG. 8 1s a schematic of a device structure formed by the sland-like
semiconductor layers.

FIG. 9 1s a schematic of a device structure where there has been dry etching
below a surface of the GaN-based substrate.

FIG. 10 1s a schematic of bonding a support substrate.

FIG. 11 15 a schematic of dissolving a growth restrict mask by wet etching.

FIG. 12 15 a schematic of n-electrode deposition.

FIGS. 13(a) and 13 (b) iltustrate a method of making facets for a laser diode
device, as well as chip scribing techniques.

FIGS. 14(a) and 14(b) also illustrate a method of making facets for a laser diode
device, as well as chip scribing technigues.

FIG. 15 15 a flowchart illustrating the steps and functions of the present invention,

according to one embodiment.

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred embodiment, reference 1s made to a
specific embodiment in which the invention may be practiced. It s to be understood that
other embodiments may be utilized and structural changes may be made without

departing from the scope of the present invention.
Qverview

Generally, the present invention describes a method for manufacturing a GaN-

based semiconductor device, so that a GalN-based substrate can be removed from the
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GaN-based semiconductor device, and the GalN-based substrate recycled. This is
accomplished using at least the following steps:

1. Epitaxial lateral overgrowth (ELO), growth of device layers, p-electrode
deposition and ridge stripe processing.

This step 1s described in FIG. 1, which illustrates a GaN-based substrate 101 with
an Si0z-based growth restrict mask 102 formed thereon. Alternatively, as shown in FIG.
2, a GaN-based intermediate layer 103 may be deposited first on the GaN-based substrate
101 with the Si0»-based growth restrict mask 102 formed on the GaN-based intermediate
layer 103,

The growth restrict mask 102 1s patterned into stripes 104, and includes opening
areas 105 between the stripes 104 for epitaxial lateral overgrowth of GaN-based layers
106. Fach of the stripes 104 of the growth restrict mask 102 has a width of about 50 pm
with each of the opening areas 105 having a width of about 5 pm separating adjacent
ones of the stripes 104,

The growth of the ELO GaN-based layers 106 occurs first in the opening areas
105, on either the GaN-based substrate 101 as shown in FIG. 1 or the GalN-based
mtermediate layer 103 as shown in FIG. 2, and then laterally from the opening areas 105
over the stripes 104 of the growth restrict mask 102, The growth of the ELO GaN-based
layers 106 is stopped or interrupted before the ELO GaN-based layers 106 at adjacent
opening areas 105 can coalesce on top of the growth restrict mask 102, Preferably, the
ELO GaN-based layers 106 have a lateral width of about 20 um n a wing region of the
stripe 104 of the growth restrict mask 102, This mterrupted growth results in no-growth
regions 107 between adjacent ELO GaN-based layers 106.

Thereafter, semiconductor device layers 108 are grown on or above the ELCG
GaN-based layers 106. In one embodiment, the sermiconductor device layers 108 may
include an AlGaN cladding layer 109, n-GaN guiding layer 110, InGaN/GaN multiple

guantuom well (MQW) active region 111, and p-GaN guiding layer 112, A Transparent

(A%
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Conductive Oxide (TCO) cladding laver 113 is deposited on the p-GaN gwding layer
112, followed by the deposition of a current limiting layer 114, Finally, a p-pad 115 15
deposited on the TCO cladding laver 113

The combined thickness of the ELO GaN-based layers 106 and the semiconductor
device layers 108 may range from 1 to 20 pm, for example, but is not limited to these
values. The combined thickness of the ELO GaN-based layers 106 and semiconductor
device lavers 108 1s measured from the surface of growth restrict mask 102 to the upper
surface of the semiconductor device layers 108.

The semiconductor device lavers 108 include one or more flat surface regions 116
separated by etching regions 117, which are bounded on both sides by layer bending
regions 118 at the edges thereof adjacent the no-growth regions 107, The width of the
flat surface region 116 1s preferably at least 5 pm, and more preferably i1s 10 um or more.
There 15 a high uniformity to the thickness of each of the semiconductor device layers
108 n the flat surface region 116

The semiconductor device layvers 108 separated by etching regions 117 and/or no-
growth regions 107 are referred to as island-like semiconductor layers 119, Each of the
island-tike semiconductor layers 119 may be processed into a separate device. For
exarmple, ridge stripe processing may be carried out on each of the sland-hike
semiconductor layers 119 to form separate laser devices.

These elements are further shown and described in more detail in conjunction
with FIGS. 3(a)-3(b}, 4(a}-4(b}, 5(a}-5(b}, 6(a)-6{(c), 7 and 8 below.

2. Dry etching below the surface of the GaN-based substrate.

This step 1s described m FIG. 9. Dry etching 1s performed on the etching region
117, through the device layers 108 and the ELO GaN-based layers 106, to expose the
growth restrict mask 102, This etching results in the creation of the island-hike

semiconductor layers 119, including the flat region 116 and the layer bending region 118,
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and nitiates the step to separate the island-like semiconductor layers 119 from the GaN-
based substrate 101,

It 1s not always necessary to etch the surface of the GaN-based substrate 101, as
long as the growth restrict mask 102 is exposed. More preferably, etching is performed
up to the surface of the GaN-based substrate 101, so that the GaN-based substrate 101
can be easily removed.

3. Bonding a support substrate.

This step is shown in FIG. 10. The island-like semiconductor layers 119 are flip-
chip bonded to a support substrate 1001 with metal or solder bonding pads 1002
deposited thereon, using metal-metal bonding or soldering techniques.

4. Dissolving the growth restrict mask by wet etching,

This step 1s shown in FIG. 11, The 8102 of the growth restrict mask 102 {(shown
n FIG. 10) 15 removed using a chemical solution, such as hydrofluoric (HF) or buffered
hydrofluoric (BHF) acid, which hifis off the GaN-based substrate 101 from the sland-like
semiconductor layers 119,

5. N-electrode deposition.

Thus step 1s shown 1in FIG. 12, N-electrodes 1201 are deposited on the back side
of the island-like semiconductor layers 119 following lift-oft of the GaN-based substrate
101,

6. Chip scribing,

This step 1s shown in FIGS. 13(a)-13(b} and 14(a)-14(b). Chup scribing 13
performed using solid or dashed lines.

These and other aspects of the present invention are described in more detail

below.

~3
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Definitions of Terms

GaN-based substrate
Any GaN-based substrate 101 that s sliced ona {00013}, {1-100}, {11-20}, {20-
214}, {20-2-1}, {11-22} plane, or other plane, from a bulk GaN crystal can be used. The

(GalN-based substrate 101 may include Al In, B, etc.

GaN-based semiconductor favers

The GaN-based semiconductor layers include the ELO GaN-based layers 106,
device layers 108 such as AlGaN cladding layer 109, n-GaN guiding layer 110,
InGaN/GaN multiple quantum well (MQW) active region 111 and p-GaN guiding layer
112, as well as intermediate layers 103

These GaN-based semiconductor lavers can include In, Al and/or B, as well as
other dopants and impurtties, such as Mg, 81, Zn, O, C, H, etc. The GaN-based
semiconductor lavers specifically may comprise GaN layers, AlGaN layers, AlGalnN
tayers, InGaN layers, etc.

As noted above, the device layers 108 such as AlGaN cladding laver 109, n-GaN
gutding laver 110, InGaN/GaN multiple quantum well (MQW) active region 111 and p-
GalN guiding layer 112, typically include at least one layer among an n-type layer, an
undoped layer and a p-type laver.

Using the GaN-based semiconductor layers, the resulting device may comprise,
for example, a hight-emitting diode (LED), laser diode (LD), Schottky barrier diode
(SBD), photodiode, metal-oxide~-semiconductor field-effect-transistor (MOSFET]), etc,,
but is not himited to these devices. This invention 15 particularly useful for micro-LEDs
and laser diodes, such as edge-emitting lasers and vertical cavity surface-emitting lasers

(VCSELs).
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Growth restrict mask

The growth restrict mask 102 comprises a dielectric layer, such as 810, SiN,
SiON, ALOs, AIN, AION, or a refractory metal, such as W, Mo, Ta, Nb, etc. The growth
restrict mask 102 may be a laminate or stacking layer structure selected from the above
materials.

In one embodiment, the thickness of the growth restrict mask 102 15 about 0.05 - 3
um. The width of each of the stripes 104 of the growth restrict mask 102 is preferably
larger than 20 wm, more preferably larger than 40 um, and most preferably about 50 um.

As noted above, the growth restrict mask 102 is patterned into stripes 104 and
mchides opening areas 105 between the stripes 104, In one embodiment shown in FIG.
3(a), the opening areas 105 are striped having a length a and a width b. The length a of
each of the opening areas 105 is in a first direction parallel to the 1-100 direction of the
{0001) c-plane-oriented GaN-based substrate 101 and the width b of each of the opening
areas 105 1s in a second direction parallel to the 11-20 direction of the (0001} ¢-plane-
oriented GaN-based substrate 101, periodically at a first interval pl, extending n the
second direction. The width b of each of the opening areas 105 is typically constant, but
may be changed as necessary. The width L of each of the stripes 104 of the growth
restrict mask 102 s L =pl - b.

In avother embodiment shown 10 FIG. 3(b), the length and width of each of the
opening areas 105 are arranged in similar directions as FIG. 3{(a}, but the lengths a may
be different and adjacent opening areas 105 are offset in the first direction by a second
mterval p2 and are shifted in the second direction by a half of the first interval pl, ina
manner such that end portions of adjacent opening areas 105 overlap lengthwise for a
predetermined distance ¢ in the first direction. This arrangement prevents embossment of
both end portions of the opening areas 105 in the 1-100 direction of the GaN-based

substrate 101.

9
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In both of these embodiments, the interval pl may be about 5 to 120 um; the
mterval p2 may be about 500 to 1050 pm; the length a may be about 200 1o 2000 um; the
width b may be about 2 to 20 um; and the distance q may be about 35 to 40 um. In FIG
3(a}, for example, the interval pl may be about 55 um; the interval p2 may be about 810
umy; the length a may be about 1200 um; the width b may be about 5 ym; and the width L

15 50 pm.

FELO GaN-based layers

FIGK. 4(a) and 4(b} illustrate the ELO GaN-based layers 106 grown using the
growth restrict masks 102 of FIGS. 3(a) and 3(b), respectively.

Using the growth restrict mask 102, the ELO GaN-based layers 106 are grown in
an sland-like shape in the (0001) plane orientation by a vapor-phase deposttion method,
for example, a metalorganic chemical vapor deposition (MOCYD) method.

The surface of the GaN-based substrate 101 or the GaN-based mtermediate layer
103 15 exposed in the opening areas 105 of the growth restrict mask 102, and the ELO
GalN-based lavers 106 are selectively grown thereon, continuously in both vertical and
lateral directions relative to the growth restrict mask 102. The growth is stopped before
the ELO GaN-based layers 106 coalesce with adjacent ELO GaN-based layers 106 on the
growth restrict mask 102,

For (0001) plane growth of a GaN-based semiconductor, the lateral growth rate
parallel to the plane is the largest in the 11-20 direction and is the smallest in the 1-100
direction. In the growth restrict mask 102 shown in FIGS. 3(a) and 3(b), as the
longitudinal direction of the opening area 105 1s the 1-100 direction, the growth rate of
the GaN-based semiconductor 1s small at both ends of the opening area 105, the ELO
GaN-based layers 106 opposing each other in the 1-100 direction do not coalesce and
remain separated from each other. The length of the ELO GaN-based layers 106 i the -

100 direction becomes nearly equal with the length a of the opening area 1035,

10
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The thickness of the ELO GaN-based layers 106 1s important, because it
determines the width of the flat surface region 116, Preferably, the width of the flat
surface region 116 1s 20 um or more. The thickness of the ELO GaN-based layers 106 1s
preferably as thin as possible, to reduce processing time and to facilitate etching the
opening areas 105,

The growth ratio of the ELO GaN-based layers 106 15 the ratio of the growth rate
of the lateral direction parallel to the 11-20 axis of the GaN-based substrate 101 to the
growth rate of the vertical direction parallel to the 0001 axis of the GaN-based substrate
101, Preferably, the growth ratio of the ELO GaN-based layers 1006 is high, wherein, by
optimizing the growth conditions, the growth ratio of the ELO GaN-based layers 106 can
be controlled from 1 1o 4.

In the case where the ratio of the ELO GaN-based layers 106 s 4, the ELO GaN-
based layers 106 are only about S um 10 thickness, but obtain a width of the flat surface
region 116 of 20 um. In this case, it is very easy to etch the opening areas 105,

In order to obtain a high ratio for the ELO GaN-based layers 106, the growth
temperature of the ELO GaN-based layers 106 is preferably higher than about 950 °C and
the pressure in the MOCVD chamber s preferably lower than about 100 Torr.  Also, in
order to promote the mugration of Ga atoms, the V/IIT ratio 1s preferably high

When the distance between the ELO GaN-based layers 106 on opposing planes
with lowest growth rates 1s large, the following disadvantages occur. In the mask portion
of the growth restrict mask 102 at the regions between the ELO GaN-based layers 106 in
the 1-100 direction of which the growth rate 15 the lowest, raw gas is not consumed, and
therefore, the gas concentration increases, and a concentration gradient in the 1-100
direction 1s generated, and by diffusion according to the concentration gradient, a large
amount of the gas 18 supplied at the edge portions in the 1-100 direction of the ELO GaN-
based layers 106. As the result, the thickness of the edge portions in the 1-100 direction

of the ELO GaN-based layers 106 increases in comparison with other portions, and

i1
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results in a raised shape. The raised shape causes not only structural inconventences in
the devices, but also creates problems in the following manufacturing processes of
photolithography, ete.

To prevent the raised shape, the ELQO GaN-based layers 106 come as close as
possible, and thus it is necessary not to create in-plane uniformity of the raw gas from the
begimning of the growth. In the growth restrict mask 102 shown in FIG. 3{b), the
opening areas 103 adjacent to each other in the 11-20 direction are formed i a manner
such that the opening areas 105 overlap at opposing end portions for the length g.

As a result, the in-plane umiformity of gas concentration is obtained by
consumption of the raw gas caused by growing the ELO GaN-based layers 106, Finally,

this results in a uniformaty in the thickness of the island-like semiconductor layers 119,

Fiching of opening areas

FIGS. 5 and 6 illustrate the details of the etching process of the opening areas
105,

FIG. 5(a) shows the no-growth regions 107, the ELO GaN-based layers 106, the
tlat surface regions 116, the laver bending regions 118, and the etching regions 117,
based on the growth restrict mask 102 of FIG. 3(a), and FIG. 5(b} shows the ELO GaN-
based layers 106 and the eiching regions 117, where etching 501 has been performed to
remove the layer bending regions 118 (not shown).

FIG. 6(a) shows the opening areas 105, the no-growth regions 107, the ELO GaN-
based layers 106, the flat surface regions 116, and the layer bending regions 118, based
on the growth restrict mask 102 of FIG. 3(b), and FIG. 6(b) shows the opening areas 105
and the ELO GaN-based layers 106, where etching 501 has been performed to remove
the layer bending regions 118 (not shown}.

As shown by 601 and 602 in FIG. 6(a), the etching SO1 may be larger than the

opening areas 105, In this example, the 1sland-like semiconductor layers 119 do not have
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an interface with the GalN-based substrate 101 and other 1sland-like semiconductor layers
119, With the wider etching area, the island-like semiconductor lavers 119 can be
removed quickly and easily from the GaN-based substrate 101.

If the interface between the island-like semiconductor layers 119 and the GaN-
based substrate 101 remains at least in part, it does provide some benefits. For example,
FIG. 6(c} shows the case where the interface between the 1sland-like semiconductor
layers 119 and the GaN-based substrate 101 remains at both edges of the opening areas
105, In this case, it 1s easy to hold the island-like semiconductor layers 119 after the dry
etching. However, it is best if the remaining area 1s as small as possible. After dry
etching, the island-like semiconductor layers 119, which are on the growth restrict mask

102, can slide and be easily removed.

Fiching region

FIGS. 5 and 6 also illustrate the details of the etching regions 117.

The etching regions 117 are the location that 1s etched by a dry etch and/or wet
etch to expose the growth restrict mask 102, As shown in FIGS. 5(a) and 5(b}, the
etching regions 117 are mainly on the opening areas 105. However, in FIGS. 6{(a) and
6{c), there 1s an etching region 601 that overwraps a first direction and/or an etching
region 602 that overwraps a second direction to the growth restrict mask 102 (not
shown}. This s to expose the growth restrict mask 102.

The overwrap width typically ranges between about 0 and 10 pum, and more
preferably ranges between about 1 and 6 um in the first direction, because the process
yield 1s kept high. The second direction is almost the same value. However, the
overwrap width may be different without causing any problems.

The etching regions 117 may be wider than the opening areas 103, so that that

there 1s nothing else present at the interface between the sland-like semiconductor layers

13
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119 and the GaN-based substrate 101, This makes the GaN-based substrate 101 easy to

remove from the sland-hike semiconductor layers 119.

Layer bending region

FIG. 7 illustrates the details of the layer bending region 118, in conjunction with
the growth restrict mask 102, the opening area 105, the flat surface region 116, and the
etching region 117

In one embodiment, the layer bending layer 118 may or may not be removed by
etching. For example, simultaneous etching of both the etching region 117 and the layer
bending region 118 may be performed in order to reduce the processing time and cost.

As shown 10 FIG. 7, the layer bending region 118 may include a bended active
region 701, If the layver bending layer 118 is not removed by etching, and the bended
active region 701 remains in the device, a portion of the light emitted from the active
region 111 1s reabsorbed. As a result, it may be preferable to remove the laver bending
region 118,

Moreover, if the device 1s a laser diode, and the layer bending layer 118 is not
removed by etching, so that the bended active region 701 remains in the device, the laser
mode may be affected by the layer bending region 118 and the bended active region 701
due to a low refractive index (e.g., an InGaN layer) in the bended active region 701, Asa
result, it may be preferable to remove the layer bending region 118 and the bended active

region 701

Istand-like semiconductor layers

FIG. 8 s a sectional view of the sland-like semiconductor layers 119, which in
this example comprise a laser diode.

Specifically, the Hi-nitnide senmiconducior laser diode 1s comprised of the

following layers, laid one on top of another in the order mentioned, a 1.3 wm n-AloosGaN

14
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cladding layer 109, a 0.4 pum n-(GaN guiding laver 110, an InGaN/GaN MOQW active
region 111, a p-GaN guiding layer 112, an TCO cladding layer 113, a current himiting
layer 114, and a p-electrode 115, Note that, in this example, there is an optional AlGaN
electron blocking layer (EBL) 801 positioned between the InGalN/GalN MOW active
region 111 and the p-GaN guiding layer 112.

The sectional view of FIG. 8 shows the laser bar along a direction perpendicular
to an optical resonator, which 1s comprised of a ridge stripe structure. The ridge stripe
structure 1s comprised of the TCO cladding layer 113, current limiting layer 114, and p-
electrode 115, and provides optical confinement in a horizontal direction. The width of
the ridge stripe structure 1s of the order of 1.0 to 20 ym, and typically 15 5 pum.

In one embodiment, the p-electrode 115 may be comprised of one or more of the

following materials: Pd, N1, Ti, Pt, Mo, W, Ag

o0

Auy, etc. For example, the p-electrode
may comprise Pd-Ag-Ni-Au (with thicknesses of 3-50-30-300 nm}. These materials may
be deposited by electron beam evaporation, sputter, thermal heat evaporation, etc. In

addition, the p-electrode 15 typically deposited on the TCO cladding layer 113.

Fiching region

FIG. 9 shows the depth of etching region 117, which s at least below the surface
of growth restrict mask 102 and, in this example, extends into the GaN-based substrate
101, In this case, it 15 easily to remove the growth restrict mask 102 using a wet etching

method.
Support substrate
FIG. 10 illustrates a support substrate 1001, which is bonded to the island-like

semiconductor lavers 119 individually using patterned bonding pads 1062, Conventional

bonding technigues can be used.

15
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The support substrate 1001 may be comprised of elemental semiconductor,
compound semiconductor, metal, alloy, nitride-based ceramics, oxide-based ceramics,
diamond, carbon, plastic, etc., and may comprise a single laver structure, or a multlayer
structure made of these materials. A metal, such as solder, etc., or an organic adhesive,
may be used for the patterned bonding pads 1002, and is selected as required.

In general, the most common types of flip-chip bonding are thermal compression
bonding and wafer fusion/bonding. Wafer fusion has been popularly employed in ToP-
based devices. However, thermal compression bonding 1s generally much sumpler than
wafer fusion, as it uses metal-to-metal bonding, and has the benefit of also greatly
improving thermal conductivity.

An Au-Au compression bond s by far the simplest bond and results n a faurly
strong bond. An Au-Sn eutectic bond offers a much greater bond sirength.

In one embodiment, a Cu substrate 1001 1s used as the support substrate. The
patterned Ti/Au bonding pads 1002 are fabricated on the Cu substrate 1001 by electron
beam evaporation or sputter. The bonding pads 1002 are comprised of, in one example,
Ti {10 nm) and Au (500 nm}.

An activation of the exposed surface of the 1sland-like semiconductor layers 119
may be performed before compression bonding. The activation is achieved using a
plasma process of Ar and/or On.

Thereafter, the island-like semiconductor layers 119 are bonded to the bonding

pads 1002 of the support substrate 1001 at about 150-300°C under pressure.

Removing the substrate

There are two techniques that can be used to remove the GaN-based substrate 101
from the island-like semuconductor layers 119,

QOue technique 15 to use just the support substrate 1001, The interface between the

growth restrict mask 102 and the ELO GaN-based layers 106 has a weak bonding

16
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sirength. Thus, 1t 15 easy to peel the island-like semiconductor layers 119 from the GaN-
based substrate 101 using the support substrate 1001,

Another technique 1s to etch the growth restrict mask 102 using a hydrofluoric
acid (HF), buffered HF (BHF), or other etchant, before removing the GaN-based
substrate 101, to at least partially dissolve the growth restrict mask 102, This technique
requires that the opening areas 105 and/or the etching regions 117 be etched until the
growth restrict mask 102 1s exposed. Once the growth restrict mask 102 is exposed, wet
etching can partially or wholly dissolve the growth restrict mask 102, and then the GaN-
based substrate 101 can be removed from the island-like semiconductor layers 119, Thus
ts itllustrated 10 FIG. 11,

Specifically, after the support substrate 1001 has been bonded to the island-like
semiconductor lavers 119, the entire structure 1s dipped into a solvent for wet etching to
dissolve the growth restrict mask 102, In one embodiment, the growth restrict mask 102,
shown in FIG. 10, 1s 8100, which 1s dissolved by an HF or BHF solvent. The merit of
this technique 1s that a wide area of 8101 1s dissolved by the HF very easily and quickly,
and there 1s no mechanical damage when the GaN-based substrate 101 1s removed (very
gently) from the 1sland-like semuconductor layers 119

The removed GaN-based substrate 101 shown in FIG. 11 then can be recycled.
For example, the surface of the GaN-based substrate 101 may be re-polished by a
polisher. The recycling process can be done repeatedly, which lowers the cost of

fabricating GaN-based semiconductor devices.

First and second support substrates

In another example, first and second support substrates may be used in the
removal of the GaN-based substrate 101 from the 1sland-like semiconductor layers 119,
This method comprises the steps of bonding a first support substrate 1001 to the exposed

surface of the island-like semiconductor layers 119, and bonding a second support

17
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substrate {not shown) 1o an exposed surface of the GaN-based substrate 101, before or
after removing the GaN-based substrate 101 from the island-like semiconductor layers
119, Typically, the second support substrate bonded to the GaN-based substrate 101 later
can be removed by dissolving low-temperature melted metal and/or solder bonding lavers
between the second support substrate bonded and the GalN-based substrate 101 using an

appropriate etchant.

N-electrodes

FIG. 12 illustrates the deposition of n-electrodes 1201 on the back side of the
island-like semiconductor layers 119, which 1s exposed following the removal of the
GaN-based substrate 101,

Typically, the n-electrodes 1201 may be comprised of the following materials: T1,
HE Cr, Al Mo, W, Ay, etc. For example, the n-electrode 1201 may be comprised of Ti-
Al-Pt-Au {with a thickness of 30-100-30-500 nmy}), but 1s not Lirnited to those matenals.
The deposition of these materials may be performed by electron bear evaporation,

sputter, thermal heat evaporation, etc.

Facets

FIGS. 13(a)-13(b) and 14(a)-14(b) illustrate the method of raking facets fora
laser diode device.

FIG. 13(a) shows the no-growth region 107, the ELO GaN-based layer 106, and
the etching region 117, based on the growth restrict mask 102 of FIG. 3{a). FIG. 13¢(b) s
an enlarged view of the circled portion of FIG. 13(a), and shows a ridge stripe structure
1301, etched marror region 1302 and chip scribe line 1303, on the ELO GaN-based layer
106 in FI(z. 13(a). The etched nurror region 1302 15 located based on optical resonance

tength, as 15 the chip scribe hine 1303,
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FIG. 14{a) shows the island-like semiconductor layers 119 bonded to the support
substrate 1001, FIG. 14(b) 1s an enlarged view of the circled portion of FIG. 14(a), and
shows a ridge stripe structure 1301, etched murror region 1302 and chip scribe line 1303,
on the 1sland-like semiconductor layers 119 in FIG. 14(b). The etched murror region
1302 1s located based on optical resonance length, as 1s the chip scribe hine 1303.

The etching process for GaN etching uses an Ar 1on beam and Cl ambient gas.
The etching depth 1s from about | wm to about 4 um. The etched mirror facet may be
coated by a dielectric film selected from the group of the following: S102, AL, AIN,
AION, SiN, SiON, TiOg, Tax0s, NinOs, 20, etc.

Chip division

FIGS. 13(a)-13(b) and 14{a)-14({b) also tllustrate the chip division method.

The chip division method has two steps. The first step is to scribe the island-like
semiconductor layvers 119, The second step 1s to divide the support substrate 1007 using
a laser scribe, etc.

As shown 1n both FIGS. 13(b) and 14({b), the chip scribe line 1303 1s fabricated
by a diamond scribing machine or laser scribe machine. The chip scribe fine 1303 is
fabricated on the back side of the island-like semiconductor layers 119, The chip scribe
line 1303 may be a sohid line or a dashed hine.

Next, the support substrate 1001 1s divided by laser scribing as well to obtain a
laser diode device. It is better to avoid the ridge strip structure 1301 when the chip scribe

fine 1303 1s fabricated.

FProcess steps
FIG. 15 15 a flowchart that iHustrates the method of removing GaN-based

substrates from GaN-based semiconductor layers, after forming devices from the GaN-
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based semiconductor layers, so that the GaN-based substrates can be recycled, according
to one embodiment of the present invention.

Block 1501 represents the step of providing a base substrate 101, In one
embodiment, the base substrate 101 1s a {{I-nitride-based substrate 101, such as a GaN-
based substrate 101,

Block 1502 represents an optional step of depositing an mtermediate layer 103 on
the substrate 101. In one emnbodiment, the intermediate layer 103 15 a IH-nitride-based
layer 103, such as a GaN-based layer 103.

Block 1503 represents the step of forming a growth restrict mask 102 on or above
the substrate 101, 1.e., on the substrate 101 itself or on the intermediate layer 103, The
growth restrict mask 102 1s patterned to include a plurality of stripes 104 and opening
areas 105.

Block 1504 represents the step of growing one or more semiconductor layers 106
on or above the growth restrict mask 102 using epitaxial lateral overgrowth (ELO),
wherein the epitaxial lateral growth of the semiconductor layers 106 extends ina
direction paraliel to the opening areas 105 of the growth restrict mask 102, and the
epitaxial lateral overgrowth 1s stopped before the semiconductor layers 106 coalesce on
the stripes 104. In one embodiment, the ELO layer 106 s an ELO Hl-nitride-based layer
106, such as an ELO GaN-based layer 106.

Block 1505 represents the step of growing one or more semiconductor device
layers 108 on the ELO layer 106. These device lavers 108, along with the ELO layer
106, create one or more of the island-like semiconductor layers 119.

Block 1506 represents the step of etching at least a portion of the semiconductor
device layers 108 in the etching region 117 to remove the etched portion of the
semiconductor device layers 108 and expose at least a portion of the growth restrict mask
102, The etching may include etching at least a portion of the device layers 108 above an

opening area 105 of the growth restrict mask 102, and may continue below the surface of
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the substrate 101. The etching may also include removing a layer bending region 118
from the semiconductor layers 108,

Block 1507 represents the step of bonding the sland-like semiconductor layers
119 to a support substrate 1001, The sland-like semiconductor layers 119 are flip-chip
bonded to a support substrate 1001 with metal or solder 1002 deposited thereon using
metal-metal bonding or soldering technigues.

Block 1508 represents the step of at least partially dissolving the growth restrict
mask 102 by etching to remove the substrate 101 from the island-like semiconductor
layers 119. The growth restrict mask 102 is at least partially removed by the etching,
which Iifts off the substrate 101 from the sland-hike semiconductor layers 119, Further,
the island-like semiconductor layers 119 may be peeled from the substrate 101,

Block 1509 represents the step of depositing n-electrodes on the back side of the
island-like semiconductor layers 119, which 1s exposed by the lift-off of the substrate
101,

Block 1510 represents the step of chip scribing to separate the devices. This step
may also include the etching of facets for laser diode devices.

Block 1511 represents the resulting product of the method, namely, one or more
I-nitride-based semiconductor devices fabricated according to this method, as well as a
substrate 101 that has been removed from the devices and is available for recycling and

TeuUse.

Advantages and Benefits

The present invention provides a number of advantages and benefits:

® Expensive Hi-nitride-based substrates 101 can be reused after the
substrates 101 are removed from the device layers 108

® High quality device layers 108 may be obtained using a substrate 101 of

the same or similar materials, with a very low defect density.
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Using the same or similar materials for both the substrate 101 and the
device layers 108 can reduce the strain in the device layers 108.

Using materials with the same or similar thermal expansion for both the
substrate 101 and the device layers 108 can reduce bending of the
substrate 101 during epttaxial growth.

Slicing the substrate 101 from a bulk crystal with a mis-cut orientation
maintains the untformity of thickness between the device layers 108 and
produces a higher vield.

Layers 106 grown by ELO are of high quality,

The ELO lavers 106 do not coalesce with each other, and internal strain 1s
released, which helps to avoid any occurrences of cracks. For device
layvers 108 that are AlGaN lavers, this 1s very useful, especially in the case
of high Al content lavers.

The 1sland-tike semiconductor layers 119 are formed in isolation, so
tensile stress or compressive stress does not fall upon other island-like
semiconductor layers 119

Also, the growth restrict mask 102 and the ELO layers 106 are not bonded
chemically, so the stress in the ELO layers 106 and device layers 108 can
be relaxed by a slide caused at the interface between the growth restrict
mask 102 and the ELO layers 106

The existence of the no-growth regions 107 between each of the sland-
like semiconductor layers 119 provides flexibility, and the substrate 101 15
easily deformed when external force is applied and can be bended.
Therefore, even if there occurs a shght warpage, curvature, or deformation
in the substrate 101, this can be easily corrected by a small external force,

to avoid the occurrence of cracks. As a result, the handling of the

b2
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substrates 101 by vacuum chucking 1s possible, which makes the
manufacturing process of the semiconductor devices more easily carried
Qut.

The no-growth region 107 makes it is easy to dissolve a large area of the
growth restrict mask 102

Device layers 108 of high quality semiconductor crystal can be grown by
suppressing the curvature of the substrate 101, and further, even when the
device lavers 108 are very thick, the occurrences of cracks, etc., can be
suppressed, and thereby a large-area semiconductor device can be easily
realized.

Thermal management of the devices improve significantly due to the flip-
chip bonding on the support substrate.

The chip size 15 reduced by about 10 times when compared to the
commercially available devices.

The fabrication method can also be easily adopted to large size wafers (>2

inches).

Modifications and Alternafives

A number of modifications and alternatives can be made without departing from
the scope of the present invention.

Specifically, the IT-ntride-based substrates may be basal c-plane {0001}
nonpolar a-plane {1 1 -2 0} and ro-plane {1 0 -1 0} famulies; and semipolar plane
families that have at least two nonzero h, 1, or k Miller indices and a nonzero 1 Miller
index, such as the {2 0-2 -1} planes. Semipolar substrates of {20-2-1) are especially
useful, because of the wide area of flattened ELO growth, which 1s very difficult to

obtain with sapphire substrates.
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Conclusion

This concludes the description of the preferred embodiment of the present
mvention. The foregoing description of one or more embodiments of the invention has
been presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. Itis intended that the scope of
the invention be limited not by this detailed description, but rather by the claims

appended hereto.
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WHAT IS CLAIMED IS:

1. A method of removing a substrate, comprising;

forming a growth restrict mask on or above a Hi-nitride-based substrate;

growing one or more Hi-nitride-based semiconductor layers on or above the 11~
mitride-based substrate using the growth restrict mask to create one or more island-like
semiconductor lavers;

bonding the island-like semiconductor layers to a support substrate; and

removing the lE-nitride-based subsirate from the island-like semiconductor

layers, using the support substrate.

2. The method of claim 1, wherein removing the Hi-nitride-based substrate
from the island-like semiconductor layers comprises dissolving at least a portion of the
growth restrict mask by etching to remove the Hi-nitride-based substrate from the island-

like semiconductor layers.
3. The method of claim 1, wherein removing the the Tl-nitride-based
substrate from the island-like semiconductor layers comprises peeling the island-like

semiconductor layers from the IlI-nitride-based substrate, using the support substrate.

4, The method of claim 1, wherein the H-miride-based substrate 1s bonded

10 a support substrate.

5. The method of claim 1, wherein the Hl-ntiride-based substrate is recycled

after the Hi-nitride-based substrate 15 removed from the island-like semiconductor layers.

6. The method of claim 1, wherein the growth resirict mask is patterned.
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The method of claim 6, wherein the growth restrict mask 1s comprised of a

plurality of stripes and opening areas.

8. The method of claim 7, wherein the growth of one or more of the Hi-
nitride-based semiconductor layers extends 1n a direction parallel to the opening areas of

the growth restrict mask.

9. The method of claim 1, wherein one or more of the Ii-nitride-based

semiconductor layers are grown by epitaxial lateral overgrowth (ELO).

10. The method of claim 9, wherein the eprtaxial lateral overgrowth 1s stopped

before the one or more of the HI-nitride-based semiconductor fayers coalesce.

11 The method of claim 1, wherein at least a portion of the Hi-nitride-based
semiconductor layers is removed by etching to expose at least a portion of the growth

restrict mask.

12. The method of claim 1, wherein at least a portion of the growth restrict

mask is removed by etching to expose at least a portion of the l-nitride-based substrate.

13. The method of claim 1, wherein at least a portion of the growth restrict
mask is removed by etching at least a portion of the [H-nitride-based semiconductor

layers above an opening area of the growth restrict mask.

14. The method of claim 1, further comprising removing a layer bending

region from the ll-nitride-based semiconductor layers.

26
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15. A device fabricated by the method of claim 1.
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