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TEMPLATES FOR SUCH DEVICES, AND METHODS

This application claims the benefit under 35 U.S.C. Section 119(e) of the

following U.S. provisional patent applications:

U.S. Provisional Patent Application Ser. No. 60/835,934, filed on August 6,
2006, by R. J. Jorgenson, entitled “III-NITRIDE LIGHT-EMITTING
DEVICES WITH ONE OR MORE RESONANCE REFLECTORS AND
REFLECTIVE ENGINEERED GROWTH TEMPLATES FOR SUCH
DEVICES, AND METHODS.” |

U.S. Provisional Patent Application Ser. No. 60/821,588, filed on August 7,
2006, by R. J. Jorgenson, entitled “III-NITRIDE LIGHT-EMITTING
DEVICES WITH ONE OR MORE RESONANCE REFLECTORS AND
REFLECTIVE ENGINEERED GROWTH TEMPLATES FOR SUCH
DEVICES, AND METHODS.”

Both of the provisional applications identified above are incorporated by

reference herein.

BACKGROUND

1. FIELD OF INVENTION
The invention is related to semiconductor light emitters.
2. DESRIPTION OF RELATED ART

Throughout this application, references are cited. The respective disclosure

of each of these references is incorporated in its entirety by reference.

Light emitting diodes (LEDs) are semiconductor devices that generate light
from electrical excitation where electrons and holes combine to annihilate,

and thereby forming photons.

These structures are typically grown on sapphire or silicon carbide substrates

by OMVPE (Organo-Metalic Vapor Phase Epitaxy).

Fig. 1 shows one example of an OMVPE grown standard group III-nitride

semiconductor LED that comprises of a sapphire substrate (101), an
1
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[0013]

[0014]

[0015]

[0016]

[0017]

intrinsically doped gallium nitride (GaN) buffer layer 2pum thick (102), a
silicon doped 2um n-type GaN layer (103), an Indium Gallium Nitride
(InGaN) active region (104) comprised of a single quantum well or multiple
quantum wells, a current blocking layer (105) comprising of magnesium

doped p-type AlGaN, and a magnesium doped p-type GaN layer (106).

This LED structure is epitaxially grown on a substrate, which in this case is
sapphire, such that several LEDs are formed on the surface of the substrate
and electrical terminals (207) (208) are positioned on the n-type GaN layer
(203) and the p-type GaN layer (206) of each single LED as shown in Fig. 2.

Group IlI-nitride LEDs require a thick GaN buffer layer (102) of about 2um
when grown on a nonconductive sapphire substrate as described in US Patent
4,855,249 (Isamu Akasaki et al., Aug 8, 1989) and US Patent 5,686,738
(Theodore D. Moustakas, Nov 11, 1997). This is to achieve device quality
material before the n-type layer (103), active region (104) and p-type layers
(105) (106) of the device are grown. Although there are other methods,
generally this extended 2pum thickness is desirable to allow the GaN buffer

(102) to coalesce during growth resulting in device quality material.

Standard group IlI-nitride semiconductor LEDs usually have low light
extraction due to the refractive index contrast between the semiconductor
(Ngan=2.4) and air (N,i=1). Most of the light emitted inside an LED is
unable to escape through Snell’s window to reach the outside medium (air),
and thus has about 6% extraction efficiency from the extraction surface of

the LED.

One method to improve light extraction may involve shaping the light exiting
surface of the device to reduce the amount of generated light that is lost to
total internal reflection as described in US Patent 5,779,924 (Michael R.
Krames et al, Jul 14, 1998). A shaping technique that improves light
extraction comprises random texturing of the device surface to achieve light

scattering.

Another light extraction enhancement approach is to form a layer with a
photonic crystal structure as described in US Patent 6,831,302 (Alexei A.
Erchak et al Dec 14, 2004). If designed accordingly, a photonic crystal may
2
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[0018]

[0019]

inhibit guided modes so that more light is extracted through vertical modes
or direct guided modes out of the device by diffraction. Surface texturing and
photonic crystal structures suffer from added complexity due to extra
techniques and processing steps which may include extra layer formation or

etching steps.

As shown in Fig. 3, some IlI-nitride LEDs utilize a metal mirror contact
(308) on the p-type GaN layer (306) side of the device as described in US
Patent 6,573,537 (Daniel A. Steigerwald et al, Jun 3, 2003). The metal mirror
contact is deposited after the epitaxial process. In this example the metal
mirror contact (308) covers the entire p-GaN layer (306). Adjusting the p-
GaN layer thickness and as a result positioning of the mirror allows the
device to utilize optical cavity (309) effects as seen in Fig. 3 and Fig. 4. Light
emitted from the active region (304) self interferes due to reflection from the
closely placed metal mirror (308). Optical cavity effects may increase the
light emission into the vertical modes while reducing the total number of
horizontal optical modes. In this example, vertical modes are readily
extracted through a transparent substrate though Snell’s window. Positioning
the center of the active region (304) of the LED at, or close to, a maximum
(402) of the optical field distribution (401) as shown in Fig. 4, assists in light
extraction. The local maximums (402) of the optical field distribution (401)
are referred to as antinodes (402) because they are antinodes of the standing
optical wave. Generally, positioning the center of the active region (304) at
or close to the closest antinodes (402) to the metal contact (308) is desired to
allow more light through Snell’s window. As shown in Fig. 4, antinodes
(402), of the standing optical wave (401), are positioned periodically away
from the metal contact (308).

The above mentioned light extraction approaches are more easily applied to
the p-type GaN layer side of the device which is readily accessible for further
processing after the epitaxial crystal growth is completed. Because the
sapphire substrate is nonconductive and it is preferred to grow the conductive
n-type GaN layer side first, the n-type GaN layer side becomes buried and
difficult to access from the substrate side for further processing due to the
extreme hardness of sapphire.
3
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[0022]

[0023]
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[0026]

Dual-mirrored resonant cavity light emitting diodes (RCLEDs) or
microcavity light emitting diodes (MCLEDs) represent a further method of
increasing light extraction from a semiconductor light emitting device. The
active region is located within an LED in such a way as to create an optical
cavity between two properly placed mirrors that direct light emission into
vertical modes or a single mode by reducing the total number of optical

modes within an LED.

Coupling a highly reflective mirror with a partially reflective mirror to create
a cavity has been predicted to increase light extraction efficiencies in the
30% to 50% range over standard LEDs as mentioned within US Patent
6,969,874 (Gee et al., November 29, 2005).

The key to a properly functioning cavity LED is the placement of the mirrors

relative to the active region to obtain resonance and constructive interference.

Coupling a metal mirror on the outer p-type Ill-nitride surface of a LED to an
active region placed at or close to an antinode of an standing optical wave
can be performed relatively easily with standard deposition techniques as

described in US Patent 6,573,537 (Daniel A. Steigerwald et al, Jun 3, 2003).

One technique to couple a mirror within the n-type Ill-nitride region at or
close to an antinode of an standing optical wave includes the epitaxial growth
of Distributed Bragg Reflectors (DBRs) composed of alternating layers of
semiconductor materials, each with different refractive indexes and quarter
wavelength thicknesses. A large number of these layers may be required to

achieve sufficient reflectivity for the optical cavity.

While these DBRs may be grown epitaxially, they have a number of inherent
disadvantages. The alternating material layers often suffer from a lattice
mismatch that may lead to increased wafer cracking, poorer crystal quality,
reduced yield, lower uniformity, and higher manufacturing cost. Moreover,
DBRs are more electrically resistive, compared to metal or other

semiconductor materials, resulting in poor current injection into the device.

US Patent 6,969,874 (Gee et al., November 29, 2005) discloses a Flip-Chip
Light Emitting Diode with a Resonant Optical Microcavity using a DBR at

or close to an antinode of an standing optical wave. The DBR specified for
4
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[0027]

[0028]

[0029]

[0030]

[0031]

[0032]

[0033]

the device uses better lattice matched materials and requires fewer alternating
layers compared to previous DBR configurations. Nevertheless, while
potentially an improvement over previous DBRs, the device has not
adequately solved the manufacturing complexities or conductivity

shortcomings inherent in DBR material composition.

Another method to place a mirror within the n-type IlI-nitride region
comprises of removing the base substrate and any buffer layers, followed by
a thinning and polishing of the n-type IlI-nitride layer in such a way as to

create an interfacial mirror located optimally for the microcavity.

US Patent Application 2007/0096127 (P. Morgan Pattison, May 3, 2007)
discloses a MCLED with an interfacial mirror on the n-type side of a III-
nitride device coupled with a metal mirror deposited on the p-type Ill-nitride
side of the device and an enclosed active region placed at or close to an

antinode of an standing optical wave between the two reflective surfaces.

Fabrication of this MCLED requires laser-lift-off, as described in US Patent
6,071,795 (Nathan W. Cheung et al, Jun 6, 2000), to remove the substrate.
Additionally the n-type IlI-nitride layer must be etched to a precise and
accurate thickness to create an optimally positioned interfacial mirror relative
to the active region and a highly reflective metal mirror deposited on the p-

type I1I-nitride surface of the device.

While this approach has been shown to function, the process of laser-lift-off
and subsequent etching is difficult to commercialize and to obtain high

yields.

What is desired is a microcavity LED structure that does not require
cumbersome material removal or complicated layering. Further it is desirable
to combine various light extraction structures as described above while

allowing for high current injection.

SUMMARY

Device structures utilizing optical cavity effects for enhanced light extraction

comprising of an active region of an optimized thickness and placement with

5
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[0034]

[0035]

[0036]

[0037]

[0038)

respect to light extraction features and with respect to various configurations
of an epitaxially grown metal mirror is described. For purposes of this
disclosure, these embedded mirrors (or mirror configurations) are defined as

Grown-Epitaxial-Metal-Mirror (GEMM), or the GEMM layer.

In some examples, device structures may comprise an optical cavity that
comprises one GEMM and a second mirror. The second mirror may be a
Distributed Bragg Reflector (DBR), non-epitaxially grown metal mirror,
interfacial mirror, a GEMM, or any other mirror structure. In other examples,
said second mirror may be substituted with a roughened surface, a photonic
crystal, or other light extraction structures. Any combination of light
extraction structures may be coupled with the GEMM. There are many
variations that may be employed including combining multiple light

extraction structures on one or both sides.

In some configurations, light may propagate through the top of the device,
away from the substrate side. In other configurations, light may propagate
through a transparent substrate at the bottom of the device in the form of a
“Flip Chip” MCLED or RCLED. In other configurations the light may exit

more than one direction.

i

To create a resonant cavity device, the GEMM may be placed at or close to a
standing optical wave node to create constructive interference between the
light generated by the active region and the reflected light from the GEMM.
This enables light to be directed into modes (or a single mode) to increase the
amount of light propagating out of the LED. Light generated by optical
cavity devices are more directional and spectrally pure compared to standard
LED:s.

The GEMM may be grown fully non-transparent and highly reflective as per
its bulk material properties or grown semi-transparent to fit the requirements
of the different device structures by simply adjusting the GEMM growth
time, and thus thickness during epitaxy. The materials used for the GEMM
closely match the lattice constant of the IlI-nitride layers and are grown of

device quality.
Appropriately utilized GEMM layers have a number of advantages over

6
SUBSTITUTE SHEET (RULE 26)



WO 2008/019059 PCT/US2007/017334

[0039]

[0040]

[0041]

[0042]
[0043]
[0044]

[0045)

[0046]

[0047)

[0048]

[0049]

[0050]

current appropriately utilized device structure components like Distributed

Bragg Reflectors (DBRs) or non-epitaxial mirrors.

For example, GEMM layers may not require the layering of numerous
alternating semiconductor materials, like DBRs, that may create defects and

cracks.

Embedding a planar specular GEMM layer within a light emitting device
structure, such that optical cavity structures described herein are formed, may
not involve material removal such as laser-lift-off or material etching. The
steps to create these alternative structures with the GEMM are less process
intensive and more easily commercialized compared to other structures

described above.

Additionally, the GEMM layer may be used as a conductive layer to increase
electrical current injection and current distribution. Furthermore, the superior

current distribution may improve electrostatic discharge reliability.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 illustrates an epitaxial stack of a standard IlI-nitride LED;
Fig. 2 illustrates a standard IlI-nitride LED after processing;

Fig. 3 illustrates a standard I1I-nitride LED with a non-epitaxial metal mirror

contact (308) for enhanced light extraction;

Fig. 4 illustrates a conduction and valence band diagram of standard III-
nitride LED with a non-epitaxial metal mirror contact for enhanced light

extraction with optical field approximated;

Fig. 5 illustrates an epitaxial stack of a III-nitride LED with GEMM

according to the first, second, third and fourth embodiments of the invention;

Fig. 6 illustrates a IlI-nitride Resonant Cavity LED (also known as
microcavity LED) with GEMM and a non-epitaxial metal mirror for

enhanced light extraction according to the first embodiment of the invention;

Fig. 7 illustrates a conduction and valence band diagram of the LED in Fig. 6
with optical field approximated,
Fig. 8 illustrates a I1I-nitride resonant cavity LED with a GEMM and a non-

7
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[0051]

[0052]

[0053]

[0054]

[0055]

[0056]

[0057]
[0058]
[0059]
[0060]
[0061]

[0062]

epitaxial transparent conductor for enhanced light extraction according to the

second embodiment of the invention;

Fig. 9 illustrates a conduction and valence band diagram of the LED in Fig. 8

with optical field approximated,

Fig. 10 illustrates a I1I-nitride surface roughened assisted resonant cavity
LED with a GEMM coupled to a roughened p-GaN layer and non-epitaxial
transparent conductor for enhanced light extraction according to the third

embodiment of the invention;

Fig. 11 illustrates a conduction and valence band diagram of the LED in Fig.

10 with optical field approximated;

Fig. 12.illlustrates a III-nitride photonic crystal assisted resonant cavity LED
with a GEMM coupled to a photonic crystal structured p-GaN layer and non-
epitaxial transparent conductor for enhanced light extraction according to the

fourth embodiment of the invention;

FIG. 13a illustrates a conduction and valence band diagram of the LED in
Fig. 12 with optical field approximated according to the fourth embodiment

of the invention;

Fig. 13b illustrates a photonic crystal structure being utilized to extract

guided modes according to the fourth embodiment of the invention;
Fig. 14 illustrates a process flow diagram for LED of Fig. 6;

Fig. 15 illustrates a process flow diagram for LED of Fig. 8;

Fig. 16 illustrates a Process flow diagram for LED of Fig. 10;

Fig. 17 illustrates a Process flow diagram for LED of Fig. 12.

DETAILED DESCRIPTION OF THE EMBODIMENTS

In the following description of the embodiments, reference is made to the
accompanying drawings which form a part of hereof, and in which is shown
by way of illustration specific embodiments in which the invention may be
practiced. In the drawings, the thickness of layers and regions are
exaggerated for clarity. These embodiments are provided so that this
disclosure will be thorough and complete, and will convey the teachings to
8
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[0063]

[0064]

[0065]

[0066]

[0067]

those skilled in the art. It 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.

Semiconductor light emitting structures and devices are described where the
emitting structure is grown upon a GEMM where the GEMM has been
epitaxially grown above previously grown IlI-nitride layers or layer, thus
allowing the GEMM to be positioned with great precision and accuracy
within the epitaxial structure for the purpose of creating optical cavity effects
(including microcavity effects) for greater light extraction. Moreover, due to
the mirror being grown epitaxially, the thickness of the mirror may be
controlled to form either a semi-reflector, or non-transparent reflector.
Various structures of a single mirrored or duel mirrored RCLED or MCLED
may be grown and fabricated by use of one or more GEMM layer as well as

other structures.
p

The GEMM may be positioned with respect to an active region such that
emitted light from the active region and the light reflected from the GEMM
constructively interfere to create optical cavity effects that enhances device
efficiency and tailors the spectral purity and spectral directionality for
different applications in lighting, fiber optic communications, biological

agent detection, flat panel displays and other applications.

Having the GEMM and the active region in an optimally céupled
configuration may allow for a second mirror, a photonic crystal or roughened
surface to be additionally coupled to enhance or tailor light emitting

characteristics.

The thickness of the GEMM may be configured during the growth process to
fine tune the mirror’s reflective and transmissive optical properties, from
partially transmissive to fully transmissive. Such control during epitaxial
growth provides the flexibility to optimize optical cavity effects for a

multitude of semiconductor light emitting devices.

The device quality GEMM, which will be further described below, may be
placed within the difficult to access n-type IlI-nitride layer near the active
region of a conventional IlI-nitride semiconductor light emitter epitaxial
9
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[0068]

[0069]

[0070]

[0071])

[0072]

[0073]

stack. Those skilled in the art will understand that in standard III-nitride
LEDs the n-type layer is usually grown prior to p-type layer(s) during the
epitaxial growth process. Generally, the GEMM provides a mirror embedded
within the epitaxial stack to provide optical cavity effects despite which
doped layer is grown first or where the GEMM layer is grown within the
epitaxial stack. The GEMM layer may also serve as an embedded highly
conductive electric carrier transport layer across the device to improve
current injection into either n-type or p-type layers. Additionally, the GEMM

may reduce problematic static discharge damage.

The material for the GEMM comprises various metals and metal compounds
which may be grown closely lattice matched to its base III-nitride structure,
avoiding the difficulties of high dislocation densities. Moreover, the GEMM
materials are thermal expansion matched to the III-nitride structure further

avoiding difficulties of cracking and dislocation densities.

The GEMM layer may comprise of refractory metals and/or metallic
compounds, such as the Group IVB metals Zr, Hf, (HfZr,, where x is equal
to or between 0 and 1), and the Transitional Metal Diborides ZrB2, HfB2,
YB2 and (Hf:Zr,Y,B; where x+y+z=1) and the Transitional Metal Nitrides
ZrN, HN, TiN and (Hf,Zr,Y,N where x+y+z=1).

The bulk conductivity of the GEMM materials are about 30 times more
conductive than the moderately doped n-type III-nitride layers currently
incorporated into light emitting structures. The highly conductive properties
of the GEMM may serve to improve the electronic carrier transport across
the device, creating pathways for current to flow, and reduce the impact of

unwanted static discharge.

The superior conductivity of the GEMM may make it attractive to epitaxially
grow the highly resistive p-type materials of the IIl-nitride light emitting
devices prior to the active region and the n-type material allowing for more
design flexibility for surface texturing of the top n-type epitaxial layer, away

from the substrate side.
TECHNICAL CONSIDERATIONS USING GEMM

The details of the photon-emission process in LEDs are, in general, related to
10
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[0074)

[0075]

[0076]

[0077]

[0078]

[0079]

[0080]

[0081]

the coupling of the light emission with electromagnetic modes.

Without the introduction of a cavity, a uniform spontaneous emitter emits

evenly within the bulk material and emission covers all 47 of solid angle.

Of all the light emitted inside the bulk material, only the emission that

propagates between the normal and the critical angle 90=sin"(NOUT/NGaN) to
the interface of the bulk material and the external medium may escape from
the bulk material into the external medium, whether or not, there is a cavity.

This escape “window” is known as Snell’s window.

The extraction efficiency of the LED is equal to the ratio of modes that fall

within the critical angle 6. compared to the modes that are generated.

When the optical electromagnetic modes are confined in one or more
dimensions there is a reorganization of what could be considered a free space
optical mode density. This rearrangement of the free space optical mode
density diminishs some frequencies and enhances others while also changing

the path of the emission.

The cavity extracted emission only propagates within discrete modes, and
thus directions governed by the cavity. Each mode equally contains a portion

of the total emitted power.

The extraction efficiency of a standard LED or RCLED is equal to the
amount of light that ‘escapes the Snell’s window compared to the amount of
light generated. However, the changes of the RCLEDs internal emission
distribution due to the optical confinement directs more light out of Snell’s

window than the bulk type LED.

Although the RCLED has a higher emission output than a standard LED,
changing the cavity length of a RCLED, for the most part, does not change
the emission output as the active region is placed at or close to various
antinodes of an standing optical wave. In the RCLED regime, as the cavity
length is decreased, the ratio of modes extracted through Snell’s window to
guided modes is almost constant as the active region is placed at or close to

various antinodes of an standing optical wave.
However, a transition occurs when the cavity length decreases to a point

11
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[0082]

[0083]

[0084]

[0085]
[0086]

[0087]

where the cavity order, Int[2NganL/A], is smaller than2N;,,, (note: the

function Int[X] rounds X to the nearest integer, Ngay is the index of
refraction for GaN, A is the emission wave length in vacuum, L. is the cavity
length). The number of modes extracted through Snell’s window stays
constant (i.e. one mode) whereas the number of guided modes continue to
decrease, increasing the LEDs extraction efficiency. This regime of cavity
length is called the microcavity regime and the RCLEDs that operate in this
regime are called MCLEDs.

By employing a planar specular GEMM close to the active region of an LED,
nano-optical cavity effects take place. The GEMM may be thick to be
reflective so that the emission is directed away from the GEMM to be
extracted through the top of the device, away from the substrate side. The
GEMM may be thin to be semi-reflective so that the emission is directed
through the semi-reflector to be extracted through Snell’s window. Such a
GEMM would be very useful in numerous LED structures as described

herein.

To use the GEMM, as described above, it should have certain properties to
allow for true epitaxial growth and commercialization of the MCLED,
RCLED or engineered template. The GEMM should have to be compatible
with III-nitride materials in the properties of lattice constant, thermal
expansion coefficient, temperature stability, reflectivity, electrical properties,

ete..

Being that standing optical waves have a periodic function, a cavity light
emitter may be such that the cavity is of an appropriate length and that the
active region is placed at or close to an antinode of the standing optical wave.
The structuring of the cavities herein follow the relationships where the

cavity length Lc is equal to d1 + d2 as shown in Fig. 5 where:

d1= the distance between the center of the active region and the GEMM

= (0.25WN) + M(0.50/N) — PD1.

d2= the distance between the center of the active region and a second mirror

or reflective interface

12
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[0088]

[0089]

[0090]
[0091]

[0092]

[0093)

[0094]

[0095]

[0096]

[0097]

[0098]

= (0.25MN) + M(0.50/N) — PD2 if the second mirror is a metal; and

= (0.75M/N) + M(0.5/N) if the second mirror is a DBR or roughened

surface.
A 1s the wave length of light generated by the active region in vacuum.
N is the index of refraction of the IlI-nitride material.

M is an integral multiple of half wave lengths within the IlI-nitride material

starting at zero.

PD1 and PD2 are the metal penetration depths of the light into the GEMM

and the second mirror (if metal), respectively.

As the thickness of the GEMM layer is modified the resulting position of the
PD (penetration depth) needs to be modified.

To be clear, the second mirror or extraction interface is positioned at the top

of the p-GaN layer (508) in Fig. 5 away from the substrate (501).

To ensure that the active region is placed only at or close to an antinode of
the standing optical wave, the thickness of the emitting region may be
restricted to a value less than 0.250/N. If the active region is positioned in
such a way that it is not centered and extends outside of this width towards a

node of the same mode the efficiency may be degraded.

The error for the placement of such an active region is dependent on the
width of the active region. The thicker the active region is the less error there
is for optimal performance. The error may be considered: 0.125(\/N)-
0.5(War), where Wp is the active region width, as illustrated in Fig. 5. If the
error involved with the placement of the active region is breached the device
will work however inefficiently unless other light extracting structures are
made available such as a photonic crystal or crystals and roughed surfaces or

other device shaping deviating from the standard LED.

Furthermore, a roughened surface or photonic crystal may assist in the light
extraction of guided modes or mode. Moreover, the device may be designed
that the guided elements are intentionally coupled to the features of the
roughened or photonic crystal structures to form a “guided extraction mode.”

The device structure may be optimized to use the GEMM to exclusively
13
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extract guided modes through the use of micro-optical-cavity effects,
specifically through the rearrangement of the freespace optical mode density.

These methods may be in one or more embodiments below.
[0099] FIRST EMBODIMENT

[00100] The structure and band diagram of the first embodiment are shown in Fig. 6

and Fig. 7 respectively.

[00101] The GEMM (604) lends itself to many forms of optical cavity semiconductor
light emitters. In the first embodiment the GEMM (604), with its highly
reflective bulk properties, may be grown thin such that the GEMM (604) is
partially transparent and partially reflective. The first embodiment utilizes a
planar IlI-nitride material growth template comprising of sapphire substrate
(601), i-GaN buffer layer (602) and n-GaN layer (603) of device quality so
that the crystal quality of the GEMM (604) is planar, specular and of device
quality. The GEMM (604) is lattice matched to the n-GaN layer (603) such
that the desired thickness may be below the epitaxial critical thickness.

[00102] Once the 2um i-GaN buffer (602) and the 2um n-GaN (603) layers are
grown on a sapphire substrate (601) the GEMM (604) may be grown to a
specific thickness (~20nm) for the resonant cavity (611) such that the
GEMM is partially reflective and partially transparent. Once the GEMM
(604) is grown on the n-GaN layer (603) the second n-GaN layer (605) may
be grown to a specific thickness (~1200A) that is optimal for the resonant
cavity (611) being that the active region (606) may be positioned at or close
to an antinode (702) being a maximum the of the optical field (701) within a
width of 0.25A/Ngan as shown in Fig. 7 (Ngan is the index of refraction, A is

the emission wave length in vacuum).

[00103] In the first embodiment, the illustrated RCLED may emit at a wavelength of
500nm with a cavity length (611) of about 3000A (being within the
microcavity regime). The light generated in the active region (606) resonates
between the thick, highly reflective non-epitaxial metal mirror (610) and the
thin, partially reflective, partially transparent, GEMM (604). The cavity is
such that the mirrors (604) (610) are spaced apart such that light generated by
the active region (606) may resonate between the mirrors. The mirrors (604)
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(610) are spaced apart such that an integer number of half wave lengths of
the light generated by the active region (606) may fit between the mirrors
(604) (610) within the nitride materials. The active region (606) is placed in
between the mirrors such that the generated light constructively interferes
with the reflected light from both mirrors (604) (610). The resonating light
exits the GEMM (604) side of the device through the sapphire substrate
(601), as shown in Figs. 6 and 7.

[00104] Positioning the center of the active region (606) of the MCLED at, or close
to, a maximum (702) of the optical field distribution (701) is shown in Fig. 7.
The local maximums (702) of the optical field distribution (701) are referred
to as antinodes (702) because they are antinodes of the standing optical wave.
Positioning the center of the active region (606) at or close to the closest
antinodes to the non-epitaxial metal mirror (610) contact and the GEMM
(604) is desired to reduce the number of guided modes and increase the light
extraction through Snell’s window. As shown in Fig. 7, antinodes (702) of
the standing optical wave are positioned periodically away from the non-

cpitaxial metal mirror contact (610) and the GEMM (604).
[00105] The following factors should be considered for this embodiment:

a. the n-type GaN layer template (603) being of device quality and

planar,

b. the thickness, flatness, specular reflectivity and transparency of the

GEMM layer (604) grown on the first n-type GaN layer (603),

c. the thickness of second n-type conductive layer (605) grown on the

GEMM (604) and its being of device quality,

d. the position of the active region (606) relative to the enclosing mirrors
(604), (610),

e. the thickness of the p-type conductive layers (607) (608), and
f. the reflective quality of the non-epitaxial metal contact (610).

[00106] Although the device efficiency is superior to that of a standard LED, it may
be of interest to detune the device in its construction such that the
enhancements in directionality and spectral narrowing are substituted for
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even higher light extraction efficiency. This may be performed by keeping all
parameters the same while increasing the wavelength of the device by
adjusting the quantum well composition or width. This forces the standing
optical wave into a tilted position away from the normal of the device. This
adjustment may only be done such that the angle is within Snell’s window;
otherwise the light outside of the critical angel is reflected back into the
device. The critical angle of Snell’s window is defined as sin'l(chit/ Ngan)
where Ney;; 18 the index of refraction external of the device and Ngan is the

index of refraction of Gallium Nitride.

[00107] Although laser lift off is not required to form the MCLED, there may be
benefits to removing the sapphire substrate (601) for thermal extraction or n-
side surface roughening. Moreover, if the substrate is non-transparent (i.e.
silicon) the silicon substrate may be selectively etched away, forming the
functional device structure of Fig. 6, without the substrate, whether or not

there is a buffer between the GEMM or not.

[00108] This example is not meant to be restrictive in that the cavity length, emission
wavelength and structural aspects may be changed such that the active region
is positioned optimally within the optical field of the extraction mode for a

given emission wavelength and direction.

[00109] One example of a modification is utilizing a thinner non-epitaxial metal
mirror (610) such that the thickness is about 20nm like the GEMM (604)

layer to emit light from both sides of the planar device.

[00110] Another example of a modification to the structure outlined in Fig. 6 is to
position a ~20pym GEMM layer on or within the p-GaN layer and replace the
thick non-epitaxial metal mirror with a transparent metal contact such that

light may escape from the top and the bottom of the device.

[00111] Another example comprises of a photonic crystal embedded within the
structure of Fig. 6 to extract guided modes or to prevent guided modes from

forming. This will be discussed more in the fourth embodiment.
[00112] SECOND EMBODIMENT

[00113] The structure and band diagram of the second embodiment are shown in Fig.

8 and Fig. 9 respectively.
16

SUBSTITUTE SHEET (RULE 26)



WO 2008/019059 PCT/US2007/017334

[00114) The GEMM (804) lends itself to many forms of optical cavity semiconductor
light emitters. In the second embodiment the GEMM (804), with its highly
reflective bulk properties, may be grown thick such that the GEMM (804)
takes on its bulk reflective properties. The second embodiment utilizes a
planar IlI-nitride material growth template comprising of sapphire substrate
(801), i-GaN buffer layer (802) and n-GaN layer (803) of device quality so
that the crystal quality of the GEMM (804) is planar, specular and of device
quality. The GEMM (804) is lattice matched to the n-GaN layer (803) such
that the desired thickness may be below the epitaxial critical thickness.

[00115] Once the 2pm i-GaN buffer (802) and the 2um n-GaN (803) layers are
grown on a sapphire substrate (§01) the GEMM (804) may be grown to a
thickness (2150nm) for the resonant cavity (812). Once the GEMM (804) is
grown the second n-GaN layer (805) may be grown to a specific thickness
(~1260A) that is optimal for the resonant cavity (812) being that the active
region (806) may be positioned at the local maximums (902) of the optical
field (901) within a width of 0.25A/Ngan as shown in Fig. 9 (Ngan is the index

of refraction, A is the emission wave length in vacuum).

[00116] In the second embodiment, the illustrated MCLED may emit at 500nm with a
cavity length (812) of about 2600A (being within the microcavity regime).
The light being generated in the active region (806) resonates between the
thick GEMM (804) and the interface (813) of the p-GaN layer (808) and the
transparent contact (810). The cavity is such that the mirrors (804) (813) are
spaced apart such that light generated by the active region (806) may
resonate between the mirrors. The mirrors (804) (813) are spaced apart such
that an integer number of half wave lengths plus one quarter wave length of
the light generated by the active region (806) may fit between the mirrors
(804) (813) within the nitride materials. The active region (806) is placed in
between the mirrors such that the generated light constructively interferes
with the reflected light. The resonating light exits the transparent contact
(810) side of the device.

[00117] The positioning of the center of the active region (806) of the LED at, or
close to, a maximum (902) of the optical field distribution (901) is shown in

Fig. 9. The local maximums (902) of the optical field distribution (901) are
17
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referred to as antinodes (902) because they are the antinodes of the standing
optical wave. Positioning the center of the active region (806) at or close to
the closest antinodes to the mirrors is desired to reduce the number of guided
modes and increase the light extraction through Snell’s window. Positioning
the mirrors so that the cavity length is small is most favored. As shown in
Fig. 9, antinodes (902), of the standing optical wave, are positioned
periodically away from the p-GaN/transparent conducting interface (813) and
the GEMM (804).

[00118] The following factors should be considered for this embodiment:

a. the n-type GaN layer (803) or i-GaN buffer layer (802) template being

of device quality and planar,

b. the thickness, flatness, and specular reflectivity of the GEMM layer
(804) grown on the first n-type GaN layer (803),

c. the thickness of second n-type conductive layer (805) grown on the
GEMM (804) and its being of device quality,

d. the position of the active region (806) relative to the enclosing mirrors
(804), (813),

e. the thickness of the p-type conductive layers (807)(808), and

f. the reflective quality of p-GaN / transparent conductor interface (813)
and the thickness of the transparent conductor (810).

[00119] Although the efficiency of this device is superior to that of a standard LED, it
may be of interest to detune the device in its construction such that the
enhancements in directionality and spectral narrowing are substituted for
even higher light extraction efficiency. This may be performed by keeping all
parameters the same while increasing the wavelength of the device by
adjusting the quantum well composition or width. This forces the standing
optical wave into a tilted position away from the normal of the device. This
adjustment may only be done such that the angle is within Snell’s window;
otherwise the light outside of the critical angel is reflected back into the
device. The critical angle of Snell’s window is defined as sin'l(Nem/ NGan)

where Ny;; is the index of refraction outside of the device and Ng, is the
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index of refraction of Gallium Nitride.

[00120] Although laser lift off is not required to form the MCLED there are benefits
to removing the sapphire substrate (801) for thermal extraction and current

injection from the removed substrate side of the device..

[00121] This example is not meant to be restrictive in that the cavity length, emission
wavelength and structural aspects may be changed such that the active region
is positioned optimally within the optical field of the cavity for a given

emission wavelength and direction.

[00122] One example of a modification to the structure outlined in Fig. 8 is a ~20nm
GEMM positioned within or on the p-GaN layer (808) such that a GEMM
layer is located at or close to a node in addition to the already present thick
GEMM layer (804). The emitted light exits the p-GaN layer (808) side of the
device. Additionally, in this way, a MCLED having a cavity order of one,
may be achieved allowing for a ~90% light extraction efficiency if the

mirrors enclose one antinode.
[00123] THIRD EMBODIMENT

[00124] The structure and band diagram of the third embodiment are shown in Fig.
10 and Fig. 11, respectively.

[00125] The GEMM (1004) lends itself to many forms of optical cavity
semiconductor light emitters. In the third embodiment the GEMM (1004),
with its highly reflective bulk properties, may be grown thick such that the
GEMM (1004) takes on its bulk reflective properties. The third embodiment
utilizes a planar IlI-nitride material growth template comprising of sapphire
substrate (1001), i-GaN buffer layer (1002) and n-GaN layer (1003) of
device quality so that the crystal quality of the GEMM (1004) is planar,
specular and of device quality. The GEMM (1004) is lattice matched to the
III-nitride n-GaN layer (1003) such that the desired thickness may be below

the epitaxial critical thickness.

[00126] Once the 2pm i-GaN buffer (1002) and the 2um n-GaN (1003) layers are
grown on a sapphire substrate (1001) the GEMM (1004) may be grown to a

thickness (2150nm) for the surface roughened assisted resonant cavity
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(1012). Once the GEMM (1004) is grown on the template the second n-GaN
layer (1005) may be grown to a specific thickness (~1260A) that is optimal
for the optical cavity (1012) effects being that the center of the active region
(1006) may be positioned at a local maximum (1102) of the optical field
(1101) within a width of 0.25A/Ng,n as shown in Fig. 11 (Ngy is the index of

refraction, A is the emission wave length in vacuum).

[00127] The third embodiment with roughened p-GaN layer (1008) has several

variations being that the roughened surface has features close to, or greater
than, the wavelength of the emitted light within the semiconductor. The

features may be random or ordered.

[00128] The roughened surfaces are not drawn to scale in Figs. 10 and 11. The

features are meant to only be representative.

[00129] If the features are random, the device may operate in such a way that the

[00130]

[00131]

[00132]

photons are given multiple opportunities to find an escape cone. If the light
does not pass throug'h Snell’s window initially, the random reflecting
surfaces, of the roughened interface, redirect emission at various angles
towards the GEMM layer to be reflected to another position along the
roughened interface. This process continues until the light is absorbed or

escapes the light emitting device.

If the features are ordered the device may still operate in such a way that the
photons are given multiple opportunities to find an escape cone if reflected
back, however much of the light emitted from the active region toward the
roughened p-type GaN layer surface may be scattered or diffracted and

extracted.

Although the surface is roughened, Snell’s law still applies; consideration
must be made when determining the surface features such that the most of
the impinging emission escapes. If the light propagating normal to the device
is to escape the device, the angle between the normal of the surface feature
and the normal of the device should be below the critical angle 6.=sin”

'(Nout/Ngan).

The illustrated optical cavity LED may emit at 500nm with an effective

cavity length (1012) of about 2600A (being within the microcavity regime).
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The light being generated in the active region (1006) self interferes
constructively with the light reflecting from the thick GEMM (1004).
Generally, the roughened surface should be positioned from the active region
such that the semiconductor interface (1013) is positioned at or close to an
antinode. The constructively interfering light exits the transparent contact
(1010) side of the device.

[00133] Positioning the center of the active region (1006) of the LED at, or close to, a
maximum (1102) of the optical field distribution (1101) is shown in Fig. 11.
The local maximums (1102) of the optical field distribution (1101) are
referred to as antinodes (1102) because they are antinodes of the standing
optical wave. Positioning the center of the active region (1006) at or close to
the closest antinodes to the GEMM (1004) is desired to reduce the number of
guided modes and increase the light extraction through Snell’s window. As
shown in Fig. 11, antinodes (1102), of the standing optical wave, are

positioned periodically away from the GEMM (1004).
[00134] The following factors should be considered for this embodiment:

a. the n-type GaN layer (1003) or i-GaN buffer layer (1002) template

being of device quality and planar,

b. the thickness, flatness, and specular reflectivity of the GEMM layer
(1004) grown on the first n-type GaN layer (1003),

c. the thickness of second n-type conductive layer (1005) grown on the
GEMM (1004) and its being of device quality,

d. the position of the active region (1006) relative to the surrounding

mirror (1004) and roughened surface,
¢. the thickness of the p-type layers (1007) (1008), and
f. the thickness of the transparent conductor (1010).

[00135] Although laser lift off is not required to form the roughened surface assisted
optical cavity LED there are benefits to removing the sapphire substrate for
thermal extraction and current injection from the removed substrate side of
the device.

[00136] This example is not meant to be restrictive in that the constructive
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[00137]

[00138]

[00139]

[00140]

[00141]

[00142]

interference length, emission wavelength and structural aspects may be
changed such that the active region is positioned optimally within the optical
field of the constructive interference length for a given emission wavelength

and direction.

One example may be optimized by the emission impinging on the roughened
surface entering into a surface feature such that the light is reflected within
the feature from surface to surface until the light is at an angle such that the

light may escape through Snell’s window.

Another example may be optimized by exclusively extracting otherwise
guided modes through the use of micro-optical-cavity effects, specifically
through the rearrangement of the free space optical mode density such that
the extraction mode is directed perpendicular to the extraction surface which
is off axis from the normal of the planar substrate and subsequent layers. In
this arrangement, vertical extraction modes may not be required and only

guided modes or a single guided mode would be optimal for the device.
FOURTH EMBODIMENT

The structure and band diagram of the fourth embodiment are shown in Fig.

12 and Fig. 13a, respectively.

The GEMM (1204) lends itself to many forms of optical cavity
semiconductor light emitters. In the fourth embodiment the GEMM (1204),
with its highly reflective bulk properties may be grown thick such that the
GEMM (1204) takes on its bulk reflective properties. The fourth
embodiment utilizes a planar I1I-nitride material growth template comprising
of a sapphire substrate (1201), i-GaN buffer layer (1202) and n-GaN layer
(1203) of device quality so that the crystal quality of the GEMM (1204) is
planar, specular and of device quality. The GEMM (1204) is lattice matched
to the n-GaN layer (1203) such that the desired thickness may be below the

epitaxial critical thickness.

Once the 2pum i-GaN buffer (1202) and the 2pm n-GaN (1203) layers are
grown on a sapphire substrate (1201) the GEMM (1204) may be grown to a
thickness (2150nm or greater) that is optimal for the photonic assisted

resonant cavity. It is preferred to keep this layer below the critical thickness.
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Once the GEMM (1204) is grown on the template, the second n-GaN layer
(1205) may be grown to a specific thickness (~1260A) that is optimal for

optical cavity effects being that the active region (1206) may be positioned
within the local maximum (1302) of the optical field (1301) within a width
of 0.25A/Ngan as shown in Fig. 13a (Ngan is the index of refraction, A is the

emission wave length in vacuum).

[00143] The photonic crystal assisted resonant cavity LED with wave length scale
two dimensional periodic structures (1213) may enhance the devices
performance by adjusting several components: the positioning of the GEMM
(1204), grating depth, grating spacing, grating hole width and grating fill
factor. These components may be configured to manipulate guided modes
(1303) by inhibiting the modes from formation, by extracting the guided
modes via diffraction or by concentrating the guided modes via reflection to
increase photon récycling or various combinations of these three

configurations.

[00144] In this fourth embodiment an example where the photonic crystal (1214) is

used to extract guided modes (1303), as shown in figure 13b, is provided.

[00145] The photonic crystal structures are not drawn to scale in Fig. 12, Fig. 13a and

Fig. 13b. The features are meant to only be representative.

[00146] In the fourth embodiment, a photonic crystal (1214) assisted RCLED may
emit at 500nm with a cavity length (1213) of about 2600A (being within the
microcavity regime). The light being generated in the active region (1206)
resonates between the thick GEMM (1204) and the interface (1215) of the p-
GaN layer (1208) and the transparent contact (1210). The cavity is such that
the mirrors (1204) (1215) are spaced apart such that light generated by the
active region (1206) may resonate between the mirrors. The mirrors (1204)
(1215) are spaced apart such that an integer number of half wave lengths plus
one quarter wave length of the light generated by the active region (1206)
may fit between the mirrors (1204) (1215) within the nitride materials. The
active region (1206) is placed in between the mirrors such that the generated
light constructively interferes with the reflected light. The resonating light

exits the transparent contact (1210) side of the device.
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[00147] The guided modes are subject to being diffracted vertically from the emitting

surface as shown in Fig. 13b.
[00148] The following factors should be considered for this embodiment:

a. the first n-type GaN layer (1203) or i-GaN buffer (1202) template

being of device quality and planar,

b. the thickness, flatness, and specular reflectivity of the GEMM layer
(1204) grown on the first n-type GaN layer (1203),

c. the thickness of second n-type conductive layer (1205) grown on the
GEMM (1204) being of device quality,

d. the position of the active region (1206) to the surrounding mirror

(1204), semiconductor interface (1215) and photonic crystal (1214),
e. the thickness of the p-type conductive layers (1207) (1208), and

f. the depth and configuration of the holes (1212) in the photonic crystal
(1214).

[00149] Although laser lift off is not required to form the Photonic Crystal assisted
RCLED there are benefits to removing the sapphire substrate for thermal
extraction and current injection from the removed substrate side of the

device..

[06150] This example is not meant to be restrictive being the cavity length, photonic
crystal grid and emission wavelength may be of various configurations such
that the active region is centered at or close to an antinode within an

extraction mode of the cavity and coupled photonic crystal.

[00151] One example of a modification to the structure outlined in Fig.12 comprises
of the transparent contact (1210) being replaced with a thick (2150nm)
reflective metal mirror with a reduction of the GEMM layer (1204) to about
20nm in thickness. Moreover the cavity thickness (1213) is adjusted to place
both metal mirrors close to nodes and the active region remains at or close to
an antinode. Additionally, the photonic crystal is designed such that the
generated guided light is diffracted into a vertical mode(s) or that the guided
modes are inhibited. This configuration allows for the MCLED with a

photonic crystal on the device side of the thick reflective metal mirror.
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[00152] Although the holes in the p-GaN layer that make up the photonic crystal are

not distributed evenly through out the layer of the drawing, this does not

indicate that the photonic crystal structure can not be made more uniform. As

indicated, there are several photonic crystal configurations.

[00153] FIFTH, SIXTH, SEVENTH and EIGHTH EMBODIMENTS

[00154] The fifth, sixth, seventh and eighth embodiments are similar to the first,

second, third and fourth embodiments, respectively. The fifth, sixth, seventh

and eighth embodiments have a different order in the epitaxial structure from

the previous embodiments. In general, the n-type layer is grown before the p-

type layers as described in the previous embodiments. The doped epitaxial

layers and active region of the fifth, sixth, seventh and eighth embodiments

grown in reverse order and summarized in Table I.

[00155]) To be clear the general epitaxial order of the fifth, sixth, seventh, and eighth
embodiments follows: Sapphire\i-GaN\GEMM\p-GaN\p-AlGaN\Active

region\n-GaN. Examples of the epitaxial structure are summarized in Table I.

Table 1.

Layer

Thickness

doping

[00156] n-GaN

Embodiment 5: ~120nm

Embodiments 6, 7, 8*:
~126nm

*Embodiment 8: Depends on

photonic crystal arrangement

5 X 10*18 cc/ecm3

[00157] Active Region 4X ~3nm InGaN / ~6nm GaN | NA
[00158] p-AlGaN ~19nm 3 X 10717 cc/ecm3
[00159] p-GaN ~237nm (Embodiment 5) 5X 10"7 cc/em3

~214nm (Embodiment 6,7,8)

[00160] GEMM ~20nm (Embodiment 5) NA
2150nm (Embodiment 6,7,8)
[00161] i-GaN 2um NA
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[00162] Sapphire substrate | 300um NA

[00163] In the fifth embodiment the processing operations are the same as the first,

however, a reflective ohmic contact is deposited on the n-GaN layer.

[00164] In the sixth, seventh and eighth embodiments the processing operations (Fig.
15-Fig. 17) are the same as the second, third and fourth embodiments,
however, now the n-terminal and the p-terminal are substituted in place of

the other.

[00165] The key aspects of positioning the center of the active region at or close to an
antinode of the designed optical mode for a given emission, as described in

the previous embodiments, is applied in these summarized embodiments.
[00166] EPITAXY AND PROCESSING

[00167] GENERAL EPITAXY GROWTH OF THE FIRST, SECOND, THIRD AND
FOURTH EMBODIMENTS

[00168] As an example, Fig. S illustrates the sequence of the epitaxial layers involved
within the general base epitaxial structure for the first, second, third and
fourth embodiments. Material layers are grown using Organo-Metalic Vapor
Phase Epitaxy (OMVPE), Molecular Beam Epitaxy (MBE), Hydride Vapor
Phase Epitaxy (HVPE), Physical Vapor Deposition (PVD) and the like,
whether being a single tool or combinations and/or variations thereof. The
growth conditions to produce these layers are subject to the tools used. For

some embodiments an epitaxial structure comprises:

[00169] 1. The growth of epitaxial material on a sapphire substrate (501). The quality
of the subsequent epitaxial layers (502, 503, 504, 505, 506, 507, 508) that are
formed above this substrate (501) may be dependant on the substrate (501)

orientation, surface roughness and/or surface treatment.

[00170] 2. Intrinsically doped GaN buffer layer (502). The layer is intrinsically doped
GaN buffer layer that is about 2 um thick. The quality of the subsequent
epitaxial layers (503, 504, 505, 506, 507, 508) that are formed above this
layer (502) may be dependent on the thickness of this layer and initial growth

conditions when formed on the substrate (501).
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[00171] 3. Doped n-type GaN layer (503). The layer is 2Um of Si-doped GaN which
acts as an n-type layer for electrical conduction with the GEMM layer (504)
within the processed light emitter. The density of charge carriers is about 5
times 1018 per cubic centimeter. The doping of this layer near the above
GEMM (504) interface may be higher or lower to optimize ohmic operation.
The quality of the subsequent epitaxial layers that are formed above this

layer may be dependent on the thickness of this layer.

[00172] 4. GEMM layer (504). The crystalline quality of this layer is dependent on
the growth conditions and the crystalline quality of the previous layers (502)
(503) and Substrate (501).

[00173] The GEMM layer (504) comprises of refractory metals and/or metallic
compounds, such as the Group IVB metals (Zr, Hf and the like (Hf,Zr,.)),
the Transitional Metal Diborides (ZrB2, HfB2, YB2 and the like (HfZr,Y,B,
where x+y+z=1)) and Transitional Metal Nitrides (ZrN, HfN, TiN and the
like (HfiZryY,N where x+y+z=1)).

[00174] As further examples, the thin GEMM (504) (604) used in the first and fifth
embodiments may be about 20nm in thickness such that it is partially

transparent, reflective and weakly absorbing.

[00175] The thick GEMM (504) (804) (1004) (1204) used in the second, third, fourth
and sixth, seventh eighth embodiments may be greater than about 2150nm in

thickness such that it may take on its bulk reflective properties.

[00176] The thickness of the GEMM may be epitaxily grown below the crystalline

relaxation critical thickness.

[00177] In the second (see Fig. 8 and Fig. 9) and sixth, third (see Fig. 10 and Fig. 11)
and seventh and fourth (see Fig. 12 and Fig. 13) and eighth embodiments, the
devices may be designed such that the generated light is to propagate through
the device, away from the sapphire substrate, such that the thickness of the
GEMM (504), (804), (1004), (1204) is thick enough to reflect with no light
transmitting though the GEMM (504), (804), (1004), (1204).

[00178] The composition of the GEMM (504) may be such that this layer (504) may
be lattice matched to the layers above and below. The GEMM (504) may be
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[00179]

[00180]

[00181]

[00182]

[00183]

[00184]

below the critical thickness. Critical thickness is a thickness where the built
up strain due to lattice mismatch, composition and thickness is relaxed by

forming defects in the material.

5. Thin Doped n-type layer (505). Si-doped GaN may act as an n-type layer
in the light emitter and is one side of an optical cavity futher comprising a
single mirror or dual mirrors. The layer thickness may be such that the active
region (506) should be located at or close to an antinode of the standing
optical wave (maximum of the optical field). The density of charge carriers
may be about 5 times 1018 per cubic centimeter. The doping of this layer
near the interface of the below layer may be higher or lower to optimize the

ohmic operation.

6. Active region of the light emitter (506). The active region may be
comprised of 4 InGaN quantum wells 3 nm thick separated by undoped GaN
barrier layers 6 nm thick. The quantum wells indium composition may be
chosen to emit at any wavelength within the nitride wavelength range.
Various thicknesses and compositions of quantum wells and thicknesses of
the barriers may be grown, as long as the active region is localized at or close
to an antinode of the standing optical wave. The active region (506) may be
less than A/(4N) thick to position the active region at or close to an antinode
of the cavity where X is the wave length of light generated by the active

region in vacuum, N is the index of refraction of the IlI-nitride material.

7. Doped p-type AlGaN layer (507). This magnesium doped AlGaN layer
(507) may be about 19 nm thick and may be an electron blocking layer. This

layer may be thicker or thinner or may be omitted.

8. Doped p-type GaN layer (508). This magnesium doped GaN layer (508)
may act as the p-type layer for electrical contact (610), (810), (1010), (1210)
in the light emitting emitter. In the third embodiment (see Fig 10 and Fig 11),
this layer (508), (1008) may be grown with such growth conditions so that

the surface roughness is purposely enhanced.

GENERAL EPITAXY GROWTH OF THE FIFTH, SIXTH, SEVENTH
AND EIGHTH EMBODIMENTS

The epitaxial process for the fifth, sixth, seventh and eighth embodiments are
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similar to the previous embodiments. The structures are presented in Table I.

[00185] In these embodiments it may be desired to reduce possible Mg contamination
within the active region by growing the p-GaN and p-AlGaN layers in a

separate chamber from the rest of the semiconductor growth.
[00186] PROCESSING STEPS OF FIRST EMBODIMENT

[00187] Fig. 14 is a flow chart illustrating exemplary processing steps to fabricate a
MCLED or RCLED that may result from the epitaxial structure of Fig. 6.
The device may be operated so that the light exits the transparent substrate
(501) (601). The flow chart starts with the epitaxial structure of Fig. 5 as the

base structure.

[00188] Block 1401 represents the step of activation of the p-GaN layer (508) (608)
and/or p-AlGaN layer (507) (607). This comprises of activation of the Mg-
doped layers thermally to reduce the p-GaN layer (508) (608) and/or p-
AlGaN layer (507) (607) resistivity. The sample is heated to 710° C for 10

minutes in an atmosphere of O; and Nj.

[00189] Block 1402 represents the steps of mesa formation and n-GaN layer (503)
(603)/ thin GEMM (504) (604) contact etch. The mesas may be patterned by
photolithography and etched by reactive ion etching to isolate the individual
devices. Contacts may be patterned by photolithography on the mesas and
etched by reactive ion etching to expose the n-GaN layer (503) (603) or
epitaxial metal (504) (604) so that an electrical terminal (609) may be
deposited later. The sample is etched in a chlorine atmosphere. Other etching

techniques may be used.

[00190} Block 1403 represents the step of p-contact terminal deposition on the top of
the mesa. A silver mirror (610) may be deposited by electron beam
deposition to act as the electrical contact to the p-type GaN layer (508) (608).
Any material that makes a good contact with the p-doped GaN layer and acts
as a highly reflective metal mirror may be used. Other metal deposition

techniques may be used.

[00191] Block 1404 represents the step of n-contact terminal deposition on top of the
n-GaN layer and/or thin GEMM. The electrical contact of the n-doped GaN
layer (503) (603) and/or thin GEMM (504) (604) may be defined by
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photolithography and then deposited by electron beam deposition on the n-
GaN layer (503) (603) and/or thin GEMM (504) (604). The contact is
typically comprised of Ti/Al/Ni/Au (609). A ring shaped contact may be
used to maximize the electrical injection into the device. Other metals and

metal deposition techniques may be used.

[00192] Block 1405 represents the step of chemical mechanical polish. The back side
of the transparent substrate (501) (601) may be thinned at this point for better

thermal extraction and ease of die separation.

[00193] Block 1406 represents the step of die separation. The die separation may be
performed by a scribe-and-break process, by a laser separation or a sawing

process.
[00194] PROCESSING STEPS OF SECOND EMBODIMENT

[00195] Fig. 15 is a flow chart illustrating exemplary processing steps to fabricate a
MCLED, or RCLED that may result from the epitaxial structure of Fig. 8.
The device may be operated so that the light exits the transparent contact
(810). The flow chart starts with the epitaxial structure of Fig. 5 as the base

structure.

[00196] Block 1501 represents the step of activation of the p-GaN layer (508) (808)
and/or p-AlGaN layer (507) (807). This comprises of activation of the Mg-
doped layers thermally to reduce p-type GaN layer (508) (808) and p-type
AlGaN layer (507) (807) resistivity. The sample is heated to 710° C for 10

minutes in an atmosphere of O, and N,.

[00197] Block 1502 represents the steps of mesa formation and n-GaN layer (503)
(803) / GEMM contact (504) (804) etch. The mesas may be patterned by
photolithography and etched by reactive ion etching to isolate the individual
devices. Contacts may be patterned by photolithography on the mesas and
etched by reactive ion etching to expose the n-GaN layer (503) (803) or the
GEMM layer (504) (804) so that an electrical terminal can be deposited later.
The sample may be etched in a chlorine atmosphere. Other etching

techniques may be used.
[00198] Block 1503 represents the step of p-contact deposition on the top of the
mesa. A Ni/Au, ITO or any other transparent ohmic contact may be
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deposited by electron beam deposition to act as the electrical contact to the p-
type GaN layer (508) (808). The top interface of the p-GaN layer (508) (808)
layer performs as one side of the cavity. Other metals and metal deposition

techniques may be used.

[00199] Block 1504 represents the step of p-contact terminal deposition on the top of
the transparent ohmic p-contact (810). A p-type electrode (811) may be then
formed on one side of the transparent conductive layer (810). The p-type
electrode (811) may be made of any suitable material including, for example,

Ni/Au, Pd/Au, Pd/Ni and Pt.

[00200] Block 1505 represents the step of n-contact terminal deposition on top of the
n-GaN layer (503) (803) or (505) (805) and/or GEMM (504) (804). The
electrical contact may be defined by photolithography and then deposited by
electron beam deposition. The contact is typically comprised of Ti/Al/Ni/Au.
A ring shaped contact may be used to maximize the electrical injection into

the device. Other metals and metal deposition techniques may be used.

[00201] Block 1506 represents the step of chemical mechanical polish. The back side
of the transparent substrate may be thinned at this point for better thermal

extraction and ease of die separation.

[00202] Block 1507 represents the step of die separation. The die separation may be
performed by a scribe-and-break process, by a laser separation or a sawing

process.
[00203] PROCESSING STEPS OF THIRD EMBODIMENT

[00204] Fig. 16 is a flow chart illustrating exemplary processing steps to fabricate a
Roughened Surface Assisted MCLED, or RCLED that may result from the
epitaxial structure of FIG. 10. The device may be operated so that the light
exits the transparent contact (1010). The flow chart starts with the epitaxial

structure of Fig. 5 as the base structure.

[00205] Block 1601 represents the roughening of the p-GaN layer (508) (1008). The
roughening of the p-GaN layer (508) (1008) may be performed using several

techniques. Some techniques include:
a. cooler temperatures of the growth window during p-GaN layer
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(508) (1008) growth,
b. electrochemical etching with or without photolithography,
c. chemical etching With or without photolithography,
d. 1on etching with or without photolithography.

[00206] Block 1602 represents the step of activation of the p-GaN layer (508) (1008)
and p-AlGaN layer (507) (1007). This comprises of activation of the Mg-
doped layers thermally to reduce p-type GaN layer (508) (1008) and p-type
AlGaN layer (507) (1007) resistivity. The sample is heated to 710° C for 10

minutes in an atmosphere of O, and N,.

[00207] Block 1603 represents the steps of mesa formation and n-GaN layer (503)
(1003) /thick-GEMM contact (504) (1004) etch. The mesas may be patterned
by photolithography and etched by reactive ion etching to isolate the
individual devices. Contacts may be patterned by photolithography on the
mesas and etched by reactive ion etching to expose the n-GaN layer (503)
(1003) and/or GEMM (504) (1004) so that an electrical terminal may be
deposited later. The sample may be etched in a chlorine atmosphere. Other

etching techniques may be used.

[00208] Block 1604 represents the step of p-contact deposition on the top of the
mesa. A Ni/Au, ITO or any other transparent ohmic contact may be
deposited by electron beam deposition to act as the electrical contact to the p-
type GaN layer (508) (1008). The bottom interface with the p-GaN layer
(508) (1008) performs as one side of the cavity. Other metals and metal

deposition techniques may be used.

[00209] Block 1605 represents the step of p-contact terminal deposition on the top of
the transparent ohmic p-contact (1010). A p-type electrode (1011) may be
then formed on one side of the transparent conductive layer (1010). The p-
type electrode (1011) may be made of any suitable material including, for

example, Ni/Au, Pd/Au, Pd/Ni and Pt.

[00210] Block 1606 represents the step of n-contact terminal deposition on top of the
lower n-GaN layer (503) (1003) and/or thick GEMM (504) (1004) and/or
upper n-GaN layer (505) (1005). The electrical contact (1009) may be
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defined by photolithography and then deposited by electron beam deposition.
The contact (1009) is typically comprised of Ti/Al/Ni/Au. A ring shaped
contact (1009) may be used to maximize the electrical injection into the

device. Other metals and metal deposition techniques may be used.

[00211] Block 1607 represents the step of chemical mechanical polish. The back side
of the transparent substrate may be thinned at this point for better thermal

extraction and ease of die separation.

[00212] Block 1608 represents the step of die separation. The die separation may be
performed by a scribe-and-break process, by a laser separation or a sawing

process.
[00213] PROCESSING OF FOURTH EMBODIMENT

[00214] Fig. 17 is a flow chart illustrating exemplary processing steps to fabricate a
Photonic crystal (1214) Assisted MCLED, or RCLED that may result from
the epitaxial structure of Fig. 12. The device may be operated so that the light
exits the transparent-contact (1210) /photonic-crystal (1214) as illustrated in
Fig. 12. The flow chart starts with the epitaxial structure of Fig. 5 as the base

structure.

[00215] Block 1701 represents the step of activation of the p-GaN layer (508) (1208)
and p-AlGaN layer (507) (1207). This comprises of activation of the Mg-
doped layers thermally to reduce p-type GaN layer (508) (1208) and p-type
AlGaN layer (507) (1207) resistivity. The sample is heated to 710° C for 10

minutes in an atmosphere of O, and N,.

[00216] Block 1702 represents the step of p-contact deposition on the top of the
mesa. A Ni/Au, ITO or any other transparent ohmic contact may be
deposited by electron beam deposition to act as the electrical contact to the p-

type GaN layer. Other metals and metal deposition techniques may be used.

[00217] Block 1703 represents the steps of mesa formation and n-GaN layer (503)
(1203) / GEMM contact (504) (1204) etch. The mesas may be patterned by
photolithography and etched by reactive ion etching to isolate the individual
devices. Contacts may be patterned by photolithography on the mesas and
etched by reactive ion etching to expose the n-GaN layer (503) (1203) or
thick GEMM (504) (1204) so that an electrical terminal may be deposited
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later. The sample may be etched in a chlorine atmosphere. Other etching

techniques may be used.

[00218] Block 1704 represents the etching of holes (1212) into the p-GaN layer
(1208). The etching of the p-type layers (1207) (1208) may be performed

using several techniques. Some techniques include:
a. electrochemical etching with photolithography,
b. chemical etching with photolithography,
c. ion Etching with photolithography,
d. focused ion beam,

[00219] Block 1705 represents the step of p-contact terminal deposition on the top of
the transparent ohmic p-contact (1210). A p-type electrode (1211) may then
be formed on one side of the transparent conductive layer (1210). The p-type
electrode (1211) may be made of any suitable material including, for

example, Ni/Au, Pd/Au, Pd/Ni and Pt.

[00220] Block 1706 represents the step of n-contact terminal deposition on top of the
n-GaN layer (503) (1203) or (505) (1205) and/or thick GEMM (504) (1204).
The electrical contact may be defined by photolithography and then
deposited by electron beam deposition. The contact is typically comprised of
Ti/Al/Ni/Au. A ring shaped contact may be used to maximize the electrical
injection into the device. Other metals and metal deposition techniques may

be used.

[00221] Block 1707 represents the step of chemical mechanical polish. The back side
of the transparent substrate may be thinned at this point for better thermal

extraction and ease of die separation.

[00222] Block 1708 represents the step of die separation. The die separation may be
performed by a scribe-and-break process, by a laser separation or a sawing

process.

[00223] The thick GEMM (504) (1204) in this embodiment is greater than 2150nm in

thickness such that it takes on its bulk reflective properties. The thickness of

the GEMM is epitaxily grown below the crystalline relaxation critical

thickness.
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[00224] PROCESSING STEPS OF FIFTH, SIXTH, SEVENTH AND EIGHTH
EMBODIMENTS

[00225] The exemplary processing for the fifth, sixth, seventh and eighth
embodiments are similar to the previous first, second, third, fourth

embodiments, respectively. The epitaxial structure is presented in Table I.

[00226] To be clear, in the fifth embodiment, the new n-GaN layer contact may be
made of metal materials that are highly reflective and provide the required

ohmic operation.

[00227] In the sixth, seventh and eighth embodiments the transparent contact may not
| be required since the n-GaN layer itself is conductive enough that no current
spreading layer is required. This more conductive n-GaN layer allows for the
light exiting layer to be more easily modified by etching and
photolithography techniques so that features may be formed for better light

extraction.

[00228] Those that are skilled in the art understand that there are several processing
options that may be changed. The important point of the processing steps it

to allow the growth structure and optical cavity operation to be implemented.
[00229] POSSIBLE MODIFICATIONS and VARIATIONS

[00230] A.) In alternative embodiments, the epitaxial crystal may be grown on other
substrates (501) (601), (501) (801), (501) (1001), (501) (1201) for example,
SiC, GaN, ZnO, MgO, glass, Si, GaAs, AIN, LiGaO,, LiAlO,, NdGaOs,
ScAIMgQO,, CagLay(PO4)6O,. If the substrates are opaque they may be

removed to allow light to exit during device operation.

[00231] B.) In alternative embodiments, the Ill-nitride buffer layer (502) (602), (502)
(802), (502) (1002), (502) (1202) may thicker or thinner than 2um or may be

doped to form electronic carriers.

[00232] C.) In alternative embodiments, the first deposited doped layer (503) (603),
(503) (803), (503) (1003), (503) (1203) may be omitted if the GEMM (504)
(604), (504) (804), (504) (1004), (504) (1204) is thick enough to sustain
current flow for the device and if electrical terminals are connected to the
GEMM (504) (604), (504) (804), (504) (1004), (504) (1204). (i.e. Bulk HfN
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is ~30x more conductive than moderately doped bulk n-GaN). It may be
desired to keep this first doped layer for fabrication yields during the etch
steps (1402), (1502), (1603), (1703).

[00233] D.) In embodiments one, two, three and four the p-GaN layer may have a
tunnel junction and n-GaN layer added such that the new n-GaN layer is
positioned such as to increase the conductivity and current spreading across
the LED.

[00234] E.) The removal of the substrate (opaque or transparent) to access the crucial
device epitaxial structure (partially transparent, partially reflective GEMM
layer)/GaN/Active Region/GaN/(non epitaxial Metal mirror) in embodiment

one or five may be another option for manufacturing, or device performance.

[00235] F.) The GEMM layer may be assisted with an epitaxial or nonepitaxial DBR
with a phase matching layer positioned between the GEMM layer and the
DBR.

[00236] G.) The thickness of the GEMM layer may be thicker or thinner in the
embodiments presented. It is possible to modify these thicknesses to gain
similar results from the embodiments. The thickness modification “window”
can be large in various situations and should not be regarded as a major
modification. What is important to these embodiments is the operation and

the tailoring of the cavity effects explained herein.

[00237] H.) The GEMM may be used to promote stimulated emission and photon
recycling in the device, and thereby increase the quantum efficiency of the

device.
[00238] CONCLUSION

[00239] Those skilled in the art will appreciate that other modifications can be made
without departing from the spirit of the innovative concept described herein.
It is not intended that the scope of the invention be limited to the specific

embodiments illustrated and described in the embodiments.

36
SUBSTITUTE SHEET (RULE 26)



WO 2008/019059 PCT/US2007/017334

WHAT IS CLAIMED IS:
1. A light emitter comprising:
a) a first mirror that is an epitaxially grown metal mirror,
b) a second mirror;
¢) an active region epitaxially grown such that the active region is
positioned at or close to, at least, one antinode between the first mirror

and the second mirror.

2. The light emitter of claim 1, wherein the first mirror:

is grow on a IlI-nitride structure

3. The light emitter of claim 1 further comprising:
a) n-type Ill-nitride layer between the first and the second mirror ; and

b) p-type [II-nitride layer between the first and the second mirror.

4. The light emitter of claim 1 further comprising:

p-AlGaN layer between the first and the second mirror.

S. The light emitter of claim 1, wherein the first mirror

is partially transparent and partially reflective to light

6. The light emitter of claim 1 further comprising:

a substrate that is transparent.
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7. The light emitter of claim 1, wherein the first mirror

is reflective and non-transparent to light.

8. The light emitter of claim 3, wherein the n-type Ill-nitride layer is epitaxially
grown to have thickness that locates the center of the active region at or close

to an anti-node of a standing optical wave.

9. The light emitter of claim 3, wherein the p-type Ill-nitride layer is epitaxially
grown to have thickness that locates the center of the active region at or close

to an anti-node of a standing optical wave.

10. The light emitter of claim 1, wherein a cavity length L¢ is equal to d1 +d2,

where

d1 = the distance between the center of the active region and the GEMM

~ (0.253/N) + M(0.5%/N) - PDI1; and

d2 = the distance between the center of the active region and the second mirror
~ (0.250/N) + M(0.50/N) — PD2 if the second mirror is a metal,

and
~(0.750M/N) + M(0.5MN)  if the second mirror is a distributed

Bragg reflector,

where A is the wave length of light generated by the active region in vacuum,

N is the index of refraction of the III-nitride material, M is an integral multiple
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11.

12,

13.

14.

13.

of half wave lengths within the I1I-nitride material starting at zero and PD1
and PD2 are the penetration depths of the light into the first and second

mirrors, respectively.

The light emitter of claim 1 wherein the active region thickness has a width of
less than 0.25A/N to maintain the active region to be located at or close to an
antinode of an standing optical wave where A is the wave length of light
generated by the active region in vacuum, N is the index of refraction of the

[II-nitride material.

The light emitter of claim 11 wherein the active region placement
has a maximum deviation, defined by 0.125(A/N)-0.5(W ar) where Wag is the
active region width, A is the wave length of light generated by the active

region in vacuum, N is the index of refraction of the III-nitride material.

The light emitter of claim 1, wherein the first mirror composition is at least
one of the following:

Zr and Hf and (HfyZr, ., where x is between 0 and 1), and

ZrN and HIN and TiN and (Hf.Zr,Y,N where x+y+z=1), and

ZrB2 and HfB2 and YB2 and (HfiZr,Y,B, where x+y+z=1).

The light emitter of claim 1, wherein the second mirror

is an epitaxial metal mirror.

The light emitter of claim 1, wherein the second mirror
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is a non-epitaxial metal mirror that includes amorphous, polycrystalline, and

microcrystalline.

16. The light emitter of claim 1, wherein the second mirror

is a distributed Bragg reflector.

17. The light emitter of claim 1, wherein the second mirror

is a semiconductor/air interface.

18. The light emitter of claim 1, wherein the second mirror

is a semiconductor/epoxy interface.

19. The light emitter of claim 1, wherein the second mirror

is a semiconductor/transparent conductor interface.

20. The light emitter of claim 1, further comprising

a photonic crystal structure.

21. The light emitter of claim 1, wherein the second mirror is

a photonic crystal light extraction surfac.e

22. The light emitter of claim 1, further comprising

a roughened light extraction surface.

23. The light emitter of claim 1, wherein the second mirror is
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24.

25.

26.

27.

28.

a roughened light extraction surface.

The light emitter of claim 1 wherein the cavity length, L.

is detuned; where the emission wavelength is longer than the normal cavity
mode wavelength, being that the light emitted propagates within an off axis
mode that has an angle from the on axis mode below the Snell’s window

critical angle.

Then light emitter of claim 1 wherein the cavity length, L
is within the micro-cavity regime being that the cavity is small enough that the
cavity order Int(2NL./)A) is less than 2N2, where L. is the cavity length, N is

the index of refraction, and A is the wavelength of light in a vacuum.

An epitaxy growth structure comprising:
a) a crystalline IlI-nitride layer; and
b) planar specular grown epitaxial metal mirror layer grown over

the crystalline III-nitride layer

The structure of claim 26 further comprising a substrate having a composition
of at least one of the following:
Sapphire, Silicon Carbide, Zinc Oxide, Spinel (MgAl,04), AIN, GaP, MgO,

LiGaO,, LiAlO; NdGaO3;, ScAIMgO4, Caglay(PO4)s0s.

The structure of claim 26, wherein the metal layer having a composition of at

least one of the following:
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29.

30.

31.

32.

Zr and Hf and (Hf.Zr,x, where x is between 0 and 1), and
ZrN, HiN, TiN and the like (Hf\Zr,Y,N where x+y+z=1), and

ZrB2, HfB2, YB2 and the like (Hf Zr,Y,B; where x+y+z=1).

The structure of claim 26, wherein the metal layer
having a predetermined thickness £150nm such that the transparency to light

shorter than 700nm in wavelength is greater than zero for the use of resonant

cavity light emitting diode construction.

The structure of claim 26 wherein the metal layer

having a predetermined thickness 2150nm such that the reflectivity to light

shorter than 700nm in wavelength is greater than zero.

The structure of claim 26 further comprising:
a second III-nitride layer grown epitaxially on the grown epitaxial metal

mirror layer

The structure of claim 31 wherein:
said the second IIl-nitride layer being of a predetermined thickness which
corresponds to the positioning of epitaxially grown active region at or close to

an antinode.
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