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A METHOD FOR GaN VERTICAL MICROCAVITY SURFACE EMITTING LASER
(VCSEL)

RELATED APPLICATIONS

This application claims the benefit of U.S. provisional application Ser. No. 62/057,543
titled “A Method for GaN Vertical Microcavity Surface Emitting Laser (VSCEL),” filed on

September 30, 2014, which is incorporated herein by reference in its entirety.

BACKGROUND

Technical Field
The technology relates to forming nanoporous gallium-nitride materials. The porous
gallium nitride may be used in integrated optical devices such as vertical-cavity surface-

emitting lasers and light-emitting diodes.

Discussion of the Related Art

The etching of semiconductor materials is an important technique that is used in
microfabrication processes. Various kinds of etching recipes have been developed for many
materials used in semiconductor manufacturing. For example, Si and certain oxides may be
etched using dry (e.g., reactive-ion etching) or wet chemical etching techniques that yield
desired etch rates and etch morphologies. III-nitride materials, such as gallium nitride (GaN)
and its alloys, have recently emerged as attractive materials for some semiconductor
applications, because of the material’s physical and electronic properties.

Some desirable uses for III-nitride materials include micro-photonic devices, such as
light-emitting diodes (LEDs) and semiconductor lasers for various lighting applications.
Because of its wide band gap, GaN-based devices can produce light in the blue region of the
visible spectrum and can therefore be used in the production of white light. One type of
semiconductor light-emitting device that offers some advantages in terms of manufacturability
and performance is the vertical cavity surface emitting laser (VCSEL).

A vertical cavity surface emitting laser is a class of semiconductor lasers that was

conceptualized and developed during the 1980°s and 1990°s. A general structure of a VCSEL
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is depicted in FIG. 1. VCSEL:s are unlike early semiconductor laser diodes, known as edge-
emitting laser diodes, for which the direction of the laser cavity and the direction of the lasing
beam are parallel to the planar surface of the semiconductor substrate. For edge-emitting
lasers, the laser light travels transverse to the direction of the laser’s semiconductor junction,
and emits from an edge of the chip. In contrast for a VCSEL 100, the laser cavity 170 and
emitting laser beam 175 are oriented perpendicular to the planar surface of the substrate 105 on
which the VCSEL is fabricated, and the laser beam travels in a direction of the p-n junction.
Compared with conventional edge-emitting laser diodes, a VCSEL 100 has several
advantages that include (1) on-wafer testing of device performance, (2) better beam profile and
far-field patterns, (3) better mode stability and wider free spectral range, (4) possibility of a
very low threshold current, (5) a generally higher manufacturing yield, (6) a higher packing
density and therefore lower cost, and (7) improved compatibility with planar microfabrication
processes. VCSELs in the infrared and red spectral ranges are currently being used for

telecommunication and industrial applications.

SUMMARY

The described technology relates to methods and structures associated with forming
uniform, nanoporous layers in gallium-nitride semiconductor materials. According to some
embodiments, the nanoporous layers may be used for forming integrated, optically-reflective
structures such as distributed Bragg reflector (DBR) structures. The nanoporous layers may be
formed using electrochemical (EC) etching techniques at room temperature. The EC etching
does not require ultraviolet or optical illumination to etch the gallium-nitride material. The
inventors have found that the pore morphology and uniformity of the etching process depends
on several parameters (e.g., material doping, material composition, applied bias, etchant or
electrolyte composition and concentration, and current spreading at the region to be etched).
Highly reflective DBR structures, suitable for use in VCSELSs, have been fabricated using the
described technology.

According to some embodiments, a porous gallium-nitride layer, fabricated according
to the present embodiments, may have a majority of its pores with a maximum transverse
width less than approximately 100 nm and have a volumetric porosity greater than 30%. In

some aspects, more than 90% of the pores of the porous gallium-nitride layer have a maximum
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transverse width less than approximately 100 nm. In some aspects, over half of the pores of
the gallium-nitride layer may have a maximum transverse width between approximately 30 nm
and approximately 90 nm. In some aspects, more than 70% of the pores of the gallium-nitride
layer have a maximum transverse width between approximately 30 nm and approximately 90
nm. According to some aspects, the pores have walls with a root-mean-square surface
roughness less than approximately 10 nm.

According to some implementations, an n-type doping density of the porous gallium-
nitride layer is between approximately 5%x10" cm™ and approximately 2x10*° cm™. In some
aspects, a dopant in the porous gallium-nitride layer for the n-type doping is germanium. In
some implementations, the volumetric porosity of the porous gallium-nitride layer is greater
than 60%.

In some implementations, a porous gallium-nitride layer having any of the foregoing
characteristics may be included in a distributed Bragg reflector. In some aspects, a porous
gallium-nitride layer having any of the foregoing characteristics may be included in a vertical-
cavity surface-emitting laser. In some aspects, a porous gallium-nitride layer having any of the
foregoing characteristics may be included in a light-emitting diode. According to some
implementations, a porous gallium-nitride layer having any of the foregoing characteristics
may be included in an electrode.

In some embodiments, a semiconductor light emitting device may comprise at least one
buried porous gallium-nitride layer wherein a majority of the pores of the at least one buried
porous gallium-nitride layer have a maximum transverse width less than approximately 100 nm
and the at least one buried porous gallium-nitride layer has a volumetric porosity greater than
30%. In some aspects, over 70% of the pores of the at least one buried porous gallium-nitride
layer have a maximum transverse width between approximately 30 nm and approximately 90
nm.

According to some implementations, the at least one buried porous gallium-nitride
layer comprises a plurality of porous gallium-nitride layers separated by non-porous gallium-
nitride layers arranged in a first distributed Bragg reflector (DBR). The plurality of porous
gallium-nitride layers may include non-porous regions located centrally within the DBR that
form a pillar of non-porous gallium nitride. In some implementations, the first DBR is
arranged as an n-side reflector for a vertical-cavity surface-emitting laser (VCSEL). In some
aspects, the first DBR has a reflectance greater than 99% for a lasing wavelength of the

VCSEL. In some implementations, the first DBR has reflectance values greater than 98% over
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a bandwidth greater than approximately 20 nm. In some aspects, the pores of the at least one
buried porous gallium-nitride layer have walls with a root-mean-square surface roughness less
than approximately 10 nm. In some implementations, the at least one buried porous gallium-
nitride layer has an n-type doping density between approximately 5%10" cm™ and
approximately 2x10*° cm™. According to some aspects, a dopant for the n-type doping in the
at least one buried porous gallium-nitride layer is germanium.

According to some implementations, a semiconductor light emitting device may further
include a cavity region having a length L and a second DBR, wherein the cavity region is
located between the first DBR and the second DBR. In some aspects, the cavity region
includes multiple quantum wells or a superlattice. According to some implementations, the
length L of the cavity region is between approximately one and five optical wavelengths of a
lasing wavelength for the VCSEL. In some implementations, a semiconductor light emitting
device may further comprise a current-spreading layer having a doping density greater than
1x10"® cm™ located adjacent to the distributed Bragg reflector.

Also described are method embodiments that may be used to fabricate one or more of
the foregoing structures or devices. According to some embodiments, a method for forming
porous gallium nitride may comprise acts of exposing heavily-doped gallium nitride to an
etchant, wherein the heavily-doped gallium nitride has an n-type doping density between
approximately 5%10" cm™ and approximately 2x10?° cm™, applying an electrical bias between
the etchant and the heavily-doped gallium nitride, wherein the electrical bias has a value
between approximately 1.3 volts and 3 volts, and electrochemically etching the heavily-doped
gallium nitride to produce porous gallium nitride having a volumetric porosity greater than
approximately 30% and a majority of pores with a maximum transverse width less than
approximately 100 nm.

In some implementations, over 70% of the pores of the etched gallium nitride have a
maximum transverse width between approximately 30 nm and approximately 90 nm. In some
aspects, the electrochemical etching does not require illumination of the heavily-doped gallium
nitride. According to some implementations, a dopant for the heavily-doped gallium nitride is
germanium. In some implementations, the etchant comprises nitric acid having a concentration
between 60% and approximately 80% by weight. In some aspects, the etchant comprises nitric
acid having a concentration of approximately 70% by weight.

According to some implementations of a method for forming porous gallium nitride,

the heavily-doped gallium nitride may be arranged in a plurality of layers that are separated by
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undoped gallium-nitride layers. A method may further comprise spreading etching current
during the electrochemical etching with a current-spreading layer of doped gallium nitride
located adjacent to the DBR. A method may further comprise etching vias into the plurality of
layers and the undoped gallium-nitride layers to expose edges of the plurality of layers. In
some aspects, the electrochemical etching comprises lateral etching of the plurality of layers.

According to some aspects, a method for forming porous gallium nitride may further
include depositing the plurality of layers and the undoped or moderately-doped gallium-nitride
layers to form a first distributed Bragg reflector (DBR) for a vertical-cavity surface-emitting
laser (VCSEL). A method may further comprise stopping the electrochemical etching to leave
a pillar of unetched gallium nitride centrally within the first DBR. In some aspects, a method
may further comprise forming a cavity region having multiple quantum wells or a superlattice
adjacent to the first DBR. In some implementations, a method for forming porous gallium
nitride may further comprise forming a second DBR on an opposite side of the cavity region
from the first DBR.

The foregoing and other aspects, embodiments, and features of the present teachings
can be more fully understood from the following description in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the figures, described herein, are for illustration
purposes only. It is to be understood that in some instances various aspects of the
embodiments may be shown exaggerated or enlarged to facilitate an understanding of the
embodiments. In the drawings, like reference characters generally refer to like features,
functionally similar and/or structurally similar elements throughout the various figures. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating the

29 ¢ 2% <

principles of the teachings. Directional references (“above,” “top,” “on,” “below,” efc.) made
in connection with the drawings are for illustration purposes only. Structures may be
fabricated in orientations other than those depicted in the drawings. Where the drawings relate
to microfabrication of integrated devices, only one device may be shown of a large plurality of
devices that may be fabricated in parallel on a same substrate. The drawings are not intended

to limit the scope of the present teachings in any way.

FIG. 1 is a simplified depiction of a vertical cavity surface-emitting laser (VCSEL),
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according to some embodiments;

FIG. 2 depicts a distributed Bragg reflector that includes porous layers, according to
some embodiments;

FIG. 3 illustrates etching characteristics of GaN under various etching conditions;

FIG. 4A shows a first pore morphology obtained when etching germanium-doped GaN
under first etching conditions;

FIG. 4B shows a second pore morphology obtained when etching germanium-doped
GaN under second etching conditions;

FIG. 4C shows a third pore morphology obtained when etching germanium-doped
GaN under third etching conditions;

FIG. 4D shows a fourth pore morphology obtained when etching germanium-doped
GaN under fourth etching conditions;

FIG. 5A depicts a multilayer structure that may be used to form a high-reflective, n-
side DBR, according to some embodiments;

FIGS. 5B-5E depict structures associated with a process for forming a high-reflective
DBR, according to some embodiments;

FIG. 5F depicts a cavity region formed on a high-reflective DBR, according to some
embodiments;

FIG. 5G depicts a second DBR formed on a cavity region for a VCSEL, for example;

FIG. 6 is an optical micrograph showing etched openings into a multilayer stack and
DBR regions adjacent to the etched openings;

FIG. 7 is a scanning-electron micrograph (SEM) showing pore morphology of EC-
etched gallium-nitride layers in a DBR structure, according to some embodiments;

FIG. 8 shows measured reflectance from a GaN DBR having nanoporous gallium-
nitride layers; and

FIG. 9 shows measured reflectance greater than 99% from a GaN DBR having
nanoporous gallium-nitride layers.

The features and advantages of the embodiments will become more apparent from the

detailed description set forth below when taken in conjunction with the drawings.
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DETAILED DESCRIPTION

Nanoporous semiconductor has several useful applications in the field of
semiconductor technology. These applications include, but are not limited to, stress-relief
layers for heteroepitaxy, oxidation-conversion layers, electrodes with high surface areas, and
multilayer reflective structures. With regard to this last application, the inventors have
recognized and appreciated that nanoporous gallium nitride materials can be very useful for
improving performance of light-emitting devices such as light-emitting diodes (LEDs) and
vertical cavity surface emitting lasers (VCSELSs). Efficient LEDs and VCSELSs are useful for
high-end lighting applications such as automobile headlights, micro-projectors, displays, and
low-droop, high-power lamps.

As described further below, the inventors have conceived and developed techniques for
forming highly uniform, nanoporous gallium-nitride layers for light-emitting devices using
electrochemical (EC) etching at room temperature. The inventors have recognized and
appreciated that high porosity, high uniformity, small pore size, and smooth wall surfaces can
improve the optical performance of reflective structures that incorporate such porous layers.
To obtain high uniformity, high porosity, small pore size, and smooth wall surfaces in GaN,
the inventors investigated a wide range of etching conditions and material modifications. The
inventors have discovered that a desirable pore morphology can be obtained with EC etching
under limited etching conditions and material composition.

Referring again to FIG. 1 and in overview, a VCSEL may include an active region 130
located between a first semiconductor layer 140 of a first conductivity type (e.g., p-type) and a
second semiconductor layer 120 of a second conductivity type (e.g., n-type). The active region
130 may comprise multiple-quantum-well (MQW) layers or a superlattice (SL). The laser
cavity 170 of the VCSEL may include the active region and adjacent layers, and may be
located between a first bottom-side reflector 110 and a second top-side reflector 150. In some
cases, the bottom side of the device may be the n-conductivity side, and the top side of the
device may be the p-conductivity side. Electrical contact to the VCSEL 100 may be made
through the substrate 105 on the bottom side and through a deposited conductive contact 160
on the top side of the device. The top-side contact may connect to an external current or
voltage source through one or more wire bonds 165. When current is applied to the VCSEL
100, electrons and holes recombine in the active region 130 to produce photons. The photons

travel back and forth between the reflectors 110, 150 and may be amplified by stimulated
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emission. A portion of the circulating photons are transmitted through the top-side reflector
150 to produce the laser beam 175.

To date, there have been a few demonstrations of III-nitride VCSELSs, because of
technical challenges in fabricating a working device. These challenges include (1) forming an
efficient active region 130 for carrier-to-photon conversion, (2) fabricating high-quality planar
reflectors 110, 150 for the laser cavity 170, and (3) controlling spatial current flow through the
active region 130 such that photons produced by carrier recombination will overlap efficiently
with optical laser-cavity modes. Although the technology relating to the active region 130 is
reasonably mature, the mirror technology (item 2) continues to pose a challenge. Two teams
(one at Tokyo University and a joint effort by Sandia Labs and Brown University) separately
demonstrated the use of solid epitaxial AlIGaN/GaN layer pairs in a distributed Bragg reflector
(DBR) as the bottom-side reflector 110, and used a dielectric oxide stack as the top-side
reflector 150 above the active region 130. This hybrid configuration of dielectric-epitaxial
reflectors was further developed by NCTU in Taiwan, leading to the first demonstration of an
electrically-injected III-nitride VCSEL in 2008.

Conventional preparation of a bottom-side DBR 110 by epitaxy, however, can be
exceedingly difficult. A large number (40 to 60) of AlGaN/GaN layer pairs having stringent
thickness tolerances are typically required to achieve a high reflectivity (R~99%) due to the
low contrast of index of refraction between AlGaN and GaN. Additionally, the large number
of dissimilar layers can develop appreciable strain in the DBR, which can pose fabrication
challenges and degrade device performance. Finally, the resulting AlIGaN/GaN epitaxial
mirror has a narrow bandwidth (AA~15nm). These aspects of an AlGaN/GaN DBR can make
optical mode-matching with a laser cavity mode a significant challenge.

In an effort to avoid the complexity associated with DBR mirrors, Nichia Chemical
used a laser lift-off (LLO) technique to separate an InGaN/GaN p-n epitaxial structure having a
top-side dielectric reflector from a sapphire substrate, and to expose the bottom side (n-side)
for the deposition of another dielectric mirror. In this case, the use of LLO adds processing
complexity and essentially voids an advantage of on-wafer testing for VCSELs. Also, the LLO
process typically needs a relatively thick active region, which increases the laser cavity length
and reduces the optical mode spacing. Reduced mode spacing can make it more difficult to
obtain single-mode operation or to match a wavelength of a laser cavity mode with the
wavelength for which the laser’s DBRs are designed. Although Nichia and NCTU used

dielectric current blocking layers on the p-side, these research groups did not demonstrate
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current blocking on the n-side where lateral current diffusion could seriously degrade the
VCSEL’s performance.

To overcome some of the difficulties associated with DBR fabrication, the inventors
have proposed forming nanoporous/non-porous gallium-nitride layer pairs, as depicted in
FIG. 2. The structure may comprise nanoporous layers 220 interleaved with non-porous layers
210, where each layer corresponds to a quarter wavelength of the central lasing wavelength for
the VCSEL, according to some embodiments. The nanoporous layers 220 can have a low
refractive index n compared to the non-porous layers, giving a significantly higher refractive
index contrast than is possible for solid InGaN/GaN layer pairs. The inventors have
recognized and appreciated that a high reflectivity can be achieved with a reduced number of
layer pairs (e.g., 6 — 20) provided the volumetric porosity (ratio of air volume in a porous layer
to total volume of the porous layer) is high. The inventors have also recognized that the optical
quality of the reflector will be improved if the pore size is small (less than one-quarter the
lasing wavelength), the porosity is uniform across the device, and the pores have smooth walls.

Because III-nitride materials can be chemically inert to wet etchants, microfabrication
of integrated optical or integrated electronic devices based on these materials poses
manufacturing challenges. Although some etching techniques (e.g., dry reactive-ion etching or
photoelectrochemical (PEC) etching) have been developed to etch these materials, these
processes can be costly and/or difficult to implement. In some cases, these processes may not
be useable for DBR structures or structures where a buried porous layer is desired. For
example, PEC etching may produce non-uniform etching due to spatial intensity variations,
and may not be able to etch buried layers or shadowed regions of a substrate.

The inventors have conceived of electrochemical (EC) etching processes (illumination
not required) that can be implemented at room temperature and provide uniform etching of
highly porous (e.g., greater than 60% volumetric porosity) buried layers with sub-100-nm pore
sizes and smooth wall surfaces. Buried layers may be laterally etched over distances greater
than 50 microns. Several etching parameters and material properties are controlled to obtain a
desired pore morphology. The EC etching processes may be used to selectively etch gallium-
nitride materials that have been doped to tune, in part, the etching properties of the materials.
According to some embodiments, a very high doping level and low etching bias is used to
obtain a desired pore morphology for gallium-nitride materials. In some implementations,
germanium is used as an n-type dopant for GaN to obtain the high level of doping and smooth

etched surfaces. According to some implementations, the level of doping may be between
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approximately 5%10" cm™ and approximately 2x10?° cm™.

The terms “approximately” and “about” may be used to mean within +20% of a target
value (e.g., an explicitly stated value) in some embodiments, within £10% of a target value in
some embodiments, within #5% of a target value in some embodiments, and yet within +2% of
a target value in some embodiments. The terms “approximately” and “about” also include the
target value, so that a ranges expressed as “between approximately A and approximately B”
may also be expressed as “between A and B” and a value stated as “approximately A” may
also be expressed as “A”.

Following extensive research, etching characteristics were mapped by the inventors and
are illustrated in the graph of FIG. 3. Pore morphologies corresponding to some of the etched
samples are depicted in the scanning-electron micrographs of FIGS. 4A-4D. The etching
involved lateral etching of alternate layers in a stack of GaN layers. Improved results were
found when highly concentrated nitric acid was used as the electrolyte or etchant. In some
implementations, the concentration of nitric acid (HNOQOs) in water is between approximately
60% and approximately 80% by weight. According to some embodiments, the concentration
of nitric acid in water is between approximately 65% and approximately 75% by weight. In
some implementations, the concentration of nitric acid in water is approximately 70% by
weight or approximately 16.7 molar (M). Using such highly concentrated nitric acid, material
doping and applied bias were varied to etch the gallium-nitride layers. The doping and applied
bias strongly influenced pore morphology.

With reference to FIG. 3, the etching behavior is roughly divided into three regions:
no etching (labeled region 1), complete etching or electro-polishing (labeled region III), and the
formation of nanoporous GaN (labeled region II). Within the nanoporous GaN etching region,
etching was characterized by mapping approximate iso-porosity contours from 10% to 90%.
At ultrahigh doping levels between approximately 5%x10" cm™ and approximately 2x10* cm™,
a volumetric porosity greater than approximately 60% can be obtained at applied bias voltages
between approximately 2.0 V and approximately 3 V. In some implementations, a volumetric
porosity greater than approximately 30% can be obtained at applied bias voltages between
approximately 1.3 V and approximately 3 V. Such low applied bias values are desirable,
because a low bias can reduced any parasitic etching that might otherwise occur in other
regions of a VCSEL or LED structure. Additionally at the low bias values, the transverse
width of the pores is found to be small (e.g., less than approximately 120 nm) and highly

uniform. Under some etching conditions, porosities greater than 80% and 90% are obtained.
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Such high porosity can appreciably lower the effective refractive index of a porous gallium-
nitride layer.

Examples of pore morphologies are shown in FIGS. 4A-4D for the four etching
conditions indicated by the data points A, B, C, and D in FIG. 3. In FIG. 4A, low volumetric
porosity (less than 10%) is obtained in the heavily-doped layers of GaN at low bias values. For
the conditions of FIG. 4B, high porosity (greater than 60 %) is achieved, and the pore
morphology is fairly uniform. The average transverse pore width is less than approximately
100 nm. For the conditions of FIG. 4C and FIG. 4D, the porosity is less than about 30%, and
the pore morphology is non-uniform. Some pores have large transverse dimensions (e.g.,
greater than 150 nm). Large pore sizes can act as scattering centers and degrade the quality of
a coherent optical beam and lead to excessive loss in a semiconductor laser. Also, FIG. 4C
and FIG. 4D indicate a susceptibility for delamination of the layers. Accordingly, a very high
dopant density is preferred for purification of gallium nitride.

Based upon the observed etching characteristics, quality reflective structures may be
formed in gallium-nitride materials. For example, one or more porous layers may be formed
below an LED to improve light extraction from the LED. Also, a highly-reflective DBR
structure may be formed on a substrate for a VCSEL using a plurality of nanoporous layers
having high volumetric porosity. Example structures associated with a process for forming a
DBR from layers of gallium-nitride materials are depicted in FIGS. SA-5E.

According to some embodiments, a process for making a DBR may use a multilayer
stack 500 formed on a substrate 505, as depicted in FIG. SA. The substrate may comprise
sapphire, gallium nitride, silicon carbide, or any other suitable material upon which gallium
nitride may be epitaxially grown. The multilayer stack may include a buffer layer 510 formed
on the substrate. The buffer layer may comprise gallium nitride or other III-nitride material
and may have a thickness between approximately 500 nm and approximately 2 pm. The buffer
layer 510 may be formed using an epitaxial growth process on the substrate 505, and may be
undoped in some cases. The buffer layer may be used as a transition layer between the
substrate 505 of a first material type and quality gallium-nitride layers formed for the VCSEL
(e.g., to relieve stress and reduce defects that arise from a lattice mismatch between the
substrate 505 and epitaxially grown gallium-nitride layers of the VCSEL).

The multilayer stack 500 may also include a conductive layer 515 formed of silicon-
doped gallium nitride. The conductive layer 515 may be used in some embodiments to carry

current to the VCSEL, and may also be used spread current during EC etching while forming
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porous GaN layers. In some cases, the conductive layer may have a doping density between
approximately 1x10"® cm™ and approximately 1x10" cm3. A thickness of the conductive
layer 515 may be between approximately 250 nm and approximately 750 nm.

In some embodiments, a DBR structure may further include a layer of undoped gallium
nitride 520 that is formed on the conductive layer. The layer of undoped gallium nitride may
have a thickness between 250 nm and approximately 750 nm. Above the layer of undoped
gallium nitride 520, multiple layer pairs for a DBR may be formed. The layer pairs may be
deposited by epitaxial growth, according to some embodiments, and may include undoped or
moderately-doped gallium-nitride layers 530 and heavily-doped gallium-nitride layers of 535.
A moderately-doped gallium-nitride layer may have a doping density between approximately
1x10" cm™ and approximately 2x10" em’. According to some embodiments, there may be 6
to 20 layer pairs of undoped or moderately-doped and heavily-doped gallium-nitride layers in a
DBR structure. The layers may be deposited using metal-organic chemical vapor deposition
(MOCYVD) and/or atomic layer deposition (ALD). The heavily-doped layers 535 may be n-
type conductivity (e.g., n++ doping). According to some embodiments the doping density of
the heavily-doped gallium-nitride layers may be between approximately 4%x10" cm? and
approximately 2x10*° cm?. To achieve such high doping density, the heavily doped layers may
be doped with germanium. Whereas silicon doping results in a rough etched surfaces, the
inventors discovered that germanium doping allows high doping levels and also results in a
smooth surface topology of the etched gallium nitride surfaces for doping levels on the order of
10*° cm™. With germanium doping, the pore walls (e.g., at an interface with a non-porous
layer) have a root-mean-square surface roughness less than approximately 10 nm.

In some implementations, the buffer layer 510, conductive layer 515, undoped layer
520, and/or layer pairs may comprise GaN. In some embodiments, the buffer layer 510,
conductive layer 515, undoped layer 520, and/or layer pairs may comprise alloys of gallium
nitride. For example, one or more of the layers may include aluminum and/or indium. The
term “GaN” is used to refer to a semiconductor composition comprising substantially only Ga
and N or doped GaN. The term gallium-nitride may be used to refer to GaN, doped GaN, and
alloys or doped alloys of GaN, e.g., InGaN, AlGaN, InAlGaN. The layers may be deposited
by one or a combination of deposition techniques, e.g., chemical vapor deposition (CVD),
plasma enhanced CVD (PECVD), metal organic CVD (MOCVD), hydride vapor phase epitaxy
(HVPE), molecular beam epitaxy (MBE) or atomic layer deposition (ALD), according to some

embodiments. According to some embodiments, a deposited layer may be subsequently
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annealed to improve crystal quality. In some embodiments, additional layers may be deposited
that may comprise materials other than gallium nitride or III-nitrides.

According to some embodiments the thicknesses of the undoped or moderately-doped
gallium-nitride layers 530 for the DBR may correspond to approximately % wavelength of the
VCSEL’s designed operating wavelength. The thickness for each undoped or moderately-
doped gallium-nitride layer may also correspond to an odd-number multiple of quarter
wavelengths, e.g., 3/4, 5/4, 7/4, etc. For example, a thickness ¢; of an undoped or moderately-
doped gallium-nitride layer in the DBR structure may be determined approximately from the

following relation:

MA,
L™ an

where A is the free-space lasing wavelength for the VCSEL, # is the refractive index value for
the undoped or moderately-doped gallium-nitride layers at the lasing wavelength, and M =1, 3,
5, .... For a VCSEL that is designed to lase in the violet or blue blue region of the spectrum,
the thickness of an undoped or moderately-doped gallium-nitride layer 530 may be between
approximately 40 nm and approximately 60 nm or an odd number multiple thereof.

The thickness of a heavily-doped gallium-nitride layer 535 may be greater than the
thickness of an undoped or moderately-doped gallium-nitride layer in each layer pair. This is
because the heavily-doped gallium-nitride layers will be converted to porous gallium nitride,
which has a lower refractive index than that for the solid undoped or moderately-doped
gallium-nitride layers. The refractive index n, for the porous gallium nitride may be

determined from the following expression:
n, = 24—-14p

where p is the volumetric porosity of the porous gallium nitride. The thicknesses # of the
heavily-doped gallium-nitride layers 535 may be selected such that after being etched to form
porous layers, the resulting thickness of each layer corresponds to approximately Y% wavelength
(or an odd-number multiple thereof) of the VCSEL’s designed lasing wavelength. For

example, the thickness 7> may be determined approximately from the following relation:
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M,
t, = E

Following deposition of the undoped or moderately-doped and heavily-doped layer
pairs, a hard mask 540 may be deposited over the DBR structure, as illustrated in FIG. 5B.
The hard mask may comprise an oxide (e.g., silicon oxide) or any other suitable inorganic
material that can be etched by reactive ion etching, for example. The hard mask may be
resistant to etching by nitric acid, or the etchant used to porosify the heavily-doped gallium-
nitride layers 535. The inventors found that a polymeric resist was undesirably etched by the
concentrated nitric acid. In some embodiments, the hard mask 540 may be deposited by
plasma-enhanced chemical vapor deposition (PECVD), though other deposition processes may
be used. A thickness of the hard mask may be between approximately 50 nm and
approximately 400 nm. A layer of resist 542 (e.g., photoresist) may be deposited over the hard
mask 540 and patterned using any suitable lithographic process to open up vias 545 in the
resist. The resulting structure may appear as illustrated in FIG. 5B.

The vias 545 in the photoresist may be used to etch vias through the hard mask 540, as
indicated in FIG. 5C. The etching process to open vias in the hard mask may comprise a
selective dry etch (e.g., an anisotropic reactive ion etch that selectively removes the hard mask
without removing the photoresist) or a selective wet etch. The selective etch may transfer the
via pattern to the hard mask 540. After the vias 545 have been transferred to the hard mask
540, subsequent selective, anisotropic dry etching may be used to form vias 545 through the
undoped and heavily-doped layer pairs of the DBR structure. According to some
embodiments, a chlorine-based etch recipe is used to etch vias 545 through the gallium-nitride
layer pairs. The vias may extend down to, and possibly into, the undoped layer 520, according
to some embodiments. The etch through the layer pairs may be a timed etch.

In some cases, the etched vias 545 may be larger than depicted in FIG. 5C, and may
remove a large region of layer pairs around the DBR structure. For example, the removal of
layer pairs may leave a mesa on the substrate 505 comprising the undoped or moderately-
doped and heavily doped layer pairs at the location of each VCSEL. Regardless of their size,
the vias may expose edges of undoped or moderately-doped and heavily-doped layer pairs in
the DBR structure.

The DBR structure may then be subjected to an electrochemical etch using

concentrated nitric acid as described above in connection with FIG. 3. The etch may be
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performed at room temperature, and with an applied bias between the etchant bath and the
substrate 505 or the conductive layer 515. In some implementations, the applied bias may be
between approximately 1.3 V and approximately 3 V. In some cases, the EC etching may last
between approximately 2 minutes and approximately 30 minutes. According to some
embodiments, the etching may continue for a time period of up to 10 hours, depending upon
the extent of lateral etching desired and bias voltage. In various embodiments, the EC etching
converts the heavily doped gallium-nitride layers 535 to porous gallium-nitride layers 550, as
depicted in FIG. 5D. The etch may proceed laterally from the vias 545 or exposed edges of
the layer pairs toward the center of the DBR structure.

In some embodiments, the etch may proceed laterally across the entire DBR structure
and convert each heavily-doped layer to porous gallium nitride. In other embodiments, the
etch may be timed to stop before etching entirely through the layers, and a central region of the
heavily doped layers may not be etched. The central region may form a pillar 555 of solid
gallium-nitride layers. The remaining pillar 555 may provide added structural support to the
DBR structure, and may provide a low-resistance current path centrally to an optical axis of the
VCSEL, so that carriers injected from the n-conductivity side of the VCSEL overlap efficiently
with the laser’s optical cavity mode. The surrounding porous regions in the DBR may have
higher electrical resistivity and effectively function as current-blocking layers on the n-side of
the device. According to some embodiments, a transverse dimension D of the pillar 555 may
be less than one-half wavelength of the VCSEL’s emission wavelength modified by the
refractive index of the pillar. In some cases, a transverse dimension D of the pillar 555 may be
less than one-quarter wavelength of the VCSEL’s emission wavelength modified by the
refractive index of the pillar.

After the heavily doped layers 535 have been converted to porous layers 550, the hard
mask 540 may be removed from the substrate, as depicted in FIG. SE. In some
implementations, a wet buffered oxide etch (BOE) may be used to remove the hard mask 540.
The resulting substrate may then be cleaned and subjected to further processing to form a
cavity region above the bottom-side DBR structure and a top-side DBR reflector.

According to some embodiments, fabrication of the cavity region may comprise
depositing an n-type gallium-nitride layer 560, multiple quantum wells 565 or superlattice (SL)
for the active region, and a p-type gallium-nitride layer 570 to form a structure as depicted in
FIG. 5F. The n-type gallium-nitride layer, multiple quantum wells, and a p-type gallium-

nitride layer may be formed by epitaxial growth, which may comprise metal-organic chemical
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vapor deposition and/or atomic layer deposition. In some embodiments, a planarization step
and patterned hard mask may be used to prepare the substrate for subsequent epitaxial growth
of the cavity region. In some implementations, a resist may be patterned over layers used to
form the cavity region, and selective etching may be used to remove the layers in areas around
the cavity region.

The cavity region may have a length L, which may be between approximately one
wavelength and approximately five wavelengths of the VCSEL’s emission wavelength (as
modified by the refractive index of the cavity region). The length L approximately determines
a cavity length for the VCSEL. When the cavity length L is on the order of a few wavelengths,
the VCSEL may comprise a microcavity that may support one or a few longitudinal optical
modes. In some implementations, the cavity length . may be longer than five wavelengths.

After the cavity region has been formed, a top-side DBR 580 may be deposited to
produce a VCSEL cavity as depicted in FIG. 5G. In some implementations, the top-side DBR
may comprise a stack of dielectric layers. The dielectric layers may include layer pairs of an
oxide (e.g., silicon oxide) having a first refractive index value and a second dielectric layer
(e.g., silicon nitride) having a second refractive index value. The dielectric layers may be
deposited by an MOCVD and/or ALD process. There may be between 10 and 20 dielectric
layer pairs in a VCSEL, though some embodiments may include fewer layer pairs and other
embodiments may include more layer pairs. The resulting GaN VCSEL may produce coherent
radiation in the violet/blue spectral range (e.g., between approximately 400 nm and
approximately 490 nm).

Other applications of highly porous gallium-nitride with small pore sizes include, but
are not limited to, high-surface area electrodes for water splitting or other electrochemical

reactions and stress-relief layers for multilayer epitaxial structures.

EXAMPLES
Multilayer DBR structures were etched and characterized. In a first example, for which
an etched sample is shown in FIG. 6, different striped vias 610 were etched through multiple
GaN layer pairs formed on a substrate. The vias appear as dark stripes, and were etched by
reactive ion etching in a chlorine-based plasma. The GaN layer pairs included undoped layers
and heavily-doped GaN:Ge layers having a doping density of approximately 5%10" cm™. The
EC etchant used to porosify the heavily-doped layers was nitric acid (HNOs) having a
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concentration of approximately 16.7 M, and the applied bias was approximately 3 volts.

FIG. 6 is an optical image of the electrochemically etched GaN structure obtained with
a microscope. Extending radially and laterally around the striped vias 610 are regions having
nanoporous GaN layers. The regions containing the nanoporous GaN layers appear lighter
under the optical microscope due to an increased reflectivity. A uniform color shading in the
microscope image indicates good spatial uniformity of the nanoporous GaN layers.

The microscopic morphology of the etched nanoporous GaN was examined by
scanning electron microscopy (SEM), and an exemplary micrograph is shown in FIG. 7. The
micrograph shows an elevation view of the porous and non-porous GaN layers near a via 610.
The non-porous layer corresponds to the undoped GaN, and the porous layers correspond to
the heavily-doped GaN layers. The micrograph also indicates high uniformity and high
volumetric porosity (greater than about 80%) of the EC-etched layers. More than half of the
pores have a maximum transverse width W, less than about 100 nm, with some smaller than
about 30 nm. Measurements indicate that more than 70% of the pores, and even more than
90% of its pores, have a maximum transverse width less than about 100 nm. The maximum
transverse width may be less than a length of the pores (e.g., the pores may extend into the
page along a lateral etching direction by a distance greater than their transverse width. The
transverse dimensions are very uniform, with over 70%, and even over 90%, having a
maximum transverse dimension between 30 nm and 90 nm.

The reflectance of the nanoporous/non-porous GaN DBR was measured by a micro-
reflectance setup. For these measurements, the optical spot size used to probe the DBR had a
diameter of approximately 10 um, and was incident on an etched region adjacent to a via 610.
The absolute reflectance was calibrated with measurements made for a silver mirror and a
sapphire substrate, both having well-established reflectance spectra. The estimated accuracy of
the reflectance measurement is better than 0.5%. Measurements were made on samples etched
under different EC etching conditions and having different doping densities. FIG. 8 shows a
reflectance spectrum 8§10 measured for one sample that included 10 layer pairs in which the
heavily-doped layers had a doping density of 5%10" ecm™. The bias for the EC etching was
approximately 3 V, and the resulting volumetric porosity of the anodized layers was over 60%.
The reflectance spectrum 8§10 shows a peak reflectance that is well over 95%. For reference,
calibration spectra for silver (curve 820) and sapphire (curve 830) are also plotted.

The peak reflectance for the sample is shown in higher resolution in FIG. 9. With

correct doping levels and under selected EC etching conditions, a peak reflectance of more
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than 99% can be reproducibly obtained for a gallium-nitride DBR structure. The bandwidth
over which the reflectance is greater than 98% is approximately 27 nm and is centered at
approximately 480 nm. Accordingly, the DBR structure is very suitable for a cavity mirror of
a VCSEL designed to emit blue light.

The technology described herein may be embodied as a method of fabrication, of which
at least one example has been provided. The acts performed as part of the method may be
ordered in any suitable way. Accordingly, embodiments may be constructed in which acts are
performed in an order different than described, which may include performing some acts
simultaneously, even though described as sequential acts in illustrative embodiments.
Additionally, a method may include more acts than those described, in some embodiments, and
fewer acts than those described in other embodiments.

Having thus described at least one illustrative embodiment of the invention, various
alterations, modifications, and improvements will readily occur to those skilled in the art.

Such alterations, modifications, and improvements are intended to be within the spirit and
scope of the invention. Accordingly, the foregoing description is by way of example only and
is not intended as limiting. The invention is limited only as defined in the following claims
and the equivalents thereto.

What is claimed is:
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CLAIMS

1. A porous gallium-nitride layer having a majority of its pores with a maximum transverse

width less than approximately 100 nm and having a volumetric porosity greater than 30%.

2. The porous gallium-nitride layer of claim 1, wherein more than 90% of the pores have a

maximum transverse width less than approximately 100 nm.

3. The porous gallium-nitride layer of claim 1, wherein over half of the pores of the
gallium-nitride layer have a maximum transverse width between approximately 30 nm and

approximately 90 nm.

4. The porous gallium-nitride layer of claim 1, wherein more than 70% of the pores of the
gallium-nitride layer have a maximum transverse width between approximately 30 nm and

approximately 90 nm.

5. The porous gallium-nitride layer of claim 1, wherein the pores have walls with a root-

mean-square surface roughness less than approximately 10 nm.

6.  The porous gallium-nitride layer of claim 1, wherein an n-type doping density of the

porous gallium-nitride layer is between approximately 5%x10" cm™ and approximately 2x10*

-3
cm .

7. The porous gallium-nitride layer of any one of claims 1-6, wherein a dopant in the porous

gallium-nitride layer for the n-type doping is germanium.

8. The porous gallium-nitride layer of any one of claims 1-6, wherein the volumetric

porosity is greater than 60%.
9.  The porous gallium-nitride layer of claim 7 included in a distributed Bragg reflector.

10. The porous gallium-nitride layer of claim 9 included in a vertical-cavity surface-emitting

laser.

11.  The porous gallium-nitride layer of any one of claims 1-8 included in a light-emitting

diode.

12. The porous gallium-nitride layer of any one of claims 1-8 included in an electrode.
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13. A semiconductor light emitting device comprising:

at least one buried porous gallium-nitride layer wherein a majority of the pores of the at
least one buried porous gallium-nitride layer have a maximum transverse width less than
approximately 100 nm and the at least one buried porous gallium-nitride layer has a volumetric

porosity greater than 30%.

14.  The semiconductor light emitting device of claim 13, wherein over 70% of the pores of
the at least one buried porous gallium-nitride layer have a maximum transverse width between

approximately 30 nm and approximately 90 nm.

15.  The semiconductor light emitting device of claim 13 or 14, wherein the at least one
buried porous gallium-nitride layer comprises a plurality of porous gallium-nitride layers
separated by non-porous gallium-nitride layers arranged in a first distributed Bragg reflector

(DBR).

16. The semiconductor light emitting device of claim 15, wherein the plurality of porous
gallium-nitride layers include non-porous regions located centrally within the DBR that form a

pillar of non-porous gallium nitride.

17.  The semiconductor light emitting device of claim 15 or claim 16, wherein the first DBR

is arranged as an n-side reflector for a vertical-cavity surface-emitting laser (VCSEL).

18. The semiconductor light emitting device of claim 17, wherein the first DBR has a

reflectance greater than 99% for a lasing wavelength of the VCSEL.

19.  The semiconductor light emitting device of claim 18, wherein the first DBR has

reflectance values greater than 98% over a bandwidth greater than approximately 20 nm.

20. The semiconductor light emitting device of claim 17, further including a cavity region
having a length 1. and a second DBR, wherein the cavity region is located between the first

DBR and the second DBR.

21. The semiconductor light emitting device of claim 20, wherein the cavity region includes

multiple quantum wells or a superlattice.
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22. The semiconductor light emitting device of claim 20 or claim 21, wherein the length L of
the cavity region is between approximately one and five optical wavelengths of an lasing

wavelength for the VCSEL.

23. The semiconductor light emitting device of claim 15, further comprising a current-
spreading layer having a doping density greater than 1x10"® cm™ located adjacent to the

distributed Bragg reflector.

24. The semiconductor light emitting device of claim 13 or claim 15, wherein the pores of
the at least one buried porous gallium-nitride layer have walls with a root-mean-square surface

roughness less than approximately 10 nm.

25. The semiconductor light emitting device of claim 13 or claim 15, wherein the at least one
buried porous gallium-nitride layer has an n-type doping density between approximately

5%10" cm™ and approximately 2x10*° cm™.

26. The semiconductor light emitting device of claim 25, wherein a dopant for the n-type

doping in the at least one buried porous gallium-nitride layer is germanium.

27. A method for forming porous gallium nitride, the method comprising:

exposing heavily-doped gallium nitride to an etchant, wherein the heavily-doped
gallium nitride has an n-type doping density between approximately 5%x10" cm™ and
approximately 2x10*° cm™;

applying an electrical bias between the etchant and the heavily-doped gallium nitride,
wherein the electrical bias has a value between approximately 1.3 volts and 3 volts; and

electrochemically etching the heavily-doped gallium nitride to produce porous gallium
nitride having a volumetric porosity greater than approximately 30% and a majority of pores

with a maximum transverse width less than approximately 100 nm.

28. The method of claim 27, wherein over 70% of the pores of the etched gallium nitride

have a maximum transverse width between approximately 30 nm and approximately 90 nm.

29. The method of claim 27, wherein the electrochemical etching does not require

illumination of the heavily-doped gallium nitride.

30. The method of claim 27, wherein a dopant for the heavily-doped gallium nitride is

germanium.
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31. The method of any one of claims 27-30, wherein the etchant is nitric acid having a

concentration between 60% and approximately 80% by weight.

32. The method of any one of claims 27-30, wherein the etchant is nitric acid having a

concentration of approximately 70% by weight.

33. The method of claim 32, wherein the heavily-doped gallium nitride is arranged in a

plurality of layers that are separated by undoped or moderately-doped gallium-nitride layers.

34. The method of claim 33, further comprising spreading etching current during the
electrochemical etching with a current-spreading layer of doped gallium nitride located

adjacent to the DBR.

35. The method of claim 33, further comprising etching vias into the plurality of layers and
the undoped or moderately-doped gallium-nitride layers to expose edges of the plurality of

layers.

36. The method of claim 35, wherein the electrochemical etching comprises lateral etching of

the plurality of layers.

37. The method of claim 33, further comprising depositing the plurality of layers and the
undoped or moderately-doped gallium-nitride layers to form a first distributed Bragg reflector

(DBR) for a vertical-cavity surface-emitting laser (VCSEL).

38. The method of claim 37, further comprising stopping the electrochemical etching to leave

a pillar of unetched gallium nitride centrally within the first DBR.

39. The method of claim 37, further comprising forming a cavity region having multiple

quantum wells or a superlattice adjacent to the first DBR.

40. The method of claim 39, further comprising forming a second DBR on an opposite side

of the cavity region from the first DBR.
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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:

i
3. I/ Claims Nos.: 11, 12, 17-22, 24-26
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. II1  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:

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

2. D 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. D 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.:

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

D 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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