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ABSTRACT: We report here a simple and robust process to
convert embedded conductive GaN epilayers into insulating GaOx
and demonstrate its efficacy in vertical current blocking and lateral
current steering in a working LED device. The fabrication
processes consist of laser scribing, electrochemical (EC) wet-
etching, photoelectrochemical (PEC) oxidation, and thermal
oxidization of a sacrificial n*-GaN:Si layer. The conversion of
GaN is made possible through an intermediate stage of
porosification where the standard n-type GaN epilayers can be
laterally and selectively anodized into a nanoporous (NP) texture
while keeping the rest of the layers intact. The fibrous texture of
NP GaN with an average wall thickness of less than 100 nm
dramatically increases the surface-to-volume ratio and facilitates a
rapid oxidation process of GaN into GaOX. The GaOX aperture
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was formed on the n-side of the LED between the active region and the n-type GaN layer. The wavelength blueshift phenomena
of electroluminescence spectra is observed in the treated aperture-emission LED structure (441.5 nm) when compared to

nontreated LED structure (443.7 nm) at 0.1 mA. The observatio

n of aperture-confined electroluminescence from an InGaN

LED structure suggests that the NP GaN based oxidation will play an enabling role in the design and fabrication of III-nitride

photonic devices.
KEYWORDS: nanoporous GaN, insulating GaOx, current confinem

1. INTRODUCTION

As the performance of Ill-nitride blue-light-emitting diodes
(LEDs) gradually reaches a state of saturation, attention has
been given to alternative device configurations such as laser
diodes' and vertical cavity surface emitting lasers (VCSEL).>*
In the development of infrared and red VCSELs in the 1990s,
one of the landmark discoveries was the lateral oxidation of
high Al-content Al(Ga)As epilayers*® to create a current-
confining aperture near the center of a microcavity. The lateral
oxidation process converts Al(Ga)As into insulating aluminum
oxide (AlOx) that blocks the parasitic current flow outside the
microcavity and greatly improves the overlap of photonic
modes with the injected carriers.®’

Toward the realization of a similar building block for III-
nitride photonic devices, several groups attempted to oxidize
II-nitride layers. In the case of GaN, the oxidation processes
are limited to less than 100 nm (dry oxidation) and revealed
microcracks on thick oxide layers from the surface.® Regarding
the use of ternary AlInN epilayers, Dorsaz’ reported the
electrochemical oxidation process of AllnN to form current
apetures, even though the growth of AlInN remains a challenge
and is not typically employed in LED structures.
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ent structure

Here, we report our process to convert embedded
conductive GaN epilayers to GaOyx as well as our results
demonstrating the structure’s ability to both block current
vertically and steer current laterally in an LED device. The GaN
porosfication step, is made possible through the selective
anodization of n-type GaN, resulting in the n-type layer
exclusively having a nanoporous (NP) structure. The nano-
porous morphology is conducive to the transport of oxidizing
agents in either liquid or vapor phases. In addition, the fibrous
texture of NP GaN, which has significantly increased surface-to-
volume ratio, serves as an advantage for the rapid oxidation that
transforms GaN to GaOy.

The insulating nature of converted GaO, is verified by Hall-
effect and current—voltage measurements. X-ray diffraction
indicates that the converted gallium oxide assumes a crystalline
state of Ga,0;. The GaO, aperture forms on the n-side of the
LED between the active region and the n-type GaN layer.
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Figure 1. Schematic of the ECO-LED structure that fabricated through laser scribing process, EC lateral wet etching process, and oxidation process

to current-confined aperture region.
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Figure 2. Microscopy images of the LED sample (a) without EC etching, (b) with 10 min etching time, and (c) with 15 min etching time were
observed. (d) Star-shaped EL emission pattern was observed on the EC-treated mesa region at 0.00S mA injecting current.

2. EXPERIMENTAL DETAILS

InGaN-based LED structures were grown on a c-face (0001) 2 in.
diameter patterned sapphire substrate through a metalorganic chemical
vapor deposition system. These LED structures consists of a 30 nm
thick GaN buffer layer, a 1.0 ym thick unintentionally doped GaN
layer (u-GaN, background carrier concentration about 2 X 10" cm™?),
2.0 um thick n-type GaN:Si layer (1 X 10" cm™), a 0.1 ym thick u-
GaN layer, a 0.43 ym thick heavily Si-doped n-type GaN layer (S X
10" cm™), a 0.1 ym thick u-GaN layer, 10 pairs of InGaN/GaN
multiple quantum wells (MQWs) active layers, and a 0.12 um thick
magnesium-doped p-type GaN:Mg layer (5 X 10'7cm™). Each active
layer consists of a 30 A thick InGaN-well layer and a 120 A thick GaN-

barrier layer for the InGaN/GaN MQW LED structure. A 400 nm-
thick Indium Tin oxide (ITO) film and S0 nm Ti metal film were
deposited on the p-GaN layer to serve as a transparent conductive
layer and a protective layer, respectively, during the EC etching
process. The dimensions of the LED chips are 40 X 40 um? in size,
and the mesa regions were defined by using a triple frequency
ultraviolet Nd:YVO, (355 nm) laser for the front-side laser scribing
process. The laser-scribing depth on the mesa region is about 0.3 ym,
and the depth at the intersection region is about 0.6 ym to contact
with the 0.43 ym thick n*-GaN:Si sacrificial layer for the following EC-
etching process. The laser scribing depth can be well-controlled
through adjusting the laser pulse energy by using an optical variable
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Figure 3. 45° tilted-view SEM micrographs of (a) the EC-LED and (b) the ECO-LED structure were observed. (c) Nanoporous GaN and (d) GaOx

structures were observed close to the aperture region.

attenuator. All the samples were immersed in a 0.5 M oxalic acid
solution for wet electrochemical (EC) etching with an external dc bias
voltage of +18 V for 20 min. An external dc bias was fixed at a positive
18 V, applied on the bottom n-type GaN:Si layer surface as an anode
contact, which is not immersed in the solution. A platinum electrode
was used as the cathode for the wet etching process. The n*-GaN layer
can be etched to become a nanoporous GaN structure through the
EC-etching process.'®'! The samples were then oxidized through a
photoelectrochemical (PEC) oxidation process at +20 V bias voltage
and illuminated by a 400 W—Hg lamp in deionized water for 30
min.'>"® The final result is the GaOx structure, transformed from the
nanoporous GaN layer. The LED samples with the embedded GaOx
layer were thermally treated at 650 °C by a hot wall furnace, in air
ambient for 30 min. The Cr/Au (50 nm/2500 nm) metal layers,
serving as ohmic contact layers, were deposited as n-type metal
contacts. The LED with embedded the nanoporous GaN structure is
defined as the electrochemically treated LED (EC-LED). The LED
with the treated GaOx structure is defined as the ECO-LED. The
nontreated LED structure is defined as the standard LED (ST-LED).
The surface morphologies of all LED structures were observed
through a scanning electron microscope (JEOL, JIB-4601F). The
sheet resistivity and the carrier concentration of the samples were
determined by the Hall effect measurements using the van der Pauw
geometry with 0.5 T magnetic field. Ti/Al (5 nm/100 nm) metal
bilayers with 500 pm diameter patterns were deposited on the corner
of the 1 X 1 cm? in size samples, and were thermally annealed at 700
°C for 1S min to form the ohmic contact. The electroluminescence
(EL) spectra and light output power were characterized through an
optical spectrum analyzer, and the light intensity profiles were
measured by a beam profiler.

3. RESULTS AND DISCUSSION

A schematic of the ECO-LED structure with a current confined
aperture region fabricated through laser scribing, EC lateral wet
etching, and oxidation processes is shown in Figure 1. The two-
step laser scribing process forms a 40 pm grid with depth of 0.3
pum. Shown in Figure 2a is the microscopy image of the ST-
LED. The lateral wet etching process occurred at the corner of
the mesa region prepared by two step laser scribing processes.
At the intersection of grid lines, the depth of the hole is 0.6 ym,

which reaches the embedded n"-GaN:Si sacrificial layer for the
following EC etching process. The deep hole patterns can be
observed in the OM images at the intersection of laser lines.
The Ti/ITO bilayers (50 nm/400 nm) were deposited on the
mesa region for the ohmic contact layer, and the top Ti metal
layer has chemical stability to protect the top GaN:Mg layer
during the EC etching process. After 10 min of EC etching at
18 V voltage bias, the lateral etching width is around 15um. In
Figure 2b, the colorful image on the laser scribing line is caused
by the light scattering process due the optical refractive index
change in the EC-treated nanoporous GaN structure at n'-
GaN:Si sacrificial layer. After 15 min of EC etching, the two
etching fronts, originating for the intersection hole, merge
together as observed at the laser scribing region in Figure 2c. In
Figure 2d, the star-shaped EL emission pattern is observed on
the EC-treated mesa region under 0.005 mA injecting current
condition.

The 45° tilted-view SEM micrographs of the EC-LED and
the ECO-LED structure are shown in Figure 3. After the lateral
wet etching process, the residual widths, as aperture regions,
were measured to be 12.5 ym for the EC-LED and 2.0 ym for
the ECO-LED as shown in Figure 3a, b, respectively. After the
PEC oxidation process, the central aperture size was reduced
from 12.5 to 2.0 um. Figure 3c shows the nanoporous GaN
structure at the lateral etched region on the n*-GaN:Si
sacrificial layer close to the central aperture region. After PEC
oxidation process, the nanoporous GaN layer was transformed
into the GaOx layer as shown in Figure 3d. After the oxidation
process, the GaOx layer is formed and fills the space of the
lateral etched region. Previously, many research groups have
reported the thermal oxidation process on GaN nanowires. Li
et al.'* reported that the hexagonal GaN nanowires could be
completely converted to f-Ga,O; nanowires by annealing in air.
Brendt et al." reported the ammonolysis of 5-Ga,O; to a-GaN
and the oxidation of @-GaN to -Ga,O;. Tang et al.'® reported
the thermal oxidation of GaN nanowires in dry air. In this
study, the EC-treated nonporous GaN structure is transformed
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into the dense GaOx structure, which serves as a current
confinement structure.

The X-ray diffraction curves of the ST-GaN, EC-GaN, and
ECO-GaN structure are displayed in Figure 4. The ST-GaN
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Figure 4. X-ray diffraction curve of the ST-GaN, EC-GaN, and ECO-
GaN structure were measured. The inseted plot shows the enlarged X-
ray curves of these three samples.

structure consists a 1 pm-thick n*-GaN:Si layer and 1 pm thick
u-GaN layer on the sapphire substrate. After the EC etching
process, the 1 ym thick n*-GaN:Si layer was transformed into
the nanoporous GaN:Si layer in the EC-GaN structure. Then,
nanoporous GaN:Si layer was oxidized to become the GaOx
layer in the ECO-GaN structure. Intense X-ray peaks were
observed at 34.5° for the (0002) GaN and 41.8° for the (0006)
Al O3, respectively, in these three samples by using a 26 rocking
curve X-ray diffractometer. After the oxidation process, the
peak of the GaOx layer was measured to be 38.4°. The enlarge
X-ray curves of these three samples are shown in the inset plot
in Figure 4. The small X-ray peak of the GaOx layer is observed
in the ECO-GaN sample. The low X-ray intensity of the GaOx

layer indicates that the crystalline quality of the GaOx is
polycrystalline, formed through the low temperature thermal
treatment. The electrical properties of these three samples were
determined by using the Hall effect measurement at room
temperature. The sheet resistivity and the carrier concentration
were (42 Q/[, 5.3 X 10" cm™) and (270 Q/s, 4.7 x 10"
cm™) for the ST-GaN and EC-GaN structure, respectively.
After the EC etching process, the sheet resistivity of the
nanoporous GaN structure (EC-GaN) increased compared to
the nonetched n*-GaN:Si layer (ST-LED). The carrier
concentration of the nanoporous GaN:Si layer reduced to 4.7
X 107 cm™ from the nonetched n*-GaN:Si layer. The
nanoporous GaN:Si layer still has the conductive property of
the EC-GaN structure. However, no conductivity for the ECO-
GaN structure could be measured using Hall effect measure-
ment.

Figure S shows the light intensity profiles of the LED chips as
analyzed by a beam profiler. In Figure Sa, uniform light-
emission intensity is observed in the ST-LED at 0.04 mA
injection current. The small light patterns in the ST-LED
structure are caused by the light scattering effect at the bottom
pattern sapphire substrate. After the EC lateral etching process
at 18 V for 20 min, the rhombus-shaped emission pattern was
observed in the emission image of the EC-LED structure as
shown in Figure Sb. The lateral etching process occurred from
the four intersections of laser lines at each mesa region, and the
n+-GaN:Si layer had been etched to become the nanoporous
structure surrounding the rhombus-shaped nontreated region.
High EL emission intensity is observed on the whole mesa
region of the EC-LED structure. In the EC-LED structure, the
light emission intensity of the InGaN active layer with bottom
nanoporous structure is higher than the central nonetched
region. In the EC-LED structure, high EL emission intensity is
observed surrounding the rhombus-shaped pattern, caused by
the high light extraction efficiency on the EC-treated
nanoporous GaN:Si structure. The bottom nanoporous GaN
layer acts as an effective light scattering structure in the EC-

(a) ST-LED @:0.04mA

{(b) EC-LED @ 0.04mA

Figure S. Light intensity profiles of (a) the ST-LED and (b) the EC-LED were analyzed by a beam profiler under 0.04 mA operation current. The
light intensity profiles of the ECO-LED structure were measured at (c) 0.01 and (d) 0.04 mA operation currents.
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Figure 6. (a) Current and the series resistance as a function of the operation voltage were measured. (b) Current in logarithmic scale plot as a
function of operating voltage was measured.
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Figure 7. (a) EL spectra of ST-LED, EC-LED, and ECO-LED structures were measured at 0.1 mA operating current. (b) Peak wavelength of EL
spectra and the light output power of all LED samples were measured by varying injection current from 0.01 to 0.1 mA.

LED structure. The oxidation process consists of PEC wet
oxidation process and dry oxidation process in furnace at 650
°C. At low injection current in Figure Sc, the EL emission
intensity is localized to the central mesa region indicating that
the current did not flow into the mesa edge region with the
bottom insulating GaOx layer. The dimensions of the central
aperture region were reduced after the PEC oxidation process.
In Figure Sc at 0.01 mA, the circle-shaped emission pattern is
observed in the ECO-LED structure which indicates that the
treated GaOx layer closed to the mesa sidewall became an
insulating layer. A small aperture pattern is observed at the
central mesa region, and the EL of the scattered light is
detected surrounding the central aperture region. Figure Sd
shows that by increasing the injection current to 0.04 mA, a
high EL emission intensity is observed at the central aperture
region. The EL light emitted from the center aperture region is
extracted at the mesa edge region because of the low optical
refractive index of the GaOx layer, which increases the light

extraction efficiency.

The current and the series resistance as a function of the
operation voltage were measured and are shown in Figure 6a.
At 5 V operating voltage, the injection current and the series
resistance were measured to be 2.47 mA/490ohm for the ST-
LED, 2.01 mA/680 ohm for the EC-LED, and 0.37 mA/3890
ohm for the ECO-LED, respectively. After the EC etching

process, the series resistance of the EC-LED slightly increased
compared to the ST-LED indicating that the EC-treated
nanoporous GaN is still a conductive material embedded in the
LED structure. The series resistance of the ECO-LED structure
was increased by reducing the current injection area, which
indicates that the injecting current can be confined to the
aperture region by the surrounding embedded-GaOx insulating
layer. In Figure 6b, the current in logarithmic scale is plotted as
a function of operating voltage was measured. At positive 2 V
operation voltage below the turn-on threshold voltage, the
injection current is measured at 0.5 uA for ST-LED, 3.8 pA for
EC-LED, and 0.3 yA for ECO-LED, respectively. The slightly
high forward leakage current is observed in EC-LED structure
and is caused by some leakage process flowing through the
embedded nanoporous GaN structure. In the ECO-LED
structure, the injection current is confined to the central
aperture region and the forward leakage current is suppressed
by the surrounding insulating GaOx layer.

Figure 7a shows the EL spectra for ST-LED, EC-LED, and

22239

ECO-LED measured at 0.1 mA operating current. The peak
wavelengths were measured as values of 443.7 nm for ST-LED,
4441 nm for EC-LED, and 441.5 nm for ECO-LED,
respectively. The highest EL emission intensity that is observed
in the EC-LED structure is caused by the intense light
scattering property and the electric conductivity of the
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Figure 9. Normalized far-field emission spectra of LED structures are shown in (a) ST-LED, (b) EC-LED, and (c) ECO-LED structures by varying
detected angles. (d) Peak emission wavelengths and the line-widths of the angle-resolved PL spectra were measured.

embedded EC-etched nanoporous structure. Part of the
sacrificial n"-GaN:Si layer had been etched to produce the
nanoporous structure, but the residual part still has low
resistance and high electric conductivity property. In Figure 7b,
the peak wavelength of EL spectra and the light output power
of all LED samples are measured by varying the injection
current from 0.01 to 0.1 mA. At 0.01 mA/0.1 mA operating
current, the peak EL emission wavelengths were measured at
444.4 nm/443.7 nm for the ST-LED, 445.2 nm/444.1 nm for
the EC-LED, and 442.1 nm/441.5 nm for the ECO-LED

22240

structure, respectively. By increasing the injection current from
0.01 to 0.1 mA, the peak wavelength blueshift of the EL spectra
were measured to be 0.7 nm for ST-LED, 1.1 nm for EC-LED,
and 0.6 nm for ECO-LED structures, respectively. The peak
wavelength blueshift phenomena are observed in these three
LED structures are due to the band filling effect in the tilted
band diagram of InGaN quantum well structures. The tilted
InGaN band diagram is caused by compressive strain-induced
piezoelectric field in InGaN active layer. The slightly longer
emission wavelength and the larger wavelength blueshift
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phenomenon are observed in the EC-LED structure compared
to the nontreated ST-LED structure indicating that the
piezoelectric field in the EC-LED structure slightly increased
by the formation of the nanoporous GaN structure. Short
emission wavelength and small wavelength blueshift phenom-
enon are measured in the ECO-LED structure because of the
existence of the embedded GaOx layer. In the ECO-LED
structure, the compressive strain in the InGaN active layer was
slightly reduced after the formation of the bottom embedded
GaOx layer. In Figure 7b, the light output power have 2.82
times and 1.45 times enhancements for the EC-LED and the
ECO-LED, respectively, compared to the nontreated ST-LED
structure. High current density in the aperture region and low
refractive index of GaOx layer had increased the light output
power in the ECO-LED structure.

Figure 8 shows the line scan u-PL emission spectra of the
LED samples, measured at room temperature, using a 40 mW,
325 nm He—Cd lasers as an excitation laser source. The laser
light was focused on the mesa surface with a 2 ym diameter
laser spot. At the central mesa region, the peak emission
wavelengths were 443.2 nm for the ST-LED, 443.5 nm for the
EC-LED, and 441.4 nm for the ECO-LED structure,
respectively, as shown in Figure 8a. The peak wavelength and
the peak intensity of the line-scan y-PL spectra as a function of
the PL line-scanning position are shown in Figure 8b, across
the central mesa region. The PL peak wavelength of the EC-
LED structure is slightly red-shifted compared to the ST-LED
and could be due to the slightly increased compressive strain in
the InGaN layer with embedded nanoporous structure. In the
ECO-LED structure, the peak wavelengths have a blueshift
phenomenon from the edge (443.1 nm) to the center (441.4
nm) of the mesa region. The PL intensity at the central mesa
region is also higher than that of the edge region. Due to the
formation of the oxidized nanoporous GaN layer, the
compressive strain induced piezoelectric field in InGaN active
layer is partially reduced at the central mesa region in the ECO-
LED structure compared to ST-LED structure.

In Figure 9, the PL spectra were obtained by an angle-
resolved PL measurement using a 405 nm excitation laser
illuminated from the backside sapphire substrate and focused
on the central mesa region. The laser light excites only the
InGaN active region, and is not absorbed by the sapphire
substrate, the n-type layer, or the p-type layer. The normalized
emission spectra of LED structures are shown in Figure 9a for
ST-LED, in Figure 9b for EC-LED, and in Figure 9¢ for ECO-
LED structures by varying detecting angles. For the far-field
radiation pattern measurement, the PL light emitted from the
InGaN active layer is detected at the front-side of the LED chip.
No obviously interference signals were observed in these three
LED samples because the LED samples were grown on the
patterned sapphire substrate. The peak emission wavelengths
and the line-widths of the angle-resolved PL spectra are shown
in Figure 9d. In the angular-resolved PL spectra, the slight
oscillations of the peak emission wavelengths observed in all
samples are caused by the minor interference effect in the LED
epitaxial layers. The PL peak wavelengths of the EC-LED had a
small redshift compared with the ST-LED structure. After the
oxidation process, the ECO-LED structure with embedded
GaOx layer has shorter PL emission wavelengths and stable PL
line-widths compared to the ST-LED structure. In the ECO-
LED structure, the peak wavelength blueshift phenomena
observed in the EL and the PL spectra indicates that the strain-
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induced piezoelectric effect in the InGaN active layer were
partially released by the formation of the bottom GaOx layer.

4. CONCLUSION

In conclusion, InGaN LED structure with the current confined
aperture structure was fabricated through the lateral oxidation
process on the inserted n*-GaN:Si layer between the InGaN
active layer and the n-type GaN:Si layer. High light extraction
efficiency is observed in the EC-LED structure that had the
embedded nanoporous GaN structure. The nanoporous GaN
structure was transformed into the insulating GaOx structure
through the oxidation processes. The injection current in the
ECO-LED was confined into an n-type aperture structure by
surrounding embedded-GaOx structure. The embedded GaOx
structure in the ECO-LED structure acted as an effective light
scattering structure and a current confinement structure that
has the potential for nitride-based VCSEL device applications.
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