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METHODS FOR FABRICATING HI-NITRIDE TUNNEL JUNCTION DEVICES
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U.S. Provisional Patent Application No. 62/376,307, filed on August 17, 2016, by
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“SPUTTER DEPOSITION METHOD FOR HI-NITRIDE TUNNEL JUNCTION
DEVICES,” Attorney’s Docket No. 30794.631-US-P1 (UC Ref. 2017-130-1);

U.S. Provisional Patent Application No. 62/376,201, filed on August 17, 2016, by
Benjamin P. Yonkee, Erin C. Young, James S. Speck, Steven P. DenBaars and Shujs
Nakamura, entitled “HI-NITRIDE TUNNEL JUNCTION IMPROVEMENT THROUGH
REDUCTION OF THE MAGNESTUM MEMORY EFFECT,” Attorney’s Docket No.
30794.626-US-P1 (UC Ref 2017-134-1});

U.S. Provisional Patent Application No. 62/491,493, filed on April 28, 2017, by
Asad J. Mughal, David Hwang and Steven P. DenBaars, entitled “MOCVD
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DEVICES,” Attorney’s Docket No. 30794.649-US-P1 (UC Ref. 2017-610-1);

U.S. Provisional Patent Application No. 62/414,385, filed on October 28, 2016,
by Bavid Hwang, Steven P. DenBaars, James 8. Speck and Shuji Nakamura entitled
“SELF EMISSIVE HE-V MICRO LED-BASED DISPLAYS USING LOW
RESISTANCE TUNNEL JUNCTIONS,” Attorney’s Docket No. 30794.639-US-P1 (UC
Ref 2017-240-1);
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WAFER BONDED TO A CONDUCTIVE OXIDE AND HAVING OPTICALLY
PUMPED LAYERS, by Asad J. Mughal, Stacy J. Kowsz, Robert M. Farrell, Benjamin
Yonkee, Erin C. Young, Christopher D. Pynn, Tal Margaluth, James S. Speck, Shup
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EMITTING DIODE WITH A TUNNEL JUNCTION CONTACT WATFER BONDED
TO A CONDUCTIVE OXIDE,” attorneys’ docket number 30794, 613-US-P1 (2016-324-
[

U.S. Provisional Application Sertal No. 62/298,268, filed on February 22, 2016,
by Stacy J. Kowsz, Robert M. Farrell, Benjamin Yonkee, Erin C. Young, Christopher D,
Pynn, Tal Margalith, Shuji Nakamura, and Steven P. DenBaars, entitled “TUNNEL
JUNCTION DEVICES WITH MONOLITHIC OPTICALLY-PUMPED AND
ELECTRICALLY-INJECTED IH-NITRIDE LAYERS,” attorneys’ docket number
30794.614-US-P1 (2016-325-1},

PCT International Utility Patent Application Serial No. PCT/US16/59929, filed
on November 1, 2016, by Benmjamun P. Yonkee, Enin C. Young, John T. Leonard, Tal
Margalith, James 5. Speck, Steven P. DenBaars, and Shujt Nakamura entitled -
NITRIDE TUNNEL JUNCTION WITH MODIFIED P-N INTERFACE, which
application claims the benefit under 35 U S.C. §119 of U.S. Provisional Patent
Application No. 62/250,758, filed on November 4, 2015, by Benjamin P. Yonkee, Erin C.
Young, John T. Leonard, Tal Margalith, James S. Speck, Steven P. DenBaars, and Shuji
Nakamura, entitled “HI-NITRIDE TUNNEL JUNCTION WITH MODIFIED P-N
INTERFACE” Attorney’s Docket No. 30794.604-US-P1 (UC Ref. 2016-245-1);
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PCT International Utility Patent Application Serial No. PCT/US16/41744, filed on
July 11, 2016, by Enn C. Young, Benjamin P. Yonkee, John T. Leonard, Tal Margalith,
James 8. Speck, Steven P. DenBaars, and Shuji Nakamura, entitled
“HYBRID GROWTH METHOD FOR HI-NITRIDE TUNNEL JUNCTION DEVICES)”
Attorneys’ Docket no. 30794 S88-W(-U1 (2015-904), which application claims the
benefit under 35S U S.C. §119 of U.S. Provisional Application Serial No. 62/190,929,
filed on July 10, 2015, by Erin C. Young, Bemjamin P. Yonkee, John T, Leonard, Tal
Margalith, James S, Speck, Steven P. DenBaars, and Shujt Nakamura, entitled “HYBRID
GROWTH METHOD FOR HI-NITRIDE TUNNEL JUNCTION DEVICES,” attorneys’
docket number 30794 . 588-US-P1 (2015-904-1};

all of which apphications are mcorporated by reference heremn.

BACKGROUND OF THE INVENTION

1. Field of the Invention,
This mvention relates 1o a sputter deposition method for HE-nitride tunnel junction

devices,

2. Description of the Related Art.

{Note: This application references a number of different publications as mdicated
throughout the specification by one or more reference numbers in brackets, eg., [x]. A
list of these different publications ordered according to these reference numbers can be
found below in the section entitled “References.” Each of these publications is
mcorporated by reference herein.)

A number of techniques have been used for improving the performance of
semipolar Hi-nitride optoelectronic devices. The term “U-nitrides” refers to any alloy
composition of the (Al,Ga,In, BIN semiconductors having the formula AkGaxingB:N,
where 0 <w <1, 0<x<1,0<y <1, 0<z<landw+x+y+z=1

3
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The term “semipolar” refers generally to any plane of the Ill-nitride crystal that is not a
polar or nonpolar plane, and more specifically, to any plane that has at least two nonzero
h, 1, or k Miller indices and a nonzero 1 Miller index, such as the 20-21 plane.

Current commercially-available Hl-nitride light-enitting diodes (LEDs) and edge-
emitting laser diodes (EELDs) use an active region in a biased p-n junction to allow for
electron and hole injection. However, p-type gallium nitride (p-GaN) 1s difficult to
contact electrically, and has low hole concentration and mobility. This means that p-GaN
cannot be used as a current spreading layer and that traditional p-contacts will add
significant voltage to devices. Despite these inherent problems, all commercial hight
emitting devices utilize traditional p-contacts and materials other than p-GaN for current
spreading, which typically comprise transparent conducting oxides (TCO), such as
mdium tin oxide (ITO).

A low resistance tunnel junction on top of p-GaN would alfow for current
spreading n n-type GaN (n-GaN} on both sides of the device, as well as the use of low
resistance n-type contacts on both sides of the device. A tunnel junction is a diode
comprised of a very highly doped {n™/p") interface that allows for electrons to tunnel
between the valence band and conduction band. This was first demonstrated by Esaki [1}]
in highly-doped Ge homojunctions with very thin depletion regions.

In principle, a highly doped Esaki-type homojunction diode should provide the
lowest-loss tunnel junction. However, there have been a number of difficulties in
achigving high quality tunnel junctions in the GaN material system.

For example, GaN 1s a wide bandgap semiconductor, so the barrier for tunneling
1s high. Several approaches to reducing the tunneling barrier have been attempted,
including bandgap engineering via polarization (AN mterlayers} [2], reducing the
bandgap with an InGaN interlaver [3], and introducing defect states via interfacial GAN
nanoparticles [4]. However, all of these approaches are associated with losses, either in

terms of voltage or resistance increases, or optical losses in the final device performance.

4
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In another example, magnesium (Mg) doped p-GaN grown by metal-organic
chemical vapor deposition (MOCVD) is compensated by hydrogen as grown, and it must
be annealed after growth to remove the hydrogen. This anneal can only work if the p-
GaNN 1s not covered by n-GaN, as hydrogen cannot easily diffuse through n-GaN. This
lirmits the effectiveness of tunnel junctions and prevents their widespread use.

Thus, there is a need 1n the art for structure for improving the performance of Hi-

nitride devices. The present invention satisfies this need.

SUMMARY OF THE INVENTION

To overcome the himitations in the prior art described above, and to overcome
other limitations that will become apparent upon reading and understanding this
specification, the present imvention discloses a sputter deposition method for Hi-minide
tunnel junction devices, wherein metal-organic chemical vapor deposition (MOCVD),
which may be plasma MOCVD, 1s used to grow one or more light-emitting or hight-
absorbing structures, and electron cyclotron resonance {ECR) sputter deposition s used
to grow one or more tunnel junctions. By combining MOCVD grown light emutters or
absorbers and ECR sputter deposited tunnel junctions, the operating voltage of these
devices could be reduced and their efficiency could be increased, as well as enabling new
types of device structures, including new types of light-emitting diodes (LEDs), vertical
cavity surface emtting lasers (VCSELs), edge-emitting laser diodes (EELDs), and solar
cells. For example, the tunnel junctions could be used to incorporate multiple active
regions into a single device, which could increase performance of EELDs and VUSELs
by providing additional gain, or reduce the droop in LEDs by achieving more light at the
same current density. In addition, n-type GaN {(n-GaN) can be used as a current
spreading layer on both sides of the device, eliminating the need for a TCO layerora
sitver {Au) mirror. The use of low resistance n-contacts on both sides of the device
would be especially useful for lasers where the main resistance comes from the p-

5
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contacts. In addition, since sputter deposition tools are commonly used in semiconductor
processing on an industrial scale, this method of forming H-nitride tunnel junctions can
be readily commercialized.

In one or more further embodiments, a wet chemical treatment to toprove the
performance of a IH-Nitride tunnel junction. In one or more embodiments, after the p-
type layer is grown, an ex situ chemical freatment 1s used to remove the excess
magnesium.

In one or more further embodiments, a method for fabricating IT-nitride tunnel
junction devices comprises using MOCVD (e.g., plasma MOCVD) to grow one or more
hght-emtting or light-absorbing structures, the p-GaN 1s activated, erther 1o situ or ex
site, and an additional MOCVD regrowth 13 used to grow one or more tunnel junctions on
or above the hight-emitting or hight-absorbing structures. After etching a mesa structure
n which one or more lateral dimensions are on the order of or below about 200 um, any
p-GaN that may be re-passivated by hydrogen at elevated temperatures can be reactivated
by either an in situ or ex situ anneal through the lateral diffusion of hydrogen.

By combining MOCVD grown light emitters or absorbers and additional
MOCVD deposited tunnel junction layer(s}, the operating voltage of these devices could
be reduced and their efficiency could be increased, as well as enabling new types of
device structures, inchiding new types of LEDs, micro LED displays, vertical cavity
surface emmtting lasers {(VUSELs), EELDs, and solar cells. For example, the tunnel
juenctions could be used to incorporate multiple active regions into a single device, which
could increase performance of EELDs and VCSELs by providing additional gain, or
reduce the droop in LEDs by achieving more light at the same current density.

In addition, n-GaN can be used as a current spreading laver on both sides of the
device, eliminating the need for a TCO layer or a silver (Ag) miurror. The use of low
resistance n-contacts on both sides of the device would be especially useful for lasers

where the main resistance comes from the p-contacts.
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In addition, since MOCVD tools are commonly used in semiconductor processing
on an industrial scale, this method of forming Hi-nitride tunnel junctions can be readily
commercialized.

In yet further embodiments, the present invention discloses methods for
fabricating and assembling self-emissive inorganic -V micro-LED based displays using
low-resistance tunnel junctions. The methods fabricate and assemble display pixels from
the morganic -V compound semiconductor micro devices by: a hybrid epitaxial growth
of HI-V layers on a first host substrate using both MOCVD and molecular beam epitaxy
(MBE) to form the devices with tunnel junctions; forming patterns and mesas on the
micro devices; affixing select areas of the devices onto the substrate through patterning of
the epitaxial material or through addition of other materials; undercutting the devices
with a photoelectrochemical (PEC) etch or laser-hiftoff (1LLO), so as to partially separate
the devices from the substrate; transfer printing by attaching an intermediate substrate as
a transfer medium to the surfaces of the devices; mechanically fracturing the material
affixing the devices to the host substrate; bonding the separated devices to a second
substrate; and removing the transfer medium, so that the devices effectively have been
transferred from the host substrate onto the second substrate. A third substrate including

interconnection patterns may be bonded to exposed surfaces of the transferred devices.

BRIEF BESCRIPTION OF THE DRAWINGS

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

FIG. 1 is a schematic of an epitaxial structure for a sputter deposited tunnel
junction grown on an MOCVD LED, wherein the lavers of the structure are annotated by
the sputter or MOCVD growth technique to the right of the layers.

FIG. 2 1s a schematic of an epitaxial structure for a double junction MOCVD LED
with a spuiter deposited tunnel junction sandwiched therebetween, wherein the layers of

=
i
i
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the structure are annotated by the sputter or MOCVD growth technique to the right of the
layers.

FIG. 3 15 a schematic of an epitaxial structure for a mult junction MOCVD LED
with a sputter deposited tunnel junction sandwiched therebetween, wherein the lavers of
the structure are annotated by the sputter or MOCVD growth technigue and repeat
sequence to the right of the layers.

FIG. 413 a schematic of an epitaxial structure for a VCSEL employing sputter
deposited tunnel junction intracavity contacts, wherein the Hl-nitride layer types of the
structure are annotated by the sputter or MOCVD growth method and repeat sequence to
the right of the layers.

FIG. 515 a process flow diagram for forming an 0-GaN tunnel junction to p-GaN
on a l-mtride semiconductor device.

FIG. 6 illestrates the ept schematic utilized for the flip chip tunnel junction Light
Emitting Diodes (LEDs).

FIG. 7 shows the measured current-voltage curves for the LED having the
structure of FIG. 6, after various acid treatments used o clean the surface before
regrowth of the tunnel junction.

FIG. 8(a) shows Magnesium Secondary lon Mass Spectrometry (SIMS) for a
sample with and without HF cleaning.

FIG. 8(b) shows Uxygen SIMS for the same samples as measured in Figure 2{(a).

FIG. 9 shows SIMS data for tunnel junction regrowth with and without Hydrogen
Fluoride (HF} clean.

FIGs. 10(a)-10(c) show SIMS data plotting magnesium {Mg) concentration,
oxygen () concentration, and silicon {81} concentration for samples with and without
HF cleaning.

FIG. 11 15 a flowchart illustrating a method of fabricating an optoelectronic

device.
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FIG. 12(a} i1s a cross-sectional schematic of an optoelectronic device.

FIG. 12(b} is a cross-sectional schematic of a Lateral Tunnel Junction LED.

FIG. 12(c) is a cross-sectional schematic of a Flip Chip LED.

FIG. 13 1s a schematic of an epitaxial structure for an MOCVD tunnel junction
regrown on an MOCVD LED, according to one embodiment.

FIG. 14 1s a schematic of an epitaxial structure for a double junction MOCVD
LED with an MOCVD tunnel junction sandwiched therebetween, according to one
embodiment.

FIG. 15 15 a schematic of an epitaxial structure for a multi-junction MOCVD LED
with an MOCVD deposited tunnel junction sandwiched therebetween, according to one
embodiment.

FIG. 1615 a schematic of an epitaxial structure for a VCSEL employing sputter-
deposited tunnel junction intracavity contacts, according to one embodiment.

FIG. 17 15 a process flow diagram for forming an n-GaN tunnel junction to p-GaN
on a Hl-nitride semiconductor device.

FIG. 18 contains images of blue micro LEDs with dimensions of 20x20 um?,
60x60 um®, and 100x100 pm?, under electrical current injection, resulting from an anneal
at 700°C for 30 nmunutes.

FIG. 19 1s a profile of the doping concentrations of Mg and Si taken by secondary
ton mass spectroscopy {SIMS) of an MOCVYD tunnel junction grown on a p-n junction.

FIG. 20 15 a flowchart of the fabrication method of the present invention.

FIGS. 21(a)-21(b) illustrate a hybrid MOCVED/MBE epitaxial growth structure of
the present invention.

FIGS. 22(a)-22(h) are schematics that illustrate the fabrication method of the
present invention.

FIGS. 23(a)-23(e) are schematics that illustrate the assembly method of the

present invention.

9
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FIG. 24 15 a flowchart illustrating a method according to one or more

embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred emnbodiment, reference 1s made to the
accompanying drawings that form a part hereof, and i which 1s shown by way of
tHustration a specific embodiment 10 which the invention may be practiced. 1t is to be
understood that other embodiments may be utilized and structural changes may be made

without departing from the scope of the present invention,

Technical Description

A. PHYSICAL VAPOR DEPOSITION (E G, SPUTTER DEPOSITION)
METHOD FOR HI-NITRIDE TUNNEL JUNCTION DEVICES
As noted above, the present invention comprises a sputter deposition method for

[H-mitride tunnel junction devices that uses MOCVD to grow one or more hight-emitting

or hight-absorbing structures and sputter deposition 1s used to grow one or more tunnel

junctions.

Tunnel junctions grown by MOCVD are difficult to achieve, because the as-
grown Mg-doped layers are insulating due to hydrogen passivation, and are typically
activated by a post growth anneal. If a tunnel junction is grown by MOCVD, the p-GaN
cannot be activated, because hydrogen will not diffuse through the top n-GaN layer if it 1s
too thick. It 1s also difficult to produce well defined junctions, because of a phenomena
known as the Mg memory effect [5]. The Mg memory effect causes the surface of p-
(GaN to have a high concentration of Mg, which has been shown to diffuse into
subsequent MOCVD regrowth layers [6] due in part to the high temperatures required to
grow GaN using MOCVD.

10
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Sputter deposition is a type of physical vapor deposition (PVD) method used to
form thin films of various materials and microstructures. This 1s achieved by bombarding
a target material with 1onized atoms of an nert gas, such as argon, or a reactive gas, such
as oxygen or nitrogen. As a result of this bombardment, atoms of the target material are
gjected and transported in the gas phase onto a subsirate where they condense and form a
thin film. The source of these tons 15 typically from a plasma which is formed by
applying a large negative potential to a cathode (1.e., the target material) under high
vacuum conditions [7]. The plasma is sustained in part due to the formation of secondary
electrons produced during interactions between ions and the target surface. The 1onization
process can be enhanced through the use of magnetic fields 1n magnetron sputtering
systems. The plasma is typically generated using either a radio frequency (RF}, direct
current { D), or pulsed DC power supply {8].

Although there exist several demonstrations of sputter deposited GaN thin films,
they have vet to be shown to behave as tunnel junction contacts to p-GaN [9]-{11] Ths
is in part due to the fact that p-GaN 18 quite sensitive to plasma damage, since most
sputtering techniques expose the surface of the substrate (1e., p-GaN layer} to the same
plasma that is used to bombard the target [12], {131 The solution to this issue 15 etther to
protect the p-GaN from this type of damage, or minimize its exposure to the plasma. An
alternative sputtering approach is to generate the plasma remotely in order to minimize ifs
negative effects on the p-GalN surface. One technique to achigve this is to use electron
cyclotron resonance (ECR} plasma sources. In this case microwave power is coupled to
the plasma at the ECR frequency in order to produce high energy electrons which ionize
the neutral input gas to produce and maintain a dense, low pressure plasma with a high
degree of ionization [14]. This process produces low energy tons which mitigate plasma
damage [15]. ECR plasmas are typically used with gaseous precursors in chemical vapor
deposition (CVD) systems. Solid source ECR plasma deposition methods also exist and

have yielded high quality epitaxial ITO [16] and AIN [17] thin films.

i1
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By using ECR plasma deposition to grow the n-GaN layer on top, the p-GaN
remains activated while being buried beneath the n-GaN. This could allow for the
regrowth of additional LED eputaxial layers by MOCVD on top of the first LED, because
the hydrogen cannot diffuse through the top n~GaN layer.

In addition to the tunnel junction LEDs described above, the present invention can
also be applied to VCSELs, which have a long history of prior art dating back to the
1970°s [18]. M-nitride VCSELs represent a new class of VUSELs that represent a new
set of unique challenges and device designs compared to conventional HI-arsenide
VCSELs [19]. The present invention provides a regrowth techuique for achieving high
quality IH-nitride tunnel junction intracavity contacts in H-nitride VCSELs.

FIGS. 1-4 are schematics that show possible epitaxial structures comprising I~
mitride layers, growth methods, and repeat sequences. The method for growing the layers
ts indicated as being a sputter or MOUVD growth method, and any repeat sequence the
layers 1s also indicated.

FIG. 1 slfestrates an epitaxial structure 100 comprising one or more n-type layers
102 on a substrate 104, one or more light emitting layers 106 on the one or more n-type
layers 102, one or more p-type layers 108 on the one or more hight emutting layers 106,
and one or more n-type tunnel junction lavers 110 on the one or more p-type layers 108
Layers 102, 106, and 108 are grown by MOCVD and layer(s) 110 1s deposited using
sputter deposition.

FIG 2 illustrates an epitaxial strocture 200 comprising a second epitaxial
structure 202 on a first epitaxial structure 204, The first epitaxial structure 204 comprises
one or more first n-type layers 206 on a substrate 208, one or more first hight emitting
layers 210 on the one or first more n-type layers 206, one or more first p-type layers 212
on the one or more first light emitting layers 210, and one or more first n-type tunnel
junction layers 214 on the one or more p-type layers 212. Lavers 206, 210, and 212 are
grown by MOCVD and layer(s} 214 are deposited using sputter deposition. The second

12
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epttaxial structure 202 comprises one or more second n-type layers 216 on layer(s) 214,
one or more second light emitting layers 218 on the one or second more n-type layers
216, one or more second p-type lavers 220 on the one or more second light emitting
layers 218, and one or more second n-type tunnel junction layers 222 on the one or more
p-type layers 220. Layers 216, 218, and 220 are grown by MOCVD and layer(s) 222 are
deposited using sputter deposition.

FIG. 3 shows an epitaxial structure wherein further epitaxial structures are
deposited on the second epitaxial structure 202 so as to form 0. X repeat units 224 of the
epitaxial structure 202, where X 15 an integer.

FIG. 4 shows one or more regrown ECR sputtered tunnel junctions used ma
VCSEL laser structure 400, wherein the ECR sputter deposited tunnel junction are
mtracavity contacts,

In the design of FIG. 4, the VUSEL 400 includes a substrate 208, followed by
Distributed Bragg reflectors (BBRs) layers 226, n-type layers(s) 206, hight-emitting
layer(s} 210, and p-type layer{s) 212 grown by MOCVD, followed by n-type tunnel
junction layer(s} 214 grown by ECR sputter deposition, followed by n-type lavers(s) 216,
light-emitting layer(s} 218, and p-type layer(s) 220 grown by MOCVD, followed by n-
type tunnel junction layer(s) 222 grown by ECR sputter deposition. The final MOCVD
and sputter steps may be repeated to form multiple repeat units 224 (0., X}, where X 13
an integer.

The order of the epitaxial layers shown in the design in FIG. 4 makes the structure
appropriate for fabricating a flip-chip VCSEL using laser Lift-off of the native substrate
208 and dielectric layers for the n-side and p-side DBRs (i.e., dual dielectric DBRs). By
growing and increasing the number of the repeat units 224 as shown, a device can be
made with a cascade of active regions 210, 218 aligned to peaks of the cavity mode in the
finished device. The order of the epitaxial layers shown in these designs makes these

structures appropriate for fabricating VCSELs emploving epitaxially grown DBRs on the
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p-side and n-side (dual epitaxial DBRs) or an epitaxial DBR on the n-side and a dielectric
DBR on the p-side (hybrid DBRs). Only the layers that comprise the epitaxial growth
process are shown {i.e., no dielectric or metal layers are shown). In one or more
embodiments, a light-absorbing laver 15 included in the structure 400 to monitor the
emitted power from the hight-emitting region{(s) 210, 218, wherein the structure does or
does not include a tunnel-junction cap 222, or the light-absorbing layer is grown before
the light-enutting layers 210, 218

Although p-type lavers 108, 212 and 220 are indicated being grown by MOCVD,
in one or more embodiments, the p-type layers 108, 212 and 220 are deposited by
sputtering,

In one or more embodiments, n-type tunnel junction layer(s) 110, 222, 214 further
comprise p-type material forming an interface with n-type matenial and the underlying p-

type layer 108, 220, 212,

Process Steps

FIG. 5 1s a process flow diagram for forming a n-GaN tunnel junction with p-GaN
in a Hl-nitride semiconductor device (referring also to FIG. 1, FIG. 2, FIG. 3, and FIG.
43.

Block 500 represents performing a first growth of a p-n junction comprising a FHi-
nitride p-type material and/or layver 212, 108, an n-type Hl-nitride material and/or layer
102, 206, and an active region 106, 210 on the n-type Hl-nitride material layer 102, 206
and between the n-type l-nitride material 102, 206 and Hi-nitride p-type material 212,
108,

In one or more embodiments, the n-type {i-nitride material and/or layer 206, 102,
the first active region 106, 210, and [{f-nitride p-type material and/or layer 212, 108 are

grown by MOCVD.
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Block 502 represents performing a subsequent regrowth of a Hi-nitride n-type
material 214, 110 using a sputter deposition method.

In one or more embodiments, the subsequent regrowth of IH-Nitride based
material 214, 110 using sputter deposition prevents passivation of the activated MOCVD
grown p-type HI-Nitride based matenial 212, 108

In one or more embodiments, the subsequent regrowth forms a tunnel junction
110 with the p-type Hl-mitride material 212, 108

In one or more embodiments, the p-type I~-nttride material 108, 212 and the
tunnel junction 214, 110 are grown using sputier deposition.

In one or more embodiments, only the n-type layer 206, 102 and the first active
region 106, 210 are grown using MOCVD 1 Block 500, and the p-type region 212 and
the tunnel junction 214 are grown by the sputtering deposition technigue mvolving
vacuum deposition in Block 302.

In one or more embodiments, the subsequent regrowth 214, 110 includes growth
of a second {e.g., ghly doped) H-nitride p-type material 618 to reduce contact
resistance {e.g., of the tunnel junction 110}, In one or more embodiments, the second TH-
mitride p-tvpe material has a higher p-type dopant concentration than the p-type ll-nitride
material 212, 108 forming the p-n junction.

In one or more embodiments, the subsequent regrowth 214, 110 ends with an n-
type material having a thickness between about 1 nm to about 500 nm thick, allowing for
the protection of the activated p-GaN 212 108 (in the p-n junction} from ion damage.

In one or more embodiments, the subsequent regrowth 214, 110 mcludes growth
of second n-type and second p-type material 618, and the tunnel junction is formed ata
regrowth interface of the second n-type and second p-type material.

In one or more embodiments, delta-doping is used at the regrowth interface.

Block 504 represents further processing steps and/or growth steps, e.g., forming

additional {e.g., Hl-nitride) active regions and repeat units 224 The additional active
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regions {e.g., second active region 218 can be with or without another set of n-type HI-
nitride 216 and/or p-type Hi-nitride layers 220.

In one or more embodiments, the first active region 210 1s an active region for a
first LED and the second active region 218 1s an active region for a second LED of
similar emussion wavelength as the first LED, such that efficiency droop 1s reduced
through use of multiple active regions.

In one or more embodiments, layers grown by performing another growth (e.g.,
second active region 218 in the repeat unit 224) emit electromagnetic radiation of simiar
wavelengths (to the first active region 210}, and are aligned to peaks of a cavity mode in
a VUCSEL, such that each active region 210, 218 in the device structure 200 has large
enhancement factors.

In one or more embodiments, a single metal contact deposition step is used to
fabricate contacts to both n-type layers 110, 102 or 222, 214, and 206 of the device.

In one or more embodiments, a top n-GaN layer 222, 110 of the tunnel junction
ehiminates the need for a p-contact grid.

In one or more embodiments, each buried n-GaN layer 216, 206 s contacted, such
that current flowing through each active region 210, 218 s controlled individually.

Block 506 represents the end result, a HE-nitride semiconductor device.

In one or more embodiments, the first active region 210 is an active region for an
LED, a VUSEL, or an edge-emitting laser diode (EELD), and the second active region
218 1s a longer wavelength emitting single or muldtiple quantum well structure that is
optically pumped by emission of a shorter wavelength from the first active region 210,
the shorter wavelength shorter than the longer wavelength.

In one or more embodiments, the second active region 218 is an active region for
LED, a VCSEL, or an EELD, and the first active region 210 1s a longer wavelength

emitting single or multiple quantum well structure that is optically pumped by emission
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of a shorter wavelength from the second active region 218, the shorter wavelength shorter
than the longer wavelength.

In one or more ervbodiments, the longer wavelength enutting single or multiple
gquantum well structure 1s a photodiode used to momitor the emission of the shorter
wavelength from the first 210 or second 218 active regions (the photodiode has an
electromagnetic radiation sensitive region including the single or multiple quantum well
structure).

In one or more embodiments, the first active region 210 15 an active region for a
LED and emitting a first emission wavelength, and the second active region 218 is an
active region for an LED and emitting a different emission wavelength than the first
emission wavelength.

In one or more embodiments, the device or device structure 200, 400 15 a LED, a
VCSEL, or an EELD device or device structure, and the top n-GaN layer of the tunnel
Junction 110, 222 serves as a current spreading layer.

In one or more emnbodiments, the device or device structure 200, 400 is an LED, a
VCSEL, or an EELD device or device structure, and multiple embedded tunnel junctions
222, 214 {formed by repeat growths of repeat units 224} therein are used to screen or
enhance polarization fields in active regions 210, 218 {multiple p-n junctions are
separated by the embedded tunnel junctions 222, 214).

In one or more embodiments, the device or device structure 1s an LED, a VCSEL,
or an EELD device structure, and the tunnel junction 222, 214,110 allows for use of a
thin p-type matenal {e.g., thinner than in a device without the tunnel junction 222, 214,
110} to reduce electrical and optical losses in the p-type layers 108, 220, 212

In one or more embodiments, the device or device structure 200, 100 i1s an LED
device or device structure, and sheet resistances on both sides of the LEDs p-n junction

are matched to reduce current crowding.
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In one or more embodiments, the device or device structure 200, 100 i1s an LED
device or device structure comprising n-GaNN layers, and {e g., top and bottom} n-GaN
layers 110, 102, or 206 and 222 in the device or device structure are roughened to
mcrease an extraction efficiency of the LED device or device structure.

In one or more embodiments, the device or device structure 400 1s a3 VCSEL
processed in a flip-chip geometry with one or more high reflectivity optical coatings 1o
enhance light extraction or confine an optical mode i the VCSEL device structure.

In one or more embodiments, the device 1s a multi-junction solar cell or
photodiode.

In one or more embodiments, a single metal contact deposition step is used to

fabricate contacts to both n-type layers 110, 102, or 206 and 222 of the device.

Subseguent regrowth technigues

In one or more embodiments, the subsequent regrowth 110, 222, 214 and/or
deposition of p-type layer 108, 220, 212 1s performed using at least one physical vapor
deposition {e.g., sputtering technique} selected from electron cyclotron resonance (ECR)

o direct current

o0

sputtering, direct current (D) sputtering, radio frequency (RF) sputterin

o direct current

o0

(D) magnetron sputtering, radio frequency (RF) magnetron sputterin

(DC) reactive sputtering, radio frequency (RF} reactive sputtering, direct current { B3(C)

g,
magnetron reactive sputtering, radio frequency (RF) magnetron reactive sputtering.
Wherever sputtering is mentioned herein, PVID can be used. PVD includes, but is not
limited to, 1on beam deposition, electron or e-beam deposition, resistance heater
deposttion, sputter deposition, etc.

The subsequent regrowth and/or deposition of p-type layer 108, 220, 212 can
further comprise 1on beam-assisted deposition, ion beam deposition, and/or pulsed laser

deposition.
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The subsequent regrowth can use a n-type Hl-nitride target, a gallium (Ga) target,
a gallium-silicon (Ga-51) alloy target, a gallium-germanium {Ga-Ge) alloy target, group
I element metalorganic vapor precursors, vapor phase Si precursors, vapor phase Ge

precursors, and/or a method different from MBE.

Advantages and Improvements

The present invention describes a method for depositing n-type GaN tunnel
Junction contacts 1o p-type GaN. The present invention’s method of depositing n-type
GaN tunnel junctions allows for the wide scale commercialization of tunnel junction

technology i GaN opto-electronics.
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B UI-NITRIDE TUNNEL JUNCTION IMPROVEMENT THROUGH
REDUCTION OF THE MAGNESIUM MEMORY EFFECT

There have been a number of difficulties in achieving high quality tunnel
junctions in the GalN system. GaN is a wide bandgap semiconductor, so the barrier for
nmneling 1s high. Several approaches to reducing the tunneling barrier have been
attempted, including bandgap engineering via polarization {AIN mnterlayers) [2], reducing
the bandgap with an InGaN interlayer {3], and introducing defect states via interfacial
GdN nanoparticles [4]. However, all of these approaches are associated with losses
etther 1n terms of voltage or resistance increases, or optical losses in the final device
performance. In principle, a highly doped Hsaki type homojunction diode should provide
the lowest-loss tunnel junction. However, magnesium doped p-GaN grown by Metal

Organic Chemical Vapor Deposition (MOCVD} 1s compensated by hydrogen as grown,
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and 1t must be annealed after growth to remove hydrogen. This anneal can only work if
the p-GaNN is not covered by n-GaN as hydrogen cannot easily diffuse through n-GaN.
This linuts the effectiveness of tunnel junctions and prevents their widespread use.
Unlike MOCVD grown p-GaN, MBE p-GaN s conductive as grown, which would allow
for its use in a tunnel junction. Additionally, the doping limits of MBE matenals are
higher which could allow for better tunnel junctions. In a previous disclosure, [5] it was
shown that by combining MOCVD grown light emitters and MBE grown tunnel
junctions, one could reduce the operating voltage devices and increase the efficiency.

A very highly doped (n"/p") interface can allow for electrons to tunnel between
the valence band of the p-type material and the conduction band of the n-type material.
This was first demonstrated by Esaki in highly doped Ge homojunctions {17 with very
thin depletion regions (this type of diode 15 also known as a tunnel junction). A low
resistance tunnel junction could expand the design space of HI-Nitride based LEDs, Edge
Emitting Laser Diodes (EELDs), Vertical Cavity Surface Emitting Lasers (VCSELs), and
multt junction solar cells, because a tunnel junction incorporated mto these optoelectronic
devices allows for the epitaxaal structure of the device to use n-GaN on both sides,
eliminating p-contacts and replacing them with lower resistance n-contacts. In addition,
n-(GaN can be used as an effective current spreading layer. The use of n-GaN for current
spreading would allow for the elimination of a transparent conducting oxide (TCQO) or
silver mirror in an optoelectronic device design.

One or more embodiments of the present invention demonstrate the use of a
multilayer dielectric high reflectivity (HR) coating combined with an aluminum reflector
to form a mirror for a flip chip LED. This murror does not form an electrical contact to
the LED and can only be used because the regrown n-GaN layer can provide lateral
current spreading.

An additional problem in creating IH-Nitride tunnel junctions 1s the difficulty in

achieving a sharp doping profile with magnesium. After the magnesium dopant source 18

-~
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turned off in a growth, the residual magnesium on the surface rides the surface as the
crystal continues to grow and continues to dope the material. This is known as the
magnesium memory effect. This present mvention demonstrates a technique for reducing

this effect, improving the performance of the tunnel junction.

Example Epitaxial Structure and Fabrication

FIG. 6 illustrates the epitaxial structure 600 for the LEDs and device design
according to one or more embodiments of the invention. An MBE regrowth (comprising
layers 602, 604, 606} 1s carried out on a standard MOCVD LED epitaxial structure
{comprising InGaN active region 608 between n-GaN 610 and p-GaN 612) grown ona
patterned sapphire substrate (PSS} 614 to produce a tunnel junction 616 between the
MOCVD pt layer 618 and the MBE regrown layer 602, One or more of the n-GaN 602,
604, 606 grown by MBE can then be used as a current spreading layer in optoelectronic
devices. While the present invention discloses results for LED structures, the present
mvention can also be used m the fabrication of many HI-Nutnide devices.

Although layers 602, 604, 606, 612, 618, 610 are illustrated as comprising GaN,
these layers may comprise different/other materials, such as other l{i-nitride materials. As
used herein, an n™ -layer is a layer having a higher n-type doping than an n- layer, and a
p" laver is a layer having a higher p-type doping than a p- layer. Thus, n+-GaN has higher
n-type doping than n-GalN, and p+-GaN has higher p-type doping than p-GaN.

Standard industrially grown blue LED wafers grown on patterned sapphire
substrates were obtained. Before the MBE regrowth, the wafers were diced into small
pieces and solvent cleaned. A 15 nunute anneal in an N2/O2 atmosphere at 550 °C was
carried out to activate the samples. Various acid treatments were used to clean the surface
before regrowth 602 and the measured current-voltage (IV) curves are shown in FIG. 7.
A Hydrofluoric acid {HF) dip was found to produce the lowest voltage for the tunnel

junction regrowth 602. The samples were then indium bonded and loaded into a
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VEEECQ 930 [lI-nitride MBE system equipped with an ammonia source. An in situ
ammonia anneal was done at 600 °C to clean the surface. After heating to a growth
ternperature of 750 °C, a 10 nm n™-GaN layer ([Si]: 2 x 10%%) 602 was grown to form the
tunnel junction 616. The ammonia overpressure under the MBE growth conditions was
low enough to prevent passivation of the p-GaN 612, 618 with hydrogen. For the
transparent design, a 400 nm layer of n-GaN ([Si]: 2.9 x 10"} 604 was then grown to act
as a current spreading layer and an additional 5 nm n™-GaN layer 606 was grown for n-

contacts.

Characterization
SIMS was done to investigate the effect of HF on the dopant profiles, and the

results are plotted 1o F1Gs. 8(a)-8(h), F1G. 9, and FIG. 10.

FIG. 9 shows the following regrowth interface concentrations:
+ no cleaning sample: [Mg] = 3e19 /e, [O] = 2e19/em’;
s HF sample: [Mg] 1.3¢19 /em’, [O] = 1.2¢18 /cm”.
Thus, FIG. 9 shows the HF treatment produces an order of magnitude reduction in

mterface [(3] concentration and a 50% reduction in Mg,

Process Steps

FIG. 11 15 a flowchart dllustrating a method of fabricating an optoelectronic or
electronic device.

The method can comprise the following steps.

Block 1100 represents depositing a first n-type [l-nitride layer 610, 1202 (e.g., n-
(GalN} on or above a substrate 1204, The substrate 1204 can comprise a foreign substrate
supporting heteroepitaxial growth of Hi-nitride, including, but not limited to sapphire or
spinel, or a homoepitaxial IH-nitride substrate, including, but not limited to GaN, AIN, or

InGaN. The first n-type Hi-nitride layer can be deposited on a patterned surface of the
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toreign or homoepitaxial substrate. C-plane polar, semipolar, or nonpolar [H-nitride
substrates can be used to form polar, semipolar or nonpolar H-nitride device layers on
the substrates.

Block 1102 represents depositing a HI-nitride active layer 608, 1206 (e.g, InGaN
quantum wells) on or above the n-type lI-nitride layer 1202, 610.

Block 1104 represents depositing one or more p-type Hl-mitride layer(s) 612, 618,
1208 (e.g., p~-GaN) on or above the Hl-nitride active layer 608, 1206, Lavers deposited in
blocks 1100-1104 can be deposited by MOCVD, for example.

Thus, Blocks 1100-1102 illustrate an example of fabricating or obtaining a p-n
Junction structure 1210 comprising a p-type layer or material 612, 618, 1208 on or above
an n-type layer or material 610, 1202,

Block 1106 represents treating a surface 620, 1212 of the p-type layer 618, 1208
{e.g., p-GalN} of the p-n junction 1210 structure. For example, the treating comprises
exposing the surface 620, 1212 to at least one compound selected from a Hydrogen
Fluoride (HF) solution, gaseous HF, a Hydrogen Chloride (HCL) solution, gaseous HCL,
a mixture of Nutric acid and H(CY, and Xenon difluonde {XeF2}. The treating can comprise
etching (e.g., dry or wet etching) the surface 620, 1212,

Block 1108 represents depositing n-type material (e.g., one or more second n-
type Hi-nitride layers 602, 604, 606, 1214a, 1214b, 1214¢ or a structure on the p-type II-
nitride layer 618), forming a tunnel junction 616, 1216 between the second n-type I1i-
mitride layer 1214, 602 and the p-type Hi-nitride layer 618, 1208. The second n-type [H-
nitride structure 1214 can comprise a thicker n-type (51} doped GaN layer 1214b, 604
between two thinner 1214a, 602, 1214c, 606 and more highly n-type {S1) doped GaN
layers (first and second n+ GaN layers 1214a, 1214b). The first n -GaN/U-nitride layer
602, 1214a closest to the p-type [{i-nitride layer 1208, 618 can form the tunnel junction

1216, 616, the thicker n"-GaN/I{I-nitride layer 604, 1214b can provide current spreading,
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and the second topmost n -GaN/Hi-nitride layer 1214¢, 606 can provide n-contact to the
n-contact metallization 1218. These layers can be deposited by MBE, for example.

Block 1110 represents further processing (including deposition of n-contact
metailization 1218 onto the second topmost n'-GaN layer 606, 1214¢ and deposition of
metal pads 1220},

Block 1112 represents the end result, a device 1200, e g., as illustrated 1 FIG.
12(a). The device 1200 can comprise an optoelectronic or electronic device including a p-
n junction structure 1210 comprising a p-type (HE-nitride) layer 1208 on or above an n-
type (HE-nitride) layer 1202; n-type (Il-nitride) material 1214a on a surtface treated
surface 1212 of the p-type laver 1208, forming a tunnel junction 1216 between the p-tvpe
layer 1208 and the n-type material 1214c, wherein the treating reduces a concentration of
acceptors ot impurtties at the mterface 1222 of the tunnel junction 1210 with the p-type
layer 1208 and m the n-type material 1214, 1214c¢, such that a magnesium concentration
at the interface 1222 15 reduced by at least 50% (e.g., to 1o more than 1 319 /em’),
and/or an oxygen concentration at the mterface/surface 1222 15 reduced (e g., to no more
than 1.2¢18 /em®). Layers 1202, 1204, 1206, 1208, and 1214a-c¢ can be identical to layers
610, 608, 612, 618, 602, 604, and 606 in FIG. 6, for example.

An External Quantum Efficiency of 76% has been obtained using a device with a
mirror, see [&], as tllustrated in FIGs. 13 and 14,

In the case where the device 1s a laser diode (EELD or VUSFEL), additional layers
(e.g., waveguiding lavers) can be added. One or more embodiments of the present
imvention could be applied to the device structures in [6] and [7]. Device layers can be

modified to fabricate electronic devices such as transistors and solar cells,

Advantages and Improvements

Current commercially-available Il-nitride light-emitting diodes (LEDs) use an

active region in a biased p-n junction to allow for electron and hole injection. The p-GaN
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is difficult to contact electrically and has low hole concentration and mobility. This
means that p-GaN cannot be used as a current spreading layer and that traditional p-
contacts will add significant voliage to devices. Despite these inherent problems, all

commercial light emitting devices utilize a p-contact and a material other than p~GaN for

LA

current spreading, typically transparent conducting oxides (TCO).
Oune or more embodiments of the present invention use a very hughly doped
{(n'/p") interface that can allow for electrons to tunnel between the valence band and
conduction band and 1s called a tunnel junction (T1). A low resistance tunnel junction on
top of p-GaN allows for current spreading in n-GaN on both sides of the device as well as
10 the use of low resistance n-type contacts on both sides. The use of n-GaN for current
spreading allows for the elimination of a TCO or silver muror in an LED design.
Furthermore, the HF treatment was found to reduce the Mg level at the interface
as well as reduce the concentration incorporated in the n-GaN layer above the p-GaN.
The oxygen levels were also decreased by a simitlar amount as the Mg. This reduction of
15 excess Mg at the surface reduces the Mg memory effect and decreases the operating
voltage of the tunnel junction.
Accordingly, the present invention could improve the efficiency of 11I-Nitride
LEDs by improving the light extraction out of the chip. This would reduce the energy use

of LEDs and allow for more power out of a single chip.

20 References for part B, which references are mcorporated by reference herein
1} L. Esaki, Physical Review 109, (1958}
[2} I Simon et al. Science 327 (5961): 60-64
{31 8. Krishnamoorthy et al, Appl Phys. Lett. 105, 141104 (2014).
[41 S. Krishnamoorth et al, Nano Lett. 13, 25702575 (2013).
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[51 PCT International Utility Patent Application Serial No. PCT/US16/41744,
filed on July 11, 2016, by Erin C. Young, Benjamin P. Yonkee, John T. Leonard, Tal
Margalith, James 8. Speck, Steven P. DenBaars, and Shuji Nakamura, entitled
“HYBRID GROWTH METHOD FOR HI-NITRIDE TUNNEL JUNCTION DEVICES,”
Attorneys’ Docket no. 30794 S88-W(-U1 (2003-224), which application claims the
benefit under 35S U S.C. §119 of U.S. Provisional Application Serial No. 62/190,929,
filed on July 10, 2015, by Erin C. Young, Bemjamin P. Yonkee, John T, Leonard, Tal
Margalith, James S, Speck, Steven P. DenBaars, and Shujt Nakamura, entitled “HYBRID
GROWTH METHOD FOR HI-NITRIDE TUNNEL JUNCTION DEVICES,” attorneys’
docket number 30794.588-US-P1 (2015-504-1),

[6] E.C. Young, B.P. Yonkee, F. Wu, S.H. Oh, S.P. Den Baars, S. Nakamura, et
al., Appl Phys. Express. 8, 022102 (2016).

[7] John T. Leonard, Steven P. DenBaars, James S. Speck, and Shuji Nakamura,

entitled “Demonstration of a [fl-nitride edge-emitting laser diode utilizing a GaN tunnel

tunction Contact,” vol. 24, No. 7 | DOL10.1364/0E.24.007816 | OPTICS EXPRESS

7816.
[8] Yonkee et. al., “Silver free Hl-nitride {lip chip light emitting diode with wall
plug efficiency over 70% utilizing a GaN tunnel junction,” Applied Physics Letters,

YVolume 109, Issue 19, 1d.191104,

C. MOCYD REGROWTH DEPOSITION METHOD FOR [H-NITRIDE
TUNNEL JUNCTION DEVICES

Several techniques have been used for improving the performance of Hl-nitride
electronic and optoelectronic devices. The term “IlI-nitrides” refers to any alloy
composition of the (Al,Ga In, B)N semiconductors having the formula AlwGaxdnyBzN,

where 0 < w < 1, 0<x<,0<y <, 0<z<andw +x + vy +z=

1. Commercially available li-nitride devices typically are epitaxially grown in the c-
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direction [0001]} on sapphire substrates. However, efforts have therefore been made to
grow on bulk Hi-nitride substrates in different orientations, including the basal c-plane
{0001} ; nonpolar a-plane {1 1 -2 0} and m-plane {1 0-1 0} families; and semipolar
plane fanulies that have at least two nonzero h, 1, or k Miller indices and a nonzero |
Miller index, such as the {2 0-2 1} planes.

Current commercially-available Hl-nitride light-enitting diodes (LEDs) and edge-
emitting laser diodes (EELDs) use an active region in a biased p-n junction to allow for
electron and hole injection. However, p-type gallium nitride (p-GaN) 1s difficult to
contact electrically, and has low hole concentration and mobility. This means that p-GaN
cannot be used as a current spreading layer and that traditional p-contacts will add
significant voltage to devices. Despite these inherent problems, all commercial hight
emitting devices utilize traditional p-contacts and materials other than p-GaN for current
spreading, which typically comprise transparent conducting oxides (TCO), such as
mdium tin oxide (ITO).

A low resistance tunnel junction on top of p-GaN would alfow for current
spreading n n-type GaN (n-GaN} on both sides of the device, as well as the use of low
resistance n-type contacts on both sides of the device. A tunnel junction is a dicde
comprised of a very highly doped {n+/p+} interface that allows for electrons {o tunnel
between the valence band and conduction band. This was first demonstrated by Esaki [1]
in highly-doped Ge homojunctions with very thin depletion regions.

In principle, a highly-doped Esaki-type homojunction diode should provide the
lowest-loss tunnel junction. However, there have been a number of difficulties in
achieving high quality tunnel junctions in the GaN material system.

For example, GaN 1s a wide bandgap semiconductor, so the barrier for tunneling
1s high. Several approaches to reducing the tunneling barrier have been attempted,
including bandgap engineering via polarization (AN mterlayers} [2], reducing the
bandgap with an InGaN interlaver [3], and introducing defect states via interfacial GAN
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nanoparticles [4]. However, these approaches are all associated with losses, either in
terms of voltage or resistance increases, or optical losses in the final device performance.

In another example, magnesium (Mg) doped p-GaN grown by MOCVD s
compensated by hydrogen (H) as grown, and it must be annealed after growth to remove
the hydrogen. This anneal can only work 1f the p-GaN is not covered by n-GaN, as
hydrogen cannot easily diffuse through n-GaN. This limits the effectiveness of tunnel
junctions and prevents their widespread use.

Thus, there is a need 1n the art for structure for improving the performance of Hi-

nitride devices. The present invention satisfies this need.

MOCVD LEDs with MOCVD Tunnel Junctions

This section describes a method for fabricating Il-nitride tunnel junction devices
that uses MOCVD growth to grow one or more [H-nitnide light-enitting or light-
absorbing structures and MOCVD regrowth to grow one or more Hi-nitride tunnel
junction layers on or above the IE-nitride light-enutting or hight-absorbing structures.
Thus 15 1Hustrated by FIG. 13, which 1s a schematic of an epitaxial structure 1300 for n-
type Hi-nitride tunnel junction layer{s} 1302 regrown by MOCVD on or above an LED
comprised of a substrate 1304, n-type [H-nitride layer(s) 1306, lil-nitride light-emitting
layer{s} 1308, and p-type [H-nitride layer(s} 1310grown by MOCVD, wherein the layers
1302, 1306, 1308, and 1310 of the epitaxial structure 1300 are annotated by MOCVD
growth and MOCVD regrowth to the right of the layers 1302, 1306, 1308, and 1310

Tunnel junctions grown by MOCVD are difficult to achieve, because the as-
grown Mg-doped lavers are insulating due to hydrogen passivation, and are typically
activated by a post-growth anneal  If a tunnel junction is grown by MOCVD, the p-GaN
therein cannot be activated, because hydrogen will not diffuse through the top n-GalN

layer of the tunnel junction 1if it 1s too thick.
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It is also difficult to produce well-defined junctions, because of a phenomena
known as the Mg memory effect [5]. The Mg memory effect causes the surface of p-
(GaN to have a hugh concentration of Mg, which has been shown to diffuse into
subsequent MOCVD regrowth layers [6] due m part to the high temperatures required to
grow GaN using MOCVD.

MOCVD, also referred to as organo-metallic vapor phase epitaxy (OMVPE), 15 a
type of chemical vapor deposition ({CVD) method used to form thin films of various
materials and microstructures. This 1s achieved by flowing volatile organo-metallic
gaseous precursors containing group I or HI elements along with gaseous precursors
containing group V or VI elements over a homoepitaxial or heteroepitaxial substrate at
elevated temperatures in order decompose sard precursors leading to the growth of high
quality single crystal films of various compound semiconductors {7].

P-type GaN 13 a highly resistive matenial formed by doping GaN films with Mg,
Since MOCVYD reactions take place at elevated temperatures m the presence of hydrogen
gas, charge carrying holes become compensated by the presence of hydrogen-magnesiam
(H-Mg) complexes. In order to activate the holes, these complexes must be dissociated
through a high temperatire anneal [8]. In addition, carner concentrations are only a few
percent relative to dopant concentrations due to the high activation energy of Mg relative
to the valence band edge of lli-nitrides. The relatively low hole concentrations make
forming low resistance ohmic contacts to p-GaN challenging. N-type transparent
conductive oxides are typically used to make contact to p-GaN. They form a tunnel
junction contact to p-GaN and mject holes from the conduction band of the n-type
material into the valence band of p-GaN. Homojunctions can also be used to tunnel
carriers into p-GaN. This has been successtully demonstrated through the use of MBE
regrowth of highly doped n-GaN onto p-GalN [9}-{11].

MOCVD regrowth of n-type GaN 1s more of a challenge since the p-GaN surface

can become re-passivated by the presence of hydrogen at elevated temperatures.
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Although some examples of in sitt MOCVD grown tunnel junctions exist for LEDs [12],
[13], their turn-on voltage and series resistance are higher than those of their reference
devices. Thus s likely due to issues with controlling the p+/ n+ junction interface and
issues activating the Mg in the p-GaN laver. During growth of p-GaN, the presence of
Mg n the chamber after the flow of the Mg precursor has stopped creates a “memory
effect” in the subsequent films, whereby Mg is present at relatively high concentration in
layers that should be 81 doped n-type. Two solutions to this are to stop growth, dip the
films in an acid ex situ to remove surface Mg and regrow the n-GaN [6], or utilize a low
temperature flow modulated o situ during growth [14].

Once MOCVD deposition 1s used to grow the n-GaN layer on top of the p-GaN,
the p~-GalN can be re-activated while being buried beneath the n-GaN using exposed mesa
sidewalls [15] Effective re-activation of the p-GaN films can occur if the lateral
dimensions of the device are on the order of the diffusion length of hydrogen when it s
released from the H-Mg complex during the reactivation anneal. Small lateral dimensions
found m narrow ridge width EELDs, small diameter VOSELSs, and mucro LEDs would be
ideal structures for this method. This method could also allow for the regrowth of
additional LED epitaxial layers by MOCVD on top of the {irst LED, because the
hydrogen cannot diffuse through the top n-GaN layer.

FIGS. 14 and 15 illustrate variants of the structure shown in FIG. 13, FIG 14153
schematic of an epitaxial structure 1400 for a double junction MOCVYD Hl-nitride LED
with an MOCVD H-nitride tunnel junction 1414 sandwiched therebetween, wherein the
layers of the structure are annotated by MOCVD, MOCVD regrowth 1, and MOCVD
regrowth 2, to the right of the layers. The epitaxial structure 1400 comprises a second
epttaxial structure 1402 on a first epitaxial structure 1404. The first epitaxial structure
1404 comprises one or more first n-type layers 1406 on a substrate 1408, one or more
first light emitting layers 1410 on the one or first more n-type lavers 1406, one or more

first p-type layers 1412 on the one or more first light emitting layers 1410, and one or
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more first n-type tunnel junction layers 1414 on the one or more p-type layers 1412, The
second epitaxial structure 1402 comprises one or more second n-type layers 1416 on
layer(s) 1414, one or more second light enutting layers 1418 on the one or second more
n-type layers 1416, one or more second p-type layers 1420 on the one or more second
light emitting lavers 1418, and one or more second n-type tunvel junction lavers 1422 on
the one or more p-type lavers 1420

FIG. 3 15 a schematic of an epitaxial structure for a multi-junction MOCVD TH-
nitride LED with two MOCVD Hi-nitride tunnel junctions, wherein the layers of the
structure are annotated by MOCVD, MOCVD regrowth (a), and MOCVD regrowth (b),
and a repeat sequence for 0 to X repeat units, to the right of the lavers. so as to form

0., X repeat units 1424 of the epitaxial structure 1402, where X is an integer.

YCSEL Structures

In addition to the H-mitride tunnel junction LEDs described above, the present
mvention can also be applied to VCSELs, which have a long history of prior art dating
back to the 1970°s [16]. HI-mutride VCSELs represent a new class of VUSELs that
represent a new set of unique challenges and device designs compared to conventional
[H-arsenide VOSELs [17]. The present invention provides a regrowth technique for
achieving high-quality I{I-nitride tunnel junction intracavity contacts in lli-nitride
V{SELs.

FIG. 16 15 a schematic that shows possible epitaxial structures, growth methods
and repeat sequences, wherein one or more regrown MOCVD tunnel junctions are used
in a H-nitride VCSEL structure, wherein the layers of the structure are annotated by the
MOCYD growth technigue, MOCVD regrowth technique (a8}, and MOCVD regrowth
technique (b}, and repeat sequence for 0 to X repeat units, to the right of the layers.

The VCSEL structure may employ electron cyclotron resonance (ECR) sputter-

depostted tunnel junction intracavity contacts.
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In this design, the VUSEL structure 1600 includes a substrate 1602, followed by
distributed Bragg reflector (DBR) dielectric layers 1604, n-type ll-niiride layers(s) 1606,
hight-emitting TH-nttride laver(s) 1608, 1616, and p-type H-mutride layer(s) 1610 grown
by MOCVD, which are followed by n-type Hl-nitride tunnel junction layer(s) 1612
regrown by MOCVD, which are followed by n-type Hl-nitride layers{s) 1614, IH-ntride
hght-ermitting layer(s) 1616, and p-type Wl-nitride layver(s) 1618 regrown by MOCVD,
which are followed by n-type ll-nitride tunnel junction layer(s) 1620 regrown by
MOCVD. The MOCVD regrowth (a) and (b) may be repeated so as to form 0. X repeat
units 1622 of the epitaxial structure 1624, where X is an integer.

The order of the epitaxial layers shown i FIG. 16 makes the structure 1600
appropriate for fabricating a flip-chip VOSEL using laser hift-off of the substrate 1602
and DBR dielectric layers 1604, By growing the repeat unit shown, a device can be made
with a cascade of active regions 1608, 1616 aligned to peaks of the cavity mode in the
finished device.

The order of the epitaxial layers shown in these designs makes these structures
appropriate for fabricating VCSELs employing epitaxially grown DBRs on the n-side as
shown, or epitaxial DBRSs on both the p-side and n-side (dual epitaxial DBRs), or an
epttaxial DBR on the n-side and a dielectric DBR on the p-side (hybrid DBRs). Only the
layers that comprise the epitaxial growth process are shown (i.e., no dielectric or metal
layers are shown).

All of the designs show that one could make a cascade of active regions by
increasing the identified repeat unmit. Designs can be made such that it 1s composed of an
epitaxial structure for a VCSEL employing a hybrid DBR design or a dual epitaxial DBR
VCSEL with a light-absorbing layer that may act to monttor the emitted power from the
light-emitting region(s), wherein the structure does or does not include a tunnel-junction

cap, or the light-absorbing layer i1s grown before the light-emitting layers.
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Process Steps

FIG. 17 1s a process diagram tllustrating the steps for forming an n-GaN tunnel
junction to p~GaN on a [H-nitride semiconductor device 1200, e.g., as illustrated in FIG.
12(a), according to one or more embodiments.

Block 1700 represents performing a first growth of a first active region 1206 na
p-n junction 1210 using MOCVD, the p-n junction 1210 comprising a p-type layer 1208
and an n-type layer 1202,

Block 1702 represents optionally performung a p-GaN activation anneal.

Block 1704 represents performing a subsequent regrowth of a I-nitride material
{e.g., n-type material 1214a, 1214b, 1214c) using MOCVD or another growth technique.

Block 1706 represents etching mesa stractures 1230 and performing a reactivation
of the p-type material 1208, e.g., by annealing. Reactivating the p-type layer 1208 may
comprise lateral diffusion of hydrogen through mesa sidewalls 1232 m the [l-nutnide
material, the mesa 1230 having one or more lateral dimensions L that are less than or
equal to about 200 pm.

Block 1708 represents performing further processing/growth steps, e.g., growth of
additional active regions 1616. In one or more embodiments, the step comprises
performing another growth of Hi-nitride material using metal organic chemical vapor
deposition {(MOCVD), after the subsequent regrowth, comprising a second active region
1616 on or above the tunnel junction 1620 and with or without another set of n-type Hi-
mitride and/or p-type Ul-nitride layers.

Block 1710 represents the end result, a Hi-nitride semiconductor device 1200.

In one or more embodiments, the subsequent regrowth forms a tunnel junction

In one or more embodiments, the p-n junction comprises the n-type layer 1202,
the p-type layer 1208, and the first active region 1206 between the p-type layer 1208 and

the n-type layer 1202, the n-type layer 1202 and the first active region 1206 are grown
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using MOCYD, and the p-type layer 1208 and the tunnel junction 1216 are grown using
chemical vapor deposition (CVD).

In one or more ervbodiments, the Iff-nitride material in the subsequent regrowth
comprises doped p-type material 618 having a higher p-type dopant concentration than
the p-type layer 612 s0 as to reduce contact resistance of the tunnel junction 616,

In one or more embodiments, the I-nitride material in the subsequent regrowth
ends with second n-type laver 1214c having a thickness between about 1 nm to about
5000 nm.

In one or more ervbodiments, the Iff-nitride material in the subsequent regrowth
meludes a second n-type layer 602 and a second p-type layer 618, and the tunnel junction
616, 1216 15 formed at a regrowth interface 1234 between the second n-type layer 1214a
and the second p-type layer 618

In one or more embodiments, delta-doping 1s used at the regrowth interface 1234

In one or more embodiments, the first active region 1410 1s a first light-emitting
diode (LED) emitting a first wavelength of light, and the second active region 1418 15 a
second LED enmitting a second wavelength similar to the first wavelength, such that
efficiency droop in the LED reduced through use of the multiple active regions 1410,
1418,

In one or more embodiments, the first active region 1410 is a first light-emitting
diode (LED)} emitting a first wavelength of light and the second active region 1418 is a
second LED emiiting a wavelength different from the first wavelength, such that the
device emaits light having a range of wavelengths.

In one or more embodiments, the first and second active regions 1608, 1616 emut
electromagnetic radiation having similar wavelengths and are aligned to peaks of a cavity
mode 0 a vertical-cavity surface-emitting laser (VCSEL).

In one or more embodiments, the first active region 1410, 1608 1s i a hight-

emitting diode {LED), a vertical cavity surface emitting laser (VCSEL), or an edge-
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emitting laser diode (EELD), the second active region 1616, 1418 comprises a single or
multiple quantum well structure emitting a first wavelength of electromagnetic radiation
in response to optical pumping by enussion from the first active region 1410, 1608, and
the emission from the first active region 1410, 1608 having a shorter wavelength than the
first wavelength.

In one or more embodiments, the second active region 1616, 1418 1s in a hight-
emitting diode (LED), a vertical cavity surface enutting laser (VCSEL), or an edge-
emitting laser diode (EELD), the first active region 1410, 1608 comprises a single or
multiple quantum well structure emitting a first wavelength of electromagnetic radiation
1 response 1o optical pumping by emission from the second active region 1616, 1418,
and the emiussion from the second active region 1616, 1418 having a shorter wavelength
than the first wavelength.

In one or more embodiments, the method comprises using a photodiode
comprising the quantum well structure 1616, 1418, 1410, 1608 to monitor the emissions
of shorter wavelength from the first or second active region 1616, 1418, 1410, 1608,

In one or more embodiments, the first active region 1410 1s 1n a hght-emitting
diode (LED) enutting a first wavelength of electromagnetic radiation, and the second
active region 1418 1s in an LED emitting a wavelength different form the first
wavelength.

In one or more embodiments, the device 1s a light-emitting diede (LED), a
vertical cavity surface emitting laser (VCSEL), or an edge-emutting laser diode (EELD),
and the subsequent regrowth comprises a top n-GaN layer 1422 serving as a current
spreading layer.

In one or more embodiments, the method comprises repeating steps of Blocks
1700 and 1704 so as to form multiple p-n junctions separated by multiple embedded

tunnel junctions 1414 screening or enhancing polarization fields in the active regions
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1418, 1608, 1416, 1616 wherein the device is a light-emitting diode (LED), a vertical
cavity surface enutting laser (VCSEL), or an edge-emitting laser diode (EELD).

In one or more embodiments, the device 15 a light-emitting diode (LED), a
vertical cavity surface emitting laser (VCSEL), or an edge-enutiing laser diode (EELD),
and the p-type layer 1610, 1412 15 thinner than in a p-n junction not connected to the
tunnel junction 1414, thereby reducing electrical and optical losses in the p-type layer
1412,

In one or more embodiments, the device is a light-enutting diode (LED), and
sheet resistance on both sides of the p-n junction 1s matched to reduce current crowding,

In one or more embodiments, the subsequent regrowth comprises an n-type GaN
layer 1422, 1214c¢ the n-type layer comprises an n-type GaN laver, the device 15 a hight-
emitting diode (LED), and the n-GaN layers 1422, 1214c are roughened to 1ncrease an
extraction efficiency of the LED.

In one or more embodiments, the device 1s a vertical cavity surface emitting laser
{(VCSEL) processed i a flip-chip geometry with one or more high reflectivity optical
coatings to enhance light extraction or confine an optical mode in the VUSEL.

In one or more embodiments, the device is a multi-junction solar celi or
photodiode.

In one or more embodiments, the subsequent regrowth comprises a second n-type
layer 1214a-c, 1416,1614 and a single metal contact 1218 deposition 1s used to fabricate
contacts to both n-type layers of the device.

In one or more embodiments, the subsequent regrowth comprises a top n-GaN
layer 1620, 1422, 1214¢ and the device does not include a p-contact.

In one or more embodiments, the method comprises repeating steps of Block
1700 and 1704 so as to form multiple p-n junctions and tunnel junctions 1612, 1620,

1414, 1214a-c, the tunnel junctions 1612, 1620, 1414, 1214a-c, comprising an n-type
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GaN layer, wheremn each buried n-GaN layer in the device contacted, such that current
flowing through each active region 1410, 1418 15 controlled individually.

In one or more embodiments, Magnesium (Mg) concentrations n the subsequent
regrowth layers 1414-1422, 1310-1302, 1612-1620 are suppressed, e.g., through
exposure to an acid e.g., but not limited to, hydrofluoric acid, hydrochloric acid.

In one or more embodiments, Mg concentrations in the subsequent regrowth
layers 1414-1422 1310-1302, 1612-1620 are suppressed through flow modulation
epitaxy, e.g., low temperature flow modulation epitaxy.

In one or more embodiments, Mg is activated through the lateral diffusion of the
hydrogen through the mesa sidewalls 1232 at elevated temperatures.

In one or more embodiments, n-type tunnel junction layers 1612, 1620, 1414,
1422 can comprise layers such as 1214a-c.

The subsequent regrowth can use a n-type Hl-mtride target, a gallium (Ga) target,
a galliom-silicon {Ga-81) alloy target, a gallium-germanium (Ga-Ge} alloy target, group
It element metalorganic vapor precursors, vapor phase S1 precursors, vapor phase Ge

precursors, and/or a method different from MBE.

Experimental Results

FIG. 18 illustrates the current spreading ability of the MOCVD deposited [H-
nitride tunnel junction grown on an MOCVD Hl-mitride LED. The HH-nitride micro
LEDs in FIG. 18 have dimensions of 20x20 um®, 60x60 um®, and 100x100 um”, and
have been through a reactivation anneal at 700 °C for 30 minutes. The Hi-nitride micro
LEDs in FIG. 18 have uniform light emission patterns.

FIG. 19 is a graph of concentration {cm™) vs. depth (nm) illustrating the profiles
of the doping concentrations of Mg and S1 taken by secondary ion mass spectroscopy
(SIMS) of an MOCVD deposited [H-nitride tunnel junction grown on a p-n junction

grown by MOCVD, with the layers of the structure depicted across the top of the graph in
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accordance with their depth and annotated by first MOCVD growth and MOCVD

regrowth.
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D SELF-EMISSIVE IH-YV MICRO LED-BASED DISPLAYS USING LOW
RESISTANCE TUNNEL JUNCTIONS

Commercially available display technologies mclude hiquid crystal displays
(LCDs) and organic light-enmitting diode (OLED) based displays. However, the energy
efficiency of these displays are hmited, even by state of the art technologies.

LCDs are comprised of many components that are mefficient. The lighting
mechanism i an LCD 15 a backlight unit, which 1s currently predommantly made of
gallium nitride (GaN) based LEDs that give off white light. An alternative backlight
would be made of a fluorescent lamp, which would be even more mefficient than an LED
backlight umit. Beyond this backlighting unit, there are polarizers, liquid crystals, and
color filters, all of which block or lose some of the light emitted from the backlight unit.
Altogether, the energy efficiency of an LCD can be less than 10%.

OLED based displays function using a different lighting mechanism, but are also
limited in terms of energy efficiency. OLED based displays are self-emissive in that
subpixels of red-green-blue (RGB)Y OLEDs form pixels, wherein the RGB subpixels are
made of different colored OLEDs that either directly emit a red, green, or blue color or
are covered with a filter to achieve the necessary color. State of the art OLEDs hmit the
energy efficiencies of OLED based displays to less than 30%.

Inorganic -V compound semiconductors can be more energy efficient than their
organic counterparts. The term “TII-V compound semiconductor” refers to any alloy
composition that uses a combination of B, Ga, Al, or In for the group Il element and N,
P, As, or Sb for the group V element.

However, current attempts to create displays based on inorganic Hi-Y compound

semiconductor micro devices have been hindered by various factors. Inorganic-based
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displays currently cannot be made flexible, do not have a high throughput fabrication
method such as roll-by-roll printing used for OLED displays, and are limited in resolution
and size. In order to address these issues, the pixels of a display need to be i the scale of
tens of micrometers.

The dominant reason that morganic IH-V compound semiconductor based
displays are not commercially viable 1s because no pick-and-place method can handle
their small dimensions. Conventional pick-and-place methods utilize vacuum holes that
have diameters of hundreds of micrometers. The smallest size of an organic -V
compound semiconductor device must be larger than the vacuum hole and must therefore
must have dimensions on the scale of hundreds of micrometers.

Moreover, with morganic Hi-mitride semiconductors (a subset of inorganic -V
compound semiconductors), it 13 difficult to make chmic contact to p-type gallium nitride
{(p-GaN}. That means that the operating voltage of devices is ligher than desired. In
addition, because of 1ts high electrical resistance, p-GaN cannot be used as a current
spreading layer. To solve these issues, commercially available LEDs use other metals
and transparent conducting oxides {TCOs) to reduce voltage and for improved current
spreading. The main TCO used for p-GalN 13 indium tin oxide (§TO), which s highly
absorbing in the blue regime. This 18 the one of the largest areas of loss in LEDs and has
a great impact on the efficiency of devices.

Replacing ITO with a low resistance tunnel junction grown on p-GalN would
improve the performance of LEDs by using n-type GaN (#-GaN}. The #-GaN on top of
the p-GaN would act as a current spreading layer and would allow for low-resistance n-
type metal contacts. Therefore, a low resistance tunnel junction would allow for lower
operating voltages and higher efficiencies.

One major difficulty in growing tunnel junctions by metalorganic chemical vapor
deposition (MOCVD) is that the MOCVD growth results in a buried layer of unactivated

p-GaN. Typically, p-GaN is activated m a furnace above 500°C for greater than 10
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minutes in order to drive out hydrogen, which compensates the magnesium-doped p-
GalN. When n-GaN 1s grown on top of p-GaN in MOCVD, the p-GaN 1s difficult to
activate because hydrogen will not diffuse easily through the n-GaN,

Thus, there 13 a need 10 the art for more efficient displays, in order to reduce the
power consumption of display related products, especially commercially viable morganic
[H-V compound semiconductor based displays, and more especially commercially viable
morganic H-nitride compound semiconductor based displays. The present mvention
satisfies this need.

The present invention describes methods to fabricate and assemble low resistance
display pixels using norganic -V compound seniconductor light-emitting micro
devices, such as micro-LEDs or VCSELs. A novel aspect of the present imvention is o

combine a hybrid MOCVD/MBE growth technique to create the devices with tunnel

junctions; an undercut method (such as PEC etching or LLO) to separate the devices from

the growth substrate; and a thin film layer transfer via a rubber stamp or other elastomer
to arrange the devices on another substrate as RGB subpixels. With these methods, RGB
subpixels can be arranged side-by-side to form pixels that have lateral dimensions smaller
than 60 pm.

First, the method to transfer subpixels of one color will be described. Then, the
technique to assemble and arrange RGB subpixels will be discussed, followed by various
applications that are made possible with this invention.

FIG. 20 iilustrates a fabrication method of the present invention, which includes
the following steps: (1) a hybrid MOCVD/MBE growth of HI-V compound
semiconductor light-enutting film(s) homoepitaxially or heteroepitaxially on a first host
substrate {Block 2000), e g, to form the micro-devices with tunnel junctions {Block
2000); (2) patterning the film(s} into structures to allow for the devices {(e.g., micro-
device} to be released from the host substrate (Block 2002); (3} partial release of the

micro devices from the substrate (Block 2004); (4) transfer printing of the devices (Block
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2000}, e g., onto an intermediate substrate as a transfer medium and then onto another
second substrate; and (5} attaching a final (e g., third) substrate {Block 2008}, e g, to the
top of the devices 50 that the devices are sandwiched between the second and third
substrates. In one or more embodiments, the host substrate 1s a bulk II-V material that is
the same as the epitaxial film, e.g., -nitride or Hi-arsenide. In other embodiments, the
host substrate 1s made of foreign material, such as sapphire, silicon or silicon carbide.

In one or more embodiments, patterning the films (Block 2002) comprises
patterning the epitaxial film into one or more micro devices on the host substrate and
adding electrical contacts to the devices; patterning structures in the epitaxial film that
expose a sacrificial layer to be undercut; patterning anchoring structures that connect the
devices to each other while the devices are being undercut and separated from the
substrate; and removing the sacrificial layer {e.g., having a bandgap that corresponds to a
wavelength above 400 nm) via a photoelectrochemical (PEC) etch, wheremn the devices
are immersed in a chemical solution {(e.g., potassium hydroxide} and exposed to a hight
source {e.g., enutting electromagnetic radiation having wavelength below 420 nm). In
one or more embodiments, the epitaxial film includes the sacrificial laver.

In one or more embodiments, the anchoring structures are patterned by depostting
material onto the devices or arg patierned from the existing epitaxial film.

In one or more embodiments, transfer printing of the devices (Block 2006)
comprises removing the devices from a first substrate by bonding the devices to a
temporary substrate and mechanically fracturing parts of a pattern that connects the
devices to each other; transferring the devices from the temporary substrate onto a second
substrate; and bonding exposed surfaces of the transferred devices to a third substrate,
thereby sandwiching the devices in between the second and third substrates.

In one or more embodiments, the temporary substrate is a rubber stamp or other

elastomeric material, and/or a tackiness of the temporary substrate is varied.
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In one or more embodiments, the second substrate has an adhesive layer {e.g., a
UV-curable polymer).

In one or more ervbodiments, the second and/or third substrate is a transparent
substrate, a flexible substrate (e.g., a polymeric film) and/or a rigid substrate comprising
e.g., at least one material selected from sapphire, silicon, and silicon carbide.

In one or more embodiments, the second and/or third substrate has electrical
mnterconnections patterned thereon and the electrical interconnections are made of metal
or a transparent conducting oxide to provide transparency.

In one or more ervbodiments, the red, green, and blue display subpixels are

comprised of the devices made from different epitaxial films.

Hlustrative examples

These steps are Hustrated by the schematics 1o FIGS. 21(a)~(b) and 22{a}-(h).

In the hybrid growth step {1), as shown in FIGS. 21(a)-(b}, an LED structure 2100
with a final layer 2102 {e.g., of highly doped p™-GaN) is grown by MOCVD on a
substrate 2104, and then highly doped HE-nitride 2106a, 2106b (e.g., # -GaN and n-GaN)
is grown by MBE on top of the final layer 2102 (e.g., highly doped p™-GaN) to form a
nunnel junction 2108,

In one embodiment, shown in FIG. 21(a), utilizing PEC etching as the undercut
method, the LED 15 comprised of n-type [H-nitride 2110 (e.g., n-GaN), a sacrificial laver
2112 {e.g., InGaN/GaN quantum wells), an interlaver 2114 (e g, a thick #-GalN
interlaver, e.g., having a thickness of 3 micrometers), an active layer 2116 (e g,
InGaN/GaN multi-quantum wells (MQW), e g., absorbing light having a 450 nm
wavelength} a p-type Hl-nitride layer 2118 (e g, p-GaN), and the final layer 2102 (e.g,,
highly doped p-GaN). The sacrificial laver 2112 that is grown must have a band gap
{e.g., absorbing light having a 420 nm wavelength) that is smaller than that of the light

source to be used.
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In another embodiment, shown in FIG. 21(b), utilizing LLO as the undercut
method, the LED 2100 1s comprised of n-type Hl-nitride 2110 (e g, n-GaN), an active
layer 2116 (e g., made of InGalN/GaN multi-quantum wells), p-type Hl-nitride 2118 (e g ,
p- GaN}, and highly doped p+type H-nitride 2102 {e.g., p"-GaN). As used herein, a pt-
type layer is a laver having higher p-type dopant concentration than a p-type layer, and an
nt-type layer 1s a layer having a higher n-type dopant concentration than an n-type layer.

In both embodiments, after p™-GaN 1s grown, the wafer is removed from the
MOCVD system and annealed 10 a furnace over 300°C for more than 10 minutes. The
wafer is then placed in a MBE system to grow a highly doped #7-GaN layer and a thick
layer of n-GaN, which completes the tunnel punction 2108, This regrowth mterface 2120
between the p*-GaN and n7-GaN serves as the p-n interface for the tunnel junction 2108,

In another embodiment, the device would be an AllnGaP LED. In this
embodiment, the sacrificial layer 2112 may be an AlAs layver. The growth can etther be
done homoepitaxially, where the substrate 2104 1s the same material as that of the LED
{such as GaN}, or heteroepitaxially, where the substrate 15 a foreign one, such as sapphire,
silicon, silicon carbide, etc.

In the patterning step (2), micro devices 2200 comprising layers 2110, 2116,
2118, 2102, 2106a-b are patterned, so that the devices 2200 are the appropriate size, the
sacrificial layer 2112 1s exposed, the light-emutting layer 2116 is protected, and anchors
2202 are added, as shown in FIGS. 22(a) and 22{b).

In the embodiment utilizing PEC etching, mesas 2204 are etched to expose the

thick n-GaN interlayer 2114, Any lavers that are affected by PEC etching are then
protected by depositing dielectric material, such as silicon nitride (S13N4}, around the
layers, so that the layers are 1solated from electrolyte. A second etch 1s performed to
expose the sacrificial layer 2112 for PEC etching. Metallization 1s performed to
electrically contact the top n-GaN 2106b of the tunnel junction and the interlayer #n-GaN

2114. These metals serve as low resistance electrical contacts to the #- and p-sides of the
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GaN and could contain any combination of Al, Ni, Ti, Au or other metals. The final,
lateral dimensions L of the device 2200 may be smaller than 50 ym. Anchors 2202 that
physically keep the devices attached to the substrate 2104 are also added by a mesa etch
and dielectric deposttion, so that the devices 2200 do not float freely n solution during
the PEC etch.

In the embodiment utilizing LLO, mesas 2204 are etched to expose the bottom #-
GaN layer 2110, Any lavers that are affected by LLO are then protected by depositing
dielectric material, such as silicon nmitride, around the layers, so that the lavers are isolated
from electrolyte. Metallization 1s performed to electrically contact the top n~-GaN 2106 of
the tunnel junction and the interlayer #-GaN 2114, These metals serve as low resistance
electrical contacts to the »- and p-sides of the GaN and could contain any combination of
Al Ni, Ty, Au or other metals. The final, lateral dimensions L of the device may be
smaller than SO um. Anchors that physically keep the devices attached to the substrate
are also added by a mesa etch and dielectric deposition, so that the devices do not move
away during LLO.

In the release step (3), the micro devices 2200 are released by way of a PEC etch
of a sacrificial layer 2112, as shown n FIG. 22(c), or LLO from the host substrate (not
shown).

In one embodiment, the device 2200 is an InGaN LED with a sacrificial layer that
includes InGaN/GaN quantum wells. In one example, the sacrificial etch 1s a PEC etch,
where the patterned substrate with devices 2200 1s immersed into a solution and light is
shined onto the devices. The light generates electron-hole pairs within a semiconductor
layer that has a band gap smaller than that of the light The photogenerated carriers react
chemically with the semiconductor and solution to etch away the sacrificial layer 2112, In
one example, the light source 1s an LED array emitting around 405 nm and the electrolyte
is potassium hydroxide. Depending on the band gap of the active layer 2116 multi-

guantum wells (MQW), holes and electrons may also be photogenerated within this laver
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2116. However, if the active layer 2116 is protected with dielectric, the layer 2116 will
not be etched. The PEC etch will result in a device 2200 that is above the substrate 2104,
but still attached by way of the anchors 2202

PEC etching 15 not limited to the HI-nitride famuly and 1s used in other HI-V
systems, such as GaAs and InP. In another embodiment, where the device is an AlInGaP
LED, the sacnificial layer can be AlAs. In one example of the AllnGaP device, the
release mechanism 1s a selective etch using various acids and/or bases. After the etch, the
devices are partially released; they are still attached to the substrate 2104 through the
anchor 2202

In another embodiment, the device would be an InGaN LED grown on a sapphire
substrate. A high-energy laser 1s used in LLO to decompose the material at the
GaN/sapphire miterface, so that the substrate can be removed. The sample 1s then heated
above 30°C to melt away any residual material.

In the transfer step (4), an intermediate temporary substrate 2206, such as a rubber
stamp or other elastomer, 1s temporarily bonded to the top of the devices 2200 as a
transfer medium, as shown 11 FIG. 22(d). This rubber stamp can be prepared so that it
has some certain tackiness, such that it will stick to the devices easily. At this point, the
devices 2200 are between the host substrate 2104 (below) and the temporary substrate
2206 {e.g., rubber stamp {above}}, forming one group.

Once attached, the devices 2200 are then permanently removed from the host
substrate 2104 by mechanical fracture of the anchors 2202 that hold the devices 2200 to
the substrate 2104, as shown in FIG. 22{e}. The mechanical fracture is performed by
physically ripping the temporary transfer substrate 2206 (e.g., stamp) away from the host
substrate 2104 below the devices 2200, The patterning of the anchors 2200 s performed
50 that they are thin enough that the mechanical fracture requires little force. At this
point, the tops of the devices 2200 are temporarily bonded to the transfer/temporary

substrate 2206 {e g., rubber stamp).
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To transfer print to a second substrate 2208, the second substrate 2208 must be
prepared. In one embodiments, the second substrate 2208 has a thin adhesive layer 2210
of a ultraviolet radiation curable (UV-curable) polymer (such as polvurethane). The
transfer medium 2206 (e.g., rubber stamp) and temporarily bonded device 2200 are then
slowly pressed against the second substrate 2208 until the device 2200 makes contact, as
shown in FIG. 22(1). In one example, the whole system of the second substrate 2208,
transfer medium 2206 (e.g., rubber stamp), and device 2200 1s then initially cured in UV
ozone for greater than 10 minutes to promote adhesion of the device(s) 2200 and the
second substrate 2208,

In one example, after the utial curing, the transfer medium 2206 (e.g., rubber
stamp} 1s removed, and the UV curable polymer 2210 on the second substrate 2208 15
further cured, as shown i FIG. 22(g). Once the device(s) 22 are bonded to the second
substrate 2208, any final encapsulation or interconnect metallization that is necessary 13
performed.

The second substrate 2208 can be made of any matenial. For heat sinking, silicon
carbide (S10) 15 advantageous. For optical transparency, glass or sapphire may be
desired. For flexibility, a polymeric film such as polyvimide or polvethylene terephthalate
would be used.

In the attaching step (5), a final third substrate 2212 may be attached to the top
surface 2214 of the device(s) 2200, as shown in FIG. 22(h). Prior to attaching the third
substrate 2212 to the device(s) 2200, the substrate 2212 may have electrical
imterconnections that are already patterned. When the third substrate 2212 is eventually
attached, the device(s} 2200 are then able to be electrically contacted through patterns on
the substrate (2212). The interconnects may be made of metal or a TCO to allow for

fransparency.
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FIGS. 23(a)-(e) 1llustrate a method to assemble and arrange RGB subpixels 2300
side-by-side on the second substrate 2208 to create pixels 2302 of a display 2304, The
technique s stimilar to transferring one subpixel 2300

In order to create a full-color display, three sources of epitaxially grown material
are needed: one for red, one for green, and one for blue. These epitaxial films can be
made of different systems (such as Il-nitrides, [H-arserudes, etc.). Subpixels 2300 of one
color are transferred onto a final substrate 2306 while leaving space for the subpixels
2300 of the two other colors.

One example pattern 1s shown m FIG. 23(a), but any pattern can be used. In thus
example, the pixels 2302 are shown n a top-down perspective. The larger outer
rectangle 2306 represents an area of the display 2304, The long dashed 2308 rectangles
mdicate empty spaces where hight-emutting devices 2200 should be placed, wherein each
dashed rectangle 2308 comprises a subpixel 2300 (they are marked R, G, or B to
represent the color of the subpixel 2300). The squares 2310 that encompass each three
RGB subpixels 2300 represent an individual pixel 2302, which 13 indicated as being 25
nierometers (umy long on a side.

The intermediate substrate 2206 or transfer medium {(e.g. the rubber stamp) upon
which the light-emitting devices 2200 are temporarily bonded can be molded and
patterned so that it leaves enough spacing {(e.g., 25 um) for the subpixels 2300 of the
other colors, as shown in FIG. 23(b).

Light-enutting devices 2200 are transferred unti] all subpixel 2300 spaces of a
pixel 2302 are filled, as shown in FIGS. 23(c)-23{e). To assemble a pixel 2302, each of
the subpixels 2300 are transferred to the pixel 2302, In one embodiment, the red
subpixels 2300 are transferred into the R spaces, as shown by the shaded dashed
rectangles 2312a in FIG. 23(c); the green subpixels 2300 are transferred into the G

spaces, as shown by the additional shaded dashed rectangles 2312b i FIG. 23(d}; and the
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blue subpixels 2300 are transferred into the B spaces, as shown by the additional shaded

dashed rectangles 2312¢ i FIG. 23(e). At this point, the pixels 2302 are fully assembled.

Low hvdrogen overpressure technique

FIG. 24 illustrates a method of growing a HI-V semiconductor film. The method
comprises the following steps.

Block 2400 represents growing a p-n junction 1210 with a hight-emitting active
region 1206 using metalorganic chemical vapor deposition (MOCVD).

Block 2402 represents performing a subsequent regrowth using a technique
mvolving low hydrogen overpressure so that the activated MOCVD grown material
forming the p-n junction 1s not passivated with hydrogen.

In one or more embodiments, the subsequent regrowth forms a tunnel junction
i216.

Block 2404 represents the end result, a device, e.g., as Hustrated in FIG. 12{a)
after additional processing steps are performed.

In one or more embodiments, the p-n junction comprises an n-type laver 1202, a
p-type layer 1208, and the light-emitting active region 1206 between the p-type layer
1208 and the n-type layer 1202, the subsequent regrowth comprises another n-type layer
1214a-c, the n-type layer 1202 and the active region 1206 are grown using MOCVD, and
the p-type laver 1208 and the another n-type laver 1214a-c are grown by the technique
mvolving low hydrogen overpressure. In one or more embodiments, the n-type layer
1202, the hght-emitting active region 1206, and the p-type layer a1 208 re grown using
MOCVD, and the another n-type layer 1214a-c 1s grown by the technique mvolving low
hydrogen overpressure.

In one or more embodiments, the subsequent regrowth includes doped p-type

material 618 having a higher p-type dopant concentration than the p-type layer 612.
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Modifications and Alternatives

The present invention provides a number of modifications and alternatives.

This mvention allows for displays that can be mtegrated onto any surface by
choosing an appropriate substrate.

In certam embodiments, the display will be flexible if the substrate chosen has the
property of being flexible. Such substrates include polymeric materials, polyinude or
polvethylene terephthalate. This substrate can then be attached to a curved surface.

In certain embodiments, the display will be transparent if the substrate chosen and
the metal contacts are transparent. These substrates and contacts could be glass and
transparent conducting oxides, respectively.

In certaim embodiments, the display will be opaque if the substrate 1s chosen as
such. This embodiment will allow for high brightness displays by including a murror that

s made out of reflective material, such as silver.

Advantases and Benefits

The present invention provides a number of advantages and benefits.

Self-emissive inorganic HI-V light-emitting devices can be used as RGB
subpixels in many different types of displays. The use of a tunnel junction allows for low
resistance devices.

With state of the art IH-V compound semiconductor LEDs, energy efficiencies
can at least double that of OLED displays. Moreover, with the small pixel sizes of HI-V
compound semiconductor LEDs, ultra-high resolution can be achieved.

The combination of PEC etching or LLO and transfer printing allows for high
throughput and vield during manufacturing. The combination of an undercut mechanism,
such as PEC etching or LLO, and thin film layer transfer, through transfer printing,

allows for unique display forms to be made.
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Indeed, by using transfer printing, any size display can be fabricated with ultra-
high resolution. In addition to display monitors or mobile phone displays, micro-LED
displays can be used on near-eye and head-mountable technologies, where pixels must be
very small in order to provide ultra-high resolution.

With this invention, displays that are flexible are possible as well, and displays
can be integrated onto any surface by choosing an appropriate substrate. Subpixels can
be transterred onto a transparent, flexible substrate, such as polyimide or polyethylene
terephthalate, and the substrate can then be attached to a curved surface. In addition to
having curved television screens or mobtile devices, these micro-LED displays can be
mtegrated onto transparent surfaces, such as a car dashboard or a glass window.

Transparent stand-alone displays are also possible with this invention. By using
TCOs, such as indium tin oxide or zine oxide, for metal contacts and transparent

substrates, such as glass or a polymeric film, the entire device will be transparent.

References for part D

The following publications, referenced above are relevant to this disclosure and are
incorporated by reference herein.

(11 11.S. Patent Application Publication No. 2015/6372187 A1, published on
December 24, 2015, by Bower et al, entitled “Systems and methods for preparing GaN
and related materials for micro assembly.”

(21 M. A Meith Z.-T. Zhe, V. Kuomar, K. J Lee, X Feng, Y. Y. Huang, 1.
Adesida, R G. Nuzzo, and J. A, Rogers, “Transfer printing by kinetic control of adhesion
to an elastomeric stamp,” Nat. Mater, vol. 5, no. 1, pp. 33-38, 2000,

[31S.-1 Park, Y. Xiong, R-H. Kim, P. Elvikis, M. A Meitl, D. Kim, J. Wu, J.
Yoon, C. Yu, £. L, Y. Y. Huang, K. Hwang, P. Ferrera, X L1, K. Choquette, and J. A
Rogers, “Printed assemblies of inorganic light-enutting diodes for deformable and

semitransparent displays,” Science, vol. 325, no. 5943, pp. 977-981, 2009.
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[41 H. Kim, E. Brueckner, J. Song, Y. L1, S. Kim, C. Lu, J. Sulkin, K. Choquette,
Y. Huang, R. G. Nuzzo, and J. A Rogers, “Unusual strategies for using indium gallium
nitride grown on silicon (111) for solid-state lighting,” Proc. Natl. Acad. Sci. U. S, A,

vol. 108, no. 25, pp. 10072-10077, 2011,

Nomenciature

<z<l,andw +x+y+z=1

Spontanecus and piezoelectric polarization effects 1 GaN or [I-nitride based
devices are elimunated by growth of the device on nonpolar planes of the crystal. Such
planes contain equal nambers of Ga {(or group HI atoms) and N atoms and are charge-
neutral. Furthermore, subsequent nonpolar layers are equivalent to one another so the
bulk crystal will not be polarized along the growth direction. Two such families of
symmetry-equivalent nonpolar planes in GaN are the {11-20} famuly, known collectively
as a~-planes, and the {1-100} family, known collectively as m-planes. Thus, nonpolar HI-
mitride is grown along a direction perpendicular to the (6001) c-axis of the H-nitride
crystal.

Another approach to reducing polarization effects in {Ga, Al In,B)N devices is to
grow the devices on semi-polar planes of the crystal to form semipolar device layers.
The term “semi-polar plane” (also referred to as “semipolar plane”) can be used to refer
to any plane that cannot be classified as c-plane, a-plane, or m-plane. In crystallographic
terms, a semi-polar plane may include any plane that has at least two nonzero h, 1, or k
Miller indices and a nonzero | Miller index.

Polar ¢-plane devices can also be fabricated. The Gallium or Ga face of GaN 15
the ¢” or (0001) plane, and the Nitrogen or N-face of GaN or a I{I-nitride layer is the ¢ or
(000-1) plane.
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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 mvention has

been presented for the purposes of illustration and description. It is not intended to be

5 exhaustive or to limit the invention to the precise form disclosed. Many modifications and
variations are possible i light of the above teaching. It 1s intended that the scope of the
mvention be himited not by this detailed description, but rather by the claims appended
hereto.
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WHAT IS CLAIMED IS:

1. A method for fabricating a [HI-Nitride based semiconductor device,
cCOMprising;

{(a) performung a growth of HI-Nitride based material comprising a p-n junction,
mncluding p-type H-nitride material and n-type Hl-nitride matenial, and a first active
region between the p-tvpe Hi-nitride material and the n-type [H-nitride material, wherein
the n-type lli-nitride material and the first active region are grown using metal organic
chenmuical vapor deposition (MOCVD); and

{(b) performing a subsequent growth of the II-Nitride based material using

physical vapor deposition (PVD).

2. The method of claim 1, wherem:

the subsequent regrowth forms a tunnel junction,

the p-type [H-nitride material 13 grown using MOCVD, and

the subsequent regrowth using the PVD prevents passtvation of the activated

MOCVD grown p-type HI-Nitride matenial forming the p-n junction.

3. The method of claim 1, wherein:
the subsequent regrowth forms a tunnel junction with the p-type [H-nitride
maienal, and

the p-type ll-nitride material and the tunnel junction are grown using the PVD.

4, The method of claim 1, wherein:
the subsequent regrowth forms a tunnel junction,
the subsequent regrowth includes growth of second p-type Hi-nitride

material to reduce contact resistance of the tunnel junction, and
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the second p-type Hi-nitride material has a higher p-type dopant

concentration than the p-type Hl-nitride material forming the p-n junction.

5. The method of claim 1, wherein:

the subsequent regrowth forms a tunnel junction,

the p-type [lI-nitride material 1s grown using MOCVD, and

the subsequent regrowth ends with an n-type material between about 1 nm to
about 500 nm thick, allowing for the protection of the activated p-GaN, in the p-n

junction, from ion damage.

6. The method of claim 1, wherein:

the subsequent regrowth forms a tunnel junction, and

the subsequent regrowth ncludes second n-type Hi-nitride material and second p-
type Hl-nitride matenial, and

the tunnel junction is formed at a regrowth mterface between the second n-type

H-nitride matenial and second p-type Hi-nitride material.

7. The method of claim 6, wherein delta-doping 1s used at the regrowth
interface.
8. The method of claim 1, wherein the subsequent regrowth forms a tunnel

junction, the method further comprising performing another growth using MOCVD on or
above the tunnel junction and after the subsequent regrowth, the another growth
comprising a second active region with or without another set of n-type Ill-nitride and/or

p-type Hl-nitride layers.
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9. The method of claim 8, wherein the first active region is an active region
for a first hight-emitting diode (LED) emitting a first enmission wavelength of light and the
second active region is an active region for a second LED emutting hight having a similar
emission wavelength as the first emission wavelength, such that efficiency droop 1s

reduced through use of the multiple active regions.

i0. The method of claim 8, wherein first and second active regions emit
electromagnetic radiation of similar wavelengths and are aligned to peaks of a cavity

mode i a vertical-cavity surface-emitting laser (VCSEL).

il. The method of claim &, wherenu

the first active region s an active region for a light-emitting diode (LED}, a
vertical cavity surface emutting laser (VCSEL), or an edge-emitting laser diode (EELD),

the second active region s a single or muitiple quantum well structure emitting a
tonger wavelength of electromagnetic radiation, and

the second active region s optically pumped by emission of a shorter wavelength

from the first active region, the shorter wavelength shorter than the longer wavelength.

12. The method of claim &, wherein:

the second active region 1s an active region for a light-emitting diode (LED), a
vertical cavity surface emitting laser (VCSEL), or an edge-emitting laser diode (EELD),

the first active region 1s a single or multiple quantum well structure emitting a
longer wavelength of electromagnetic radiation,

the first active region is optically pumped by emission of a shorter wavelength

from the first active region, the shorter wavelength shorter than the longer wavelength.
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13. The method of claims 11 or 12, further comprising using a photodiode to
monitor the emission of the shorter wavelength from the first or second active regions,
wherein the photodiode has an electromagnetic radiation sensitive region mcluding the

single or multiple quanturm well structure.

14, The method of claim 8, wherein:

the first active region 1s an active region for a light-emitting diode (LED) having a
first emission wavelength, and

the second active region 15 an active region for an LED having a different

emission wavelength than the first emission wavelength.

15, The method of claim 1, wheremn:

the subsequent regrowth forms n-type IH-nitride matenal including a region
forming a tunnel junction with the p-type ll-mitride material and a region serving as a
current spreading layer, and

the device s a light-emitting diode (LED), a vertical cavity surface enutting laser

{(VCSEL), or an edge-emutting laser diode (EELD).

16. The method of claim 1, wherein:

the subsequent regrowth forms a tunnel junction with the p-type Hi-mitride
material, and

the device is a light-emitting diode (LED), a vertical cavity surface emitting laser
(VCSEL), or an edge-emitting laser diode (EELD), and the method further comprises
repeating steps (a) and (b) so as to form multiple p-n junctions separated by multiple

embedded tunnel junctions screening or enhance polarization fields in active regions.

17. The method of claim 1, wherein:
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the subsequent regrowth forms a tunnel junction with the p-type Hl-nitride
material,

the device 1s a light-emitting diode (LED), a vertical cavity surface emitting laser

the p-type [I-nitride material in the p-n junction s thinner than m a device
without the tunnel junction, reducing electrical and optical losses in the p-type Hi-nitride

layer.

18. The method of claum 1, wherein:

the subsequent regrowth forms a tunnel junction with the p-type Hl-nitride
materal,

the device 1s a light-emutting diode (LED), and

sheet resistances on both sides of the LED s p-n junction are matched to reduce

current crowding,

19. The method of claim 1, wheremn:

the subsequent regrowth comprises n-type GaN 1ncluding a region forming a
tunnel junction with the p-type Hl-nitride material,

the n-type [{l-nitride material includes n-type GaN,

the device 1s a light-emitting diode {LED), and

the n-GaN layers are roughened to increase an extraction efficiency of the LED.

20. The method of claim 1, wherein:
the subsequent regrowth forms a tunnel junction with the p-type Hl-nitride

material,
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the device 1s a vertical cavity surface emitting laser {VCSEL) processed 1n a flip-
chip geometry with one or more high reflectivity optical coatings to enhance light

extraction or confine an optical mode in the VCSEL.

21 The method of claum 1, wherein:
the subsequent regrowth forms a tunnel junction with the p-type Hl-nitride
matenial, and

the device is a multi-junction solar cell or photodiode.

22. The method of claim 1, wherein:

the subsequent regrowth comprises n-type GaN 1ncluding a region forming a
nmnel junction with the p-type l-nitride material, and

a single metal contact deposition step 15 used to fabricate contacts to both n-type

layers of the device.

23. The method of claim 1, wheremn:
the subsequent regrowth comprises n-type GaN 1ncluding a region forming a
tunnel junction with the p-type Hi-nitride material, and

a top n-(aN layer of the tunnel junction eliminates the need for a p-contact grid.

24. The method of claim 1, wherein each buried n-GaN layer in the device 15

contacted, such that current flowing through each active region is controlied individually.

25, The method of claim 1, wherein the subsequent regrowth 1s performed

using electron cyclotron resonance (ECR) sputtering.
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26. The method of claim 1, wherein the subsequent regrowth 1s performed

using direct current (DC) sputtering.

27. The method of claim 1, wherein the subsequent regrowth is performed

using radio frequency (RF) sputtering,

28, The method of claim 1, wherein the subsequent regrowth is performed

using direct current {DC) magnetron sputtering,

29. The method of claim 1, wheremn the subsequent regrowth is performed

using radio frequency (RF) magnetron sputtering.

30. The method of claim 1, wheremn the subsequent regrowth 1s performed

using direct current (BC) reactive sputtering.

31 The method of claim 1, wheremn the subsequent regrowth is performed

using radio frequency (RF) reactive sputtering,

32. The method of claim 1, wherein the subsequent regrowth is performed

using direct current (BC) magnetron reactive sputtering,

33 The method of claim 1, wherein the subsequent regrowth is performed

using radio frequency (RF) magnetron reactive sputtering.

34 The method of claim 1, wherein the subsequent regrowth is performed

using 1on beam-assisted deposition.
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35, The method of claim 1, wherein the subsequent regrowth is performed

using ion beam deposition.

36. The method of claim 1, wherein the subsequent regrowth is performed

using pulsed laser deposition.

37. The method of claim 1, wherein the subsequent regrowth is performed

using a n-type [H-nitride target.

38 The method of claim 1, wheremn the subsequent regrowth is performed

using a Ga target.

39, The method of claim 1, wheremn the subsequent regrowth 1s performed

using a Ga-S1 alloy target.

40, The method of claim 1, wheremn the subsequent regrowth is performed

using a (Ga-Ge alloy target.

41, The method of claim 1, wherein the subsequent regrowth is performed

using group 1 element metalorganic vapor precursors.

47, The method of claim 1, wherein the subsequent regrowth is performed

using vapor phase Si precursors.

43 The method of claim 1, wherein the subsequent regrowth is performed

using vapor phase Ge precursors.
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44, The method of claim1, wherein the subsequent regrowth is performed

using a method different from Molecular Beam Epitaxy (MBE).

43, A method for fabricating an optoelectronic or electronic device,
cCOMprising;

treating a surface of a p-type layer of a p-n junction structure comprising the p-
type layer on or above an n-type layer;

depositing n-type material on the p-type layer to form a tunnel junction between
the p-type layer and the n-type material, wherein the treating reduces a concentration of
acceptors or impurities at the interface of the tunnel junction with the p-type laver and in

the n-type matenial

46, The method of claim 45, where the treating reduces the concentration of

Oxygen at the surface.

47. The method of claim 45, wherein the treating comprises exposing the

surface to a Hydrogen Fluoride (HF) solution.

48, The method of claim 45, where the treating comprises exposing the

surface to a Hydrogen Chloride (HCL) solution.

49, The method of claim 45, wherein the treating comprises exposing the

surface to a mixture of Nitric acid and HCL

50. The method of claim 45, wherein the treating comprises exposing the

surface to gaseous HF.
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51 The method of claim 45, wherein the treating comprises exposing the

surface to gaseous HCL.

52. The method of claim 45, wherein the treatment comprises exposing the

surface to Xenon difluoride (Xeb2).

53 The method of claims 45 or 46, wherein the treating comprises etching the
surface.

54, The method of claim 53, wherein the etching 15 wet or dry etching,

55, An optoelectronic or electronic device, comprising:

a p-n junction structure comprising a p-type [H-ntride layer on or above an n-type
[H-nitride layer; and

n-type Hi-mtride material on a surface treated surface of the p-type Hi-nitride
layer, forming a tunnel junction between the p-type Hl-nitride layer and the n-type 11~
mitride matenial, wherem the treating reduces a concentration of acceptors or impurities at
the interface of the tunnel junction with the p-type lil-nitride layver and i the n-type 1i1-
nittride material, such that:

a Magnesium concentration at the interface is no more than 1.3e19 /om®, and

an Oxygen concentration at the interface is no more than 1.2e18 /em’.

56. A method for fabricating an IH-nitride semiconductor device, comprising:

{a} performing a growth of Hi-nitride material comprising a p-n junction with a
first active region using metal-organic chemical vapor deposition (MOCVD), the p-n
junction comprising a p-type layer and an n-type layer;

(b} performing a subsequent regrowth of the W-nitride material; and
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{c} reactivating the p-type layer by lateral diffusion of hydrogen through mesa
sidewalls in the lli-nitride material, the mesa having one or more lateral dimensions that

are less than or equal to about 200 pm.

57. The method of claim 36, wherein the subsequent regrowth forms a tunnel
junction.
58. The method of claim 57, wherein:

the p-n junction comprises the n-type laver, the p-type layer, and the first active
region between the p-type laver and the n-type layer,

the n-type layer and the first active region are grown using MOCVD, and

the p-type layer and the tunnel junction are grown using chenucal vapor

deposition {CVD).

59, The method of claim 36, wherein the TH-nutnide matenal in the subsequent
regrowth comprises doped p-type material having a higher p-type dopant concentration

than the p-type layer so as to reduce contact resistance of the tunnel junction.

60. The method of claim 56, wherein the {H-nitride matenial in the subsequent
regrowth ends with second n-type layer having a thickness between about 1 nm to about

5000 nm.

61. The method of claim 56, wherein the Hfi-nitride material in the subsequent
regrowth includes a second n-type layer and a second p-type layer, and the tunnel
junction is formed at a regrowth interface between the second n-type layer and the second

p-type layer.
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62. The method of claim 61, wherein delta-doping is used at the regrowth
mterface.
63. The method of claim 56, further comprising performing another growth of

IH-nitride material using metal organic chemical vapor deposition (MOCVD), after the
subsequent regrowth, comprising a second active region on or above the tunnel junction

and with or or without another set of n-type HI-nitride and/or p-type Hi-mitride layers.

64. The method of claum 63, wherein:

the first active region s a first light-enutting diode (LED) emitting a first
wavelength of light, and

the second active region s a second LED emutting a second wavelength sumular to
the first wavelength, such that efficiency droop n the LED reduced through use of the

multiple active regions.

65, The method of claim 63, wheremn:

the first active region 1s a first hght-emutting diode (LED} emitting a first
wavelength of light and the second active region 1s a second LED emitting a wavelength
different from the first wavelength, such that the device emits light having a range of

wavelengths.

60, The method of claim 63, wherein:
the first and second active regions emit electromagnetic radiation having similar
wavelengths and are aligned to peaks of a cavity mode in a vertical-cavity surface-

emitting laser (VCSEL).

67. The method of claim 63, wherein:
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the first active region 1s in a light-emitting diode (LED), a vertical cavity surface
emitting laser (VCSEL), or an edge-emitting laser diode (EELD),

the second active region comprises a single or multiple quantum well structure
emitting a first wavelength of electromagnetic radiation in response to optical pumping
by emission from the first active region, and

the emission from the first active region having a shorter wavelength than the first

wavelength,

63. The method of claum 63, wherein:

the second active region 1s in a hght-emitting diode (LED), a vertical cavity
surface emitting laser {(VCSEL), or an edge-emitting laser diode (EELD),

the first active region comprises a single or multiple quantum well structure
emitting a first wavelength of electromagnetic radiation n response to optical pumping
by emussion from the second active region, and

the emission from the second active region having a shorter wavelength than the

first wavelength.

69. The method of claims 67 or 68, further comprising using a photodiode
comprising the quantum well structure to monitor the emissions of shorter wavelength

from the first or second active region.
70. The method of claim 63, wherein the first active region is in a light-
emitting diode {LED) emitting a first wavelength of electromagnetic radiation, and the

second active region is in an LED emitting a wavelength different form the first

wavelength.
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71. The method of claim 63, wherein the device is a hight-emitting diode
(LED), a vertical cavity surface emitting laser (VCSEL), or an edge-emitting laser diode
(EELD), and the subsequent regrowth comprises a top n-GaN layer serving as a current

spreading layer.

72. The method of claim 63, further comprising repeating steps {a) and (b} so
as to form multiple p-o junctions separated by multiple embedded tunnel junctions
screening or enhancing polarization fields i the active regions, wherein the device 1s a
hight-emitting diode (LED), a vertical cavity surface enutting laser (VCSEL), or an edge-

emitting laser diode (EELD).

73. The method of claim 63, wherein:

the device 15 a light-emitting diode (LED), a vertical cavity surface emitting laser
(VCSEL), or an edge-enutting laser diode (EELD), and

the p-type layer s thinner than tn a p-n junction not connected to the tunnel

junction, thereby reducing electrical and optical losses n the p-type layer.

74. The method of claim 63, wherein the device is a ight-emitting diode
(LED), and sheet resistance on both sides of the p-n junction is matched to reduce current

crowding.

75. The method of claim 63, wherein:

the subsequent regrowth comprises an n-type GaN layer,
the n-type layer comprises an n-type GaN layer,

the device is a light-emitting diode (LED), and

the n-GaN lavers are roughened to increase an extraction efficiency of the LED.
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76. The method of claim 63, wherein the device is a vertical cavity surface
emitting laser {VCSEL) processed in a tlip-chip geometry with one or more high
reflectivity optical coatings to enhance light extraction or confine an optical mode in the

VCSEL.

77. The method of claim 63, wherein the device 13 a multi-junction solar cell

or photodiode.

73. The method of claim 63, wherein
the subsequent regrowth comprises a second n-type layer, and
a single metal contact deposition 18 used to fabricate contacts to both n-type

layers of the device.

79 The method of claim 63, wherein the subsequent regrowth comprises a top

n~-GaN layer and the device does not include a p~contact.

30. The method of claim 63, further comprising repeating steps {a} and (b) so
as to form muitiple p-n junctions and tunnel junctions, the tunnel junctions comprising an
n-type GaN layer, wherein each buried n-GaN layer in the device contacted, such that

current flowing through each active region is controlled individually.

81 The method of claim 56, wherein the subsequent regrowth 1s performed
using MOCVD.
82. The method of claim 56, wherein the subsequent regrowth 1s performed

using group [ element metalorganic vapor precursors.
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83. The method of claim 56, wherein the subsequent regrowth 1s performed

using vapor phase Si precursors.

84, The method of claim 56, wherein the subsequent regrowth 1s performed

using vapor phase Ge precursors.

85, The method of claim 56, wherein Mg concentrations in the subsequent

regrowth layers are suppressed.

86, The method of claim 56, wherein Mg concentrations 1o the subsequent

regrowth layers are suppressed through exposure to an acid.

87. The method of claim 36, wherein Mg concentrations in the subsequent

regrowth layers are suppressed through exposure to hydrofluoric acid.

8. The method of claim 56, wherein Mg concentrations in the subsequent

regrowth layers are suppressed through exposure to hydrochlornie acid.

89. The method of claim 56, wherein Mg concentrations in the subsequent

regrowth layers are suppressed through flow modulation epitaxy.

90, The method of claim 56, wherein Mg concentrations in the subsequent

regrowth are suppressed through low temperature flow modulation epitaxy.

91. The method of claim 56, wherein Mg is activated through the lateral

diffusion of the Hydrogen through the mesa sidewalls at elevated temperatures.
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92, A method of growing -V semiconductor films, comprising:

growing a p-n junction with a light-emitting active region using metalorganic
chemical vapor deposition (MOCVD); and

growing a subsequent regrowth using a technique involving low hydrogen
overpressure 50 that the activated MOCVD grown material forming the p-n junction is

not passivated with hydrogen.

93. The method of claim 92, wherein the subsequent regrowth forms a tunnel
junction.
94, The method of claim 93, wherein:

the p-n junction comprises an n-type layer, a p-type layer, and the light-emitting
active region between the p-type layer and the n-type layer,

the subsequent regrowth comprises another n-type layer,

the n-type layer and the active region are grown using MOCVD, and

the p-type layer and the another n-type layer are grown by the technique involving

tow hydrogen overpressure,

9s5. The method of claim 93, wherein:

the p-n junction comprises an n-type layer, a p-type layer, and the light-emitting
active region between the p-type laver and the n-type laver,

the subsequent regrowth comprises another n-type laver,

an n-type layer, the light-emitting active region, and the p-type layer are grown
using MOCVYD, and

the another n-type layer is grown by the technique involving low hydrogen

OVEIpressure.
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96, The method of claim 93, wherein the subsequent regrowth includes doped

p-type material having a higher p-type dopant concentration than the p-type layer.

97. A method of preparing HI-V compound semiconductor micro hight-
emitting devices to be separated from a host substrate and transferred to a second
substrate, comprising:

growing an epitaxial film of -V compound semiconductor material on a host
substrate through a hybrnid method using metalorganic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE); and

patterning the epitaxial film into one or more micro devices on the host substrate
and adding electrical contacts to the devices;

patterning structures i the epitaxaal film that expose a sacrificial layer to be
undercut;

patterning anchoring structures that connect the devices to each other while the
devices are being undercut and separated from the substrate; and

removing the sacrificial layer via a photoelectrochemical (PEC) etch, wherein the

devices are tmmersed m a chemical solution and exposed to a hight source.

S8, The method of claim 97, wherein further comprising growing the epitaxial

film homoepitaxially on the host substrate.

99, The method of claim 97, further comprising growing the epitaxial film

heteroepitaxially on the host substrate.

100.  The method of claim 97, wherein the epitaxial film includes the sacrificial

layer.
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101.  The method of claim 97, wherein the anchoring structures are patterned by

depositing material onto the devices or are patterned from the existing epitaxial film.

102, The method of claim 97, wherein the light source of the PEC etch has a

wavelength below 420 nm.

103, The method of claim 97, wherein the chemical solution is potassium

hydroxide.

104, The method of claim 97, wherein the sacrificial layer has a bandgap that

corresponds to a wavelength above 400 nm.

105, A method of transferring separated micro hight-emitting devices from a
host substrate onto a second substrate by temporarily bonding to a temporary substrate,
COMPrising:

growing an epitaxial film of HI-V compound semiconductor material on a host
substrate;

patterning the epitaxial film into micro devices on the host substrate and adding
electrical contacts to the devices;

patterning structures in the epitaxial film that expose a sacrificial layer to be
undercut,

patterning anchoring structures that connect the devices to each other while the
devices are being undercut and separated from the substrate;

removing the sacrificial layer via a photoelectrochemical (PEC) etch, wherein the

devices are immersed in a chemical solution and exposed to a light source;
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removing the devices from the host substrate by bonding the devices to a
temporary substrate and mechanically fracturing the patterned anchoring structures that
connect the devices to each other; and

transferring the devices from the temporary substrate onto a second substrate.

106.  The method of claim 107, wherein the temporary substrate is a rubber

stamp or other elastomeric matenial.

107 The method of claim 107, wherein a tackiness of the temporary substrate

is varied.

108 The method of claim 107, wherein the second subsirate has an adhesive

layer.

109, The method of claim 111, wherein the adhesive layer 1s a UV-curable

polymer.
110.  The method of claim 107, wherein the second substrate has electrical
interconnections patterned thereon and the electrical interconnections are made of metal

or a transparent conducting oxide to provide transparency.

111, The method of claim 107, wherein the second substrate is a transparent

substrate.

112, The method of claim 107, wherein the second substrate is a flexible

substrate comprising a polymeric film.
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113, The method of claim 107, wherein the second substrate is a rigid substrate

comprising at least one material selected from sapphire, silicon, and silicon carbide.

114, A method of assembling red, green, and blue (RGB) subpixels into display
pixels using HI-V compound semiconductor micro light-emutting devices, comprising:

removing a sacrificial layer from the devices via a photoelectrochenucal (PEC)
etch, wherein the devices are immersed in a chemical solution and exposed to a hight
50UrCe;

removing the devices from a first substrate by bonding the devices 1o a ternporary
substrate and mechanically fracturing parts of a pattern that connects the devices to each
other;

transferring the devices from the temporary substrate onto a second substrate; and

bonding exposed surfaces of the transferred devices to a third substrate, thereby

sandwiching the devices 1n between the second and third substrates.

115, The method of claim 114, wherein the red, green, and blue display

subpixels are comprised of the devices made from different epitaxial films.

116,  The method of claim 114, wherein the second substrate is a transparent

substrate.

117.  The method of claim 114, wherein the second substrate is a flexible

substrate comprising a polymeric film.

118 The method of claim 114, wherein the second substrate is a rigid substrate

comprising at least one material selected from sapphire, silicon, and stlicon carbide.
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119, The method of claim 114, wherein the third substrate has electrical
mterconnections patterned thereon, and the electrical interconnections are made of metal

or a transparent conducting oxide to provide transparency.

120, The method of claim 114, wherein the third substrate is a transparent

substrate,

121, The method of claim 114, wherein the third substraie is a flexible substrate

comprising a polymeric film.

122, The method of claim 114, wherein the third substrate s a rigid substrate

comprising at least one material selected from sapphire, silicon and stlicon carbide.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:l Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Intemational Searching Authority found multiple inventions in this international application, as follows:
See extra sheet.

1. I___I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2, [:I As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. ﬁ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-44

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-***-Continued from Box IlI-***-
The application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-44 are directed towards a method for fabricating a Ill-Nitride based semiconductor device, comprising: performing a
subsequent growth of the llI-Nitride based material using physical vapor deposition.

Group II: Claims 45-55 are directed towards a method for fabricating an optoelectronic or electronic device, comprising: wherein the
treating reduces a concentration of acceptors or impurities at the interface of the tunnet junction with the p-type lli-nitride layer and in the
n-type lll-nitride material, such that: a Magnesium concentration at the interface is no more than 1.3e19 /cm3, and an Oxygen
concentration at the interface is no more than 1.2e18 /cm3.

Group lIl: Claims 56-91 are directed towards a method for fabricating an lil-nitride semiconductor device, comprising: reactivating the
p-type layer by lateral diffusion of hydrogen through mesa sidewalls in the lll-nitride material, the mesa having one or more lateral
dimensions that are less than or equal to about 200 pm.

Group IV: Claims 92-86 are directed towards a method of growing Ill-V semiconductor films, comprising: growing a subsequent regrowth
using a technique involving low hydrogen overpressure so that the activated MOCVD grown material forming the p-n junction is not
passivated with hydrogen.

Group V: Claims 97-113 are directed towards a method of preparing Ill-V compound semiconductor micro light-emitting devices to be
separated from a host substrate and transferred to a second substrate, comprising: growing an epitaxial film of 11-V compound
semiconductor material on a host substrate through a hybrid method using metal-organic chemical vapor deposition (MOCVD) and
molecular beam epitaxy (MBE); and patterning anchoring structures that connect the devices to each other while the devices are being
undercut and separated from the substrate.

Group VI: Claims 114-121 are directed towards a method of assembling red, green, and blue (RGB) subpixels into display pixels using
1I-V compound semiconductor micro light-emitting devices, comprising: bonding exposed surfaces of the transferred devices to a third
substrate, thereby sandwiching the devices in between the second and third substrates.

The inventions listed as Groups |-VI do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features. Group | has at least performing a subsequent growth of the
lll-Nitride based material using physical vapor deposition that Groups |-Vl do not have. Group I! has at least wherein the treating
reduces a concentration of acceptors or impurities at the interface of the tunnel junction with the p-type lll-nitride layer and in the n-type
llI-nitride material, such that: a Magnesium concentration at the interface is no more than 1.3e19 /cm3, and an Oxygen concentration at
the interface is no more than 1.2e18 /cm3 that Groups | & 11-VI do not have. Group Il has at least reactivating the p-type layer by lateral
diffusion of hydrogen through mesa sidewalls in the lll-nitride material, the mesa having one or more lateral dimensions that ars less
than or equal to about 200 pm that Groups I-Il & 1V-Vi do not have. Group IV has at least growing a subsequent regrowth using a
technique involving low hydrogen overpressure so that the activated MOCVD grown material forming the p-n junction is not passivated
with hydrogen that Groups I-1ll & V-VI do not have. Group V has at least growing an epitaxial film of 11-V compound semiconductor
material on a host substrate through a hybrid method using metal-organic chemical vapor deposition (MOCVD) and molecular beam
epitaxy (MBE), and patterning anchoring structures that connect the devices to each other while the devices are being undercut and
separated from the substrate that Groups I-IV & VI do not have. Group VI has at least bonding exposed surfaces of the transferred
devices to a third substrate, thereby sandwiching the devices in between the second and third substrates that Groups |-V do not have.

The common technical features of Groups I-VI are p-type and n-type Hi-nitride material; a first active region; and growth using
metal-organic chemical vapor deposition.

These common features are disclosed by US 2008/0164489 A1 (hereinafter “Schmidt”) which discloses p-type and n-type llI-nitride
material (p-type and n-type lll-nitride layers; claim 1 of Schmidt); a first active region (active region; claim 1 of Schmidt); and growth
using metal-organic chemical vapor deposition (MOCVD used to grow layers of optoelectronic device; claims 1 & 3 of Schmidt).

Since the common technical features are previously disclosed by the Schmidt reference, these common features are not special and so
Groups |-V lack unity.

Form PCT/ISA/210 (extra sheet) (January 2015)
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