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erties of pipe-GaN distributed
Bragg reflectors

Chia-Jung Wu,a Yi-Yun Chen,a Cheng-Jie Wang,a Guo-Yi Shiu,a Chin-Han Huang,a

Heng-Jui Liu,*a Hsiang Chen, b Yung-Sen Lin,c Chia-Feng Lin *a and Jung Han*d

We report here a simple and robust process to convert periodic Si-doped GaN/undoped-GaN epitaxial

layers into a porous-GaN/u-GaN distributed Bragg reflector (DBR) structure and demonstrate its material

properties in a high-reflectance epitaxial reflector. Directional pipe-GaN layers with anisotropic optical

properties were formed from n+-GaN : Si layers in a stacked structure through a lateral and doping-

selective electrochemical etching process. Central wavelengths of the polarized reflectance spectra

were measured to be 473 nm and 457 nm for the pipe-GaN reflector when the direction of the linear

polarizer was along and perpendicular to the pipe-GaN structure. The DBR reflector with directional

pipe-GaN layers has the potential for a high efficiency polarized light source and vertical cavity surface

emitting laser applications.
Introduction

Gallium nitride (GaN) has been a promising material and is
widely used in various optoelectronic devices such as light-
emitting diodes (LEDs), laser diodes (LDs),1 and vertical cavity
surface emitting lasers (VCSELs).2,3 Although GaN-based VCSELs
have been developed for decades, the high technical requirement
in fabricating the key component of bottom distributed Bragg
reectors (DBRs) in them and improving the lateral optical
connement still slow their commercialization and populariza-
tion. Therefore, themain challenges are to overcome the problems
of large lattice mismatch and low refractive index difference
between multiple quantum wells (MQWs), for example, epitaxial
AlGaN/GaN stacks4,5 and AlN/GaN stacks,6,7 encountered in
modern DBR structures. Other structures like AlInN/GaN DBRs8–10

have very small lattice mismatch between GaN and AlInN layers,
but the growth of AlInN layers remains a challenge. Kuramoto
et al.11 also proposed to introduce long-cavity (10l) structures that
can effectively achieve high output power in GaN-based VCSELs
with 42-pair AlInN/GaN DBRs. Recently, air-gap/GaN DBR struc-
tures with a large refractive index difference and high reectivity
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have been reported through selective anodization processes12–14

and thermal decomposition techniques.15,16 But the low mechan-
ical strength and the tiny highly reective area of the air-gap/GaN
DBR structure remain a challenge for the photonic device fabri-
cation. Y2O3/Si,17 Gd2O3/Si,18 AlN/GaN,19 and AlN/AlGaN20 DBR
structures had been reported for GaN-based optoelectronic
devices. Embedded dielectric distributed Bragg reectors,21,22

Ti3O5/Al2O3 DBRs,23 and ITO/dielectric DBRs24 had been reported
to enhance the light extraction process in LED structures. Porous
GaN25–27 and AlGaN28 materials with a low effective refractive index
had been reported for DBR structures.29–34 Surface grating struc-
tures,35 m-plane air-gap DBR MC structures,36 and nonpolar GaN
on anm-plane GaN substrate37 had been reported for VCSELs with
single-polarization emission properties that can be used for atomic
clock applications.

In this study, we have demonstrated two types of porous-GaN/
undoped-GaN DBRs, random porous-GaN and pipe porous-GaN
DBRs, through a doping-selective electrochemical etching
process on an epitaxial n+-GaN : Si/u-GaN stack structure. The
random porous-GaN DBR structure shows the typically stable
reectance spectra through a layer-by-layer and a radiative wet
etching process. However, the spectra of the pipe-GaN DBR
structure present a more anisotropic characteristic that is strongly
related to the pipe direction and can be conrmed by varying the
direction of a linear polarizer. This study offers an elegant way to
improve the reectance of embedded reectors, which has been
considered a big issue in conventional DBR structures.
Experimental

GaN DBR structures were grown on a 2 in. optical-grade c-face
(0001) sapphire substrate using a metal–organic chemical
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Cross-sectional SEM micrographs of (a) the Porous-DBR
structure and (b) the Pipe-DBR structure with the insets showing the
OM images. Tilted-views of the sample peeling regions of (c) the
Porous-DBR structure and (d) the Pipe-DBR structure. (e) The last 4th
pair of the n+-GaN : Si/u-GaN stack structure has an incompletely
etched GaN : Si layer in the Porous-DBR structure. (f) Currents
measured as a function of the EC etching time.
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vapor deposition system. Trimethylgallium (TMGa) and
ammonia (NH3) were used as gallium (Ga) and nitrogen (N)
sources, respectively. Silane (SiH4) was used as the n-type
doping source. The GaN-based DBR epitaxial structure con-
sisted of a 30 nm-thick GaN buffer layer grown at 530 �C, a 2.0
mm-thick unintentionally doped GaN layer (u-GaN, 1050 �C, 5 �
1016 cm�3), and 20 pairs of n+-GaN : Si/u-GaN (71 nm/40 nm)
stack structure (n+-GaN : Si, 1050 �C, 1 � 1019 cm�3). For the
pipe-GaN DBR structures (Pipe-DBR), parallel wet etching
channels with 230 mm-spacing on the epitaxial structures,
coated with a photoresist as a passivated layer, were fabricated
through a laser scribing (LS) process by using a 355 nm pulse
laser. Si heavy-doped n+-GaN : Si layers were transformed into
pipe-like GaN layers in a stacked structure through the doping-
selective electrochemical (EC) etching process in a 0.5 M nitric
acid solution at positive 8 V external bias voltage.38

For the random porous-GaN DBR structure (Porous-DBR),
the epitaxial structures, without the laser patterning process,
were immersed in a nitride acid solution for the EC etching
process. The high light refractive index n+-GaN : Si layer was
transformed into a porous n+-GaN : Si layer with a low refractive
index layer in a stacked structure. The surface morphologies of
the GaN DBR structures were observed using an optical micro-
scope (OM) and a eld-emission scanning electron microscope
(FE-SEM, JEOL 6700F). Photoluminescence (PL) spectra were
measured by using a 266 nm exciting laser and a mono-
chromator (JOBIN YVON iHR550) with a TE-cooled charge-
coupled device (CCD) detector. A UMIS nanoindenter with
a Berkovich diamond indenter (tip radius 100 nm, edge angle
130.6�) was used to measure the mechanical properties. A load
cell and a displacement voltage dilatometer were used to
control the applied load and to measure the penetration depth
of the indenter. X-ray diffraction (XRD) methods such as typical
normal scanning (2q/u scanning) and reciprocal space mapping
(RSM) were performed at the beamline BL-17B1 at the National
Synchrotron Radiation Research Center (NSRRC) in Hsinchu,
Taiwan. The incident beam was monochromated at 10 keV with
a Si(111) double crystal mirror and then focused by a toroidal
focusing mirror to get a higher intensity beam. All curves and
maps were plotted in the reciprocal lattice unit based on the
lattice parameters of the sapphire substrate, where the in-plane
vector (H 0 0 0) and out-of-plane vector (0 0 0 L) are normalized
to the a-axis and c-axis of sapphire (1 r.l.u.¼ 2p/asapph. for the H
index and 1 r.l.u. ¼ 2p/csapph. for the L index), respectively.

Results and discussion

Cross-sectional SEM micrographs of the Porous-DBR structure
and the Pipe-DBR structure are presented in Fig. 1a and b,
respectively, with the corresponding morphologies in the inset
OM images. In Fig. 1a, the etched GaN layers in the random
porous sample show a disordered and irregular hole size,
whereas in Fig. 1b, those in the pipe-GaN DBR sample have
a more uniform hole size and well-separated hole distribution
perpendicular to the laser scribing line. Aer the EC wet etching
process, smooth surfaces of both EC-treated samples were
observed without sample peeling, N2 explosion, and tensile
This journal is © The Royal Society of Chemistry 2020
rupture where the N2 gas is the product of the EC reaction. The
laterally etched pipe-GaN structure by the EC reaction from two
sides of the LS lines were merged in the central region with
a clear interface as shown in the OM image inserted in Fig. 1b.
The thicknesses of the porous GaN layers and the u-GaN layers
in both samples are conrmed to be around 71 nm and 40 nm,
respectively, in the designed stacking structure. The porosity of
the Pipe-DBR was measured through the image analysis so-
ware from the cross-sectional SEMmicrograph. In the Pipe-DBR
structure, the porosity of the EC-treated n+-GaN : Si layers in the
stack structure was about 54% where the cleaved face was
perpendicular to the pipe structure.

Aer the sample cleavage process for the SEM sample
preparation, the peeling off region for the Porous-DBR structure
observed in Fig. 1c exhibits multiple radiative patterns due to
the etchant ions reacting with the n+-GaN : Si layers through
a top–down diffusion process from surfaces. On the other hand,
in Fig. 1d, the peeling off region, for the Pipe-DBR structure,
shows that the holes straightly extend from the laser scribing
ditch, conrming the pipe-like feature in these etched GaN : Si
layers. This implies that the etchants can efficiently diffuse into
and react with the GaN : Si layer through the assistance of these
laser scribed channels under the external positive bias voltage.
In the Porous-DBR structure, this can be supported by the cross-
sectional SEM micrograph shown in Fig. 1e, where the last 4th
pair of the n+-GaN : Si/u-GaN stack structure has an
Nanoscale Adv., 2020, 2, 1726–1732 | 1727
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Fig. 2 (a) Schematic of the Pipe-DBR architecture and the relative X-
ray diffraction measurement methods. (b) The normal scans of the X-
ray diffraction curves of the pipe GaN and ST-LED samples. The inset is
the magnified region around the GaN (0 0 0 4) diffraction peaks. The
RSMs of GaN (0 0 0 4) reflection were measured with the beam
incident direction (c) parallel and (d) perpendicular to the longitudinal
axis of the pipes, respectively.
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incompletely etched GaN : Si layer. The etchants can diffuse in
the top–down direction through the dislocations or defect
regions to etch the bottom n+-GaN : Si layers. This is because
the GaN epitaxial layer grown on the lattice-mismatched
sapphire substrate has high dislocation density. The EC wet
etching process is not a violent chemical reaction that the N2

product didn't explode and peel-off on the epitaxial layer.
Comparing the etching currents as a function of etching time
with an applied bias of +8 V in both DBR structures (Fig. 1f),
oscillating currents and smooth etching currents have been
observed in the Porous-DBR and the Pipe-DBR structures,
respectively. The oscillation characteristic in the Porous-DBR
structure conrms that the etching process is dominated by
the top–down diffusion of etchants. When the etchants pass
through the u-GaN layer and reach the underlying n+-GaN : Si
layer, the etching current is increased in the initial stage of the
radiative etching process. The current reaches the maximum
and starts to decrease when half of the n+-GaN : Si layer is
etched. Aer the etching reaction is completed on the entire
layer, the minimum current is obtained. Since the diffusion
process is also time dependent, a longer period is required to
accomplish the etching process of adjacent stacking pairs.
Interestingly, smooth and exponential decay of the current in
the Pipe-DBR structure indicates that a uniform lateral etching
process occurred on all n+-GaN : Si layers of the stacked struc-
ture at the same time. Aer the laser scribing process, all the n+-
GaN : Si layers close to the LS lines were exposed in the etching
solution for the EC wet etching process. By increasing the EC
wet etching time, the non-etched area between two LS lines
decreased and the effective resistance of the etched sample
increased, which induced reduction of the measured current.

More detailed structural information of the Pipe-DBR was
obtained by X-ray diffraction techniques with incident light
parallel or perpendicular to the longitudinal direction of pipes
as schematically shown in Fig. 2a. The non-treated LED struc-
ture with the epitaxial stack structure is dened as the standard-
LED (ST-LED). The typical normal scan of the Pipe-DBR sample
compared to the ST-LED is shown in Fig. 2b. Only the sets of the
sapphire and GaN (0 0 0 L) peaks without other orientations are
presented, implying that each constituent in the Pipe-DBR struc-
ture still maintains a high epitaxial relationship with sapphire and
no secondary phases are observed aer the ECwet etching process.
In addition, a magnied section of the XRD curves at around the
sapphire (0 0 0 10) index shown in the inset of Fig. 2b also exhibits
that the GaN (0 0 0 4) peak position of the Pipe-DBR is toward
a smaller reciprocal lattice index (or a smaller 2q angle) than that of
the ST-LED. The c-axis lattice constants of GaN extracted from the
diffraction peak positions in the inset are 5.187�A for the Pipe-DBR
and 5.169 �A for the ST-LED, respectively. Compared to the bulk
value of GaN (5.186�A), the strain of GaN in the Pipe-DBR is nearly
fully relaxed, whereas GaN in the ST-LED still suffers a very high
compressive strain. Moreover, the surface normal reciprocal space
maps (RSMs) along the X-ray incident direction parallel (Fig. 2c) or
perpendicular (Fig. 2d) to the longitudinal axis of the pipes were
also collected. In both RSMs, the diffraction spots of GaN (0 0 0 4)
are located at the same position of the sapphire-based reciprocal
lattice unit (L ¼ 10.015), representing that the EC wet etching
1728 | Nanoscale Adv., 2020, 2, 1726–1732
process would not result in lattice collapse or tilting in the lattice
structure of GaN. However, they have completely different scat-
tering features, where a typical round shape and a radial shape of
diffraction patterns have been observed correspondingly. For the
parallel case (Fig. 2c), the round shape of the diffraction pattern
conrms that pipe holes uniformly and straightly pass through the
whole heavily doped GaN layer without being interrupted inside.
On the other hand, for the perpendicular case (Fig. 2d), the radial
shape of the diffraction pattern can be attributed to the reections
of some special facets because most pipe holes are present in
polygonal forms such as triangles, hexagons, and so on instead of
circles, which can be identied by careful observation of the cross-
section SEM images (Fig. 1b). Such a pipe-like DBR structure can
therefore lead to very unique anisotropic optical behaviors that are
unveiled in the following experiments.

In Fig. 3, angle-dependent reectance spectra of the Porous-
DBR and the Pipe-DBR structures were measured by varying the
detection angles from 20� to 60�. In Fig. 3a, the central wave-
length and the reectivity of the Porous-DBR structure were
measured to be 478.1 nm/97.2% at 20� and 446.7 nm/95.5% at
60�, respectively. For the Pipe-DBR structure in Fig. 3b, the
central wavelength and the reectivity of the Pipe-DBR structure
were measured to be 487.0 nm/96.6% at 20� and 455.1 nm/
96.2% at the 60� detection angle. During the light reectance
measurement, the spot size of the incident light illuminating on
several LS lines is about 1 mm diameter. The light scattering
process occurs on the LS lines, reducing the peak reectance
slightly. By increasing the detection angle, the central wave-
lengths of both DBR reectors are shied to short wavelengths.
The equation of the Bragg spectral position (lB) against the
angle is expressed.39

lB ¼ 2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � ðsin qÞ2

q
(1)
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Angle-dependent reflectance spectra of (a) the Porous-DBR
structure and (b) the Pipe-DBR structure at detection angles from 20�

to 60�. The incident light is the non-polarized light source that is
illuminated on the DBR structure for reflectance measurements.
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where d is the thickness of the porous-GaN : Si/u-GaN pair, n is
the average refractive index of pair layers, and q is the incident
angle with respect to the surface.

In Fig. 4, the polarization-dependent reectance spectra
were measured by varying the rotation angle of the linear
polarizer from 0� (parallel to the LS line, perpendicular to the
pipe-GaN direction) to 90� (perpendicular to the LS line) to
control the incident linear polarized light. The reectivity and
the central wavelength of the Porous-DBR were measured to be
95.4%/478.3 nm at 0� and 97.4%/479.8 nm at 90� polarization
angles as shown in Fig. 4a, which shows that the reectance
spectra are very stable and are almost independent of the
rotation angles of the linear polarizer.

However, in Fig. 4b, the reectivity and the central wave-
length of the Pipe-DBR were measured to be 95.8%/457.0 nm at
0� and 96.0%/473.1 nm at 90�. The central wavelength of the
high reectance spectra has an obvious shi of 16.1 nm toward
Fig. 4 Polarization-dependent reflectance spectra of (a) the Porous-
DBR structure and (b) the Pipe-DBR structure. The simulation reflec-
tance spectra are shown. (c) The central wavelength and (d) the
stopband width as a function of the polarization degree.

This journal is © The Royal Society of Chemistry 2020
longer wavelengths by varying the rotation angle of the polarizer
from 0� to 90�. The simulation reectance spectra of both DBR
structures are shown in Fig. 4a and b. The reectance spectrum
of the Pipe-DBR has polarization-dependent properties that the
central reectance wavelength at 0� polarization degree was
located at a short wavelength. In the Pipe-DBR structure, the
superposition of the polarized reectance spectra has a slightly
high reectivity at 400 nm. The central wavelength of the
Porous-DBR is almost the same at around 478 nm under
different rotation angles of the linear polarizer, whereas that of
the Pipe-DBR structure shows a strong dependence on the
polarizer angle (Fig. 4c). According to the stopband width of the
DBR structure, dened as the wavelength region, the reectivity
is higher than 90% in the reectance spectrum. Moreover, the
central wavelength and the stopband width of the Pipe-DBR
structure in Fig. 4d have a larger variation from 457.0 nm/
68.5 nm at 0� to 473.1 nm/51.2 nm at 90�, which is caused by the
anisotropic refractive index on the directional pipe GaN layer in
the stacked DBR structure. In the Pipe-DBR structure, the large
refractive index difference at 0� polarization degree induced the
wide stopband width and short central wavelength of the DBR
spectrum compared with that at 90� polarization degree. The
stopband width of the Pipe-DBR structure decreased which was
caused by the decrease of the refractive index difference by
increasing the polarization degree.

By varying the polarization degree, the effective refractive
index of porous layers in both DBR structures was derived from
the optical response as shown in Fig. 5. From the central
wavelength of the reectance spectra, the effective refractive
index can be calculated as 1.95 along the pipe-GaN layer (nk) at
90� polarization degree, 1.83 perpendicular to the pipe-GaN
layer (nt) at 0� polarization degree, and 1.99 for the random
porous GaN layer where the refractive index of the un-etched u-
GaN layer is about 2.45.40 The refractive index difference of the
pipe GaN layer (Dn ¼ nk � nt) is about 0.12 (4.9%) compared
with the u-GaN layer. By rotating the linear polarizer, the
effective refractive index of the pipe-GaN layer should be
changed between 1.95 (nk) and 1.83 (nt) depending on the
angle between the directions of the pipe and the linear
polarizer.
Fig. 5 By varying the polarization degree, the effective refractive index
of porous layers in both DBR structures was derived from the optical
response.

Nanoscale Adv., 2020, 2, 1726–1732 | 1729
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The typical load-penetration depth curves of the nano-
indentation test41,42 for the InGaN LED with and without the EC-
treated DBR structures are presented in Fig. 6a. The deforma-
tion of the GaN-based epitaxial structures included a purely
elastic response and elastoplastic behavior during loading, and
an elastic behavior was observed during unloading.

The elastic modulus and hardness values were extracted
from the load-penetration depth curves through the soware in
the nanoindentation measurement. A UMIS nanoindenter with
a Berkovich diamond indenter (tip radius 100 nm, edge angle
130.6�) was used to measure the mechanical properties (elastic
modulus and hardness). A load cell and a displacement voltage
dilatometer were used to control the applied load, P, and to
measure the penetration depth of the indenter, h. From the
load-depth curves and the following equations,43 the elastic
modulus, E, and hardness, H, were extracted:

P ¼ Ch2 E ¼
�
1
.
C

ffiffiffiffiffiffiffiffiffiffi
Amax

p �
ðdP=dhÞ H ¼ Pmax=Amax (2)

where A is the contact area of the indenter tip, and C is a care-
fully calibrated function related to the penetration depth and
contact area of the indenter tip. The elastic modulus and
hardness of the non-treated GaN epitaxial layer on a sapphire
substrate were obtained as 355/31.2 GPa. Aer the EC wet
etching process on the treated DBR structures, the elastic
modulus and hardness were measured to be 94/3.5 GPa for the
Porous-DBR and at 114/4.0 GPa for the Pipe-DBR structure,
respectively. The elastic modulus and hardness of the treated
DBRs with air-void structures are much lower than those of the
non-treated GaN epitaxial layer. The pipe-GaN/u-GaN stack DBR
structure has a slightly larger elastic modulus and hardness
compared to the porous-GaN/u-GaN stack DBR structure. The
mechanical properties of the directional pipe GaN layers in the
Pipe-DBR structure are better than those of the random porous
GaN layers in the Porous-DBR structure. Aer the EC wet
etching process on the full-LED structure shown in Fig. 6b, the
elastic modulus and hardness values were measured to be 265/
22.5 GPa for the LED with the pipe DBR structure. The
mechanical strength of the LED with the treated DBR structure
was slightly reduced compared to the non-treated ST-LED
structure. The pipe-GaN DBR structures inserted in the InGaN
LED structures still maintain good mechanical properties and
can act as well-embedded reectors to enhance the light
extraction efficiency.44
Fig. 6 The typical load-penetration depth curves of (a) EC-treated
DBR structures and (b) the InGaN LEDwith EC-treated DBR structures.

1730 | Nanoscale Adv., 2020, 2, 1726–1732
The power-dependent PL spectra were measured by using
a 266 nm laser as an exciting source with a 100 mm-diameter
laser spot size. By varying the laser-excited power through the
neutral density lters in Fig. 7a, the PL spectra of the non-
treated n+-GaN/u-GaN stack structure exhibit two typical peaks
at wavelengths of 359.7 nm for the u-GaN layer and 368.1 nm for
the n+-GaN : Si layer, respectively. However, in the Pipe-DBR
with the directional pipe GaN structure, the spectra show
unusual lasing-like peaks located at 359.7 nm as shown in
Fig. 7b. In Fig. 7c, the full width at half maximum (FWHM) and
the emission intensities of the PL spectra were measured in the
Pipe-DBR structure. A very sharp width of 1.36 nm can be even
observed at a high laser pumping power density (1.17 mW,
14.9 W cm�2) as shown in Fig. 7c. A non-linear PL intensity was
observed by increasing the laser pumping power. In Fig. 7b,
a stimulated emission peak was observed in the porous-GaN : Si
layer which was caused by the quantum connement effect on
the nano-structure of the residual n+-GaN : Si layers. The opti-
cally pumped lasing phenomenon observed on the pipe-GaN
structure indicates the high crystalline quality of the residual
n+-GaN : Si layers.

The crystalline properties of the unetched GaN, close to the
air-void structure, show a single crystal structure in the trans-
mission electron microscope (TEM) micrograph inserted in
Fig. 7b. The n+-GaN : Si layers in the stack structure have been
etched as a nano-size GaN : Si sidewall structure nearby the air-
void structure. Besides, the peak wavelengths of the PL spectra
shied from 368.1 nm for the bulk n+-GaN : Si layer to 365.9 nm
for the pipe-GaN : Si nanostructure which can be attributed to
the quantum connement effect on the residual nano-size n+-
GaN : Si sidewall in the Pipe-DBR structure.
Fig. 7 The PL spectra of the (a) non-treated n+-GaN/u-GaN stack
structure and (b) EC-etched pipe-GaN DBR structure measured by
varying the laser power of the 266 nm laser. The TEM micrograph of
the air-void structure is shown in the inset. (c) The PL intensity and the
line-width of the PL spectra.

This journal is © The Royal Society of Chemistry 2020
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To analyze the directional pipe-GaN structure, the cross-
channel patterns on the n+-GaN/u-GaN stack structure were
prepared through the laser scribing process with 230 mm-
spacing between two LS lines. The lateral wet etching direc-
tion is perpendicular to each LS line with an external bias
voltage. Aer the EC etching process, the OM images of the
pipe-GaN DBR with the incident polarized light controlled by
rotating the linear polarizer are unveiled as shown in Fig. 8. Two
directional lateral wet etching fronts, from the x-axis (90�) and y-
axis (0�) LS lines, are merged into the diagonal directions that
the arrow patterns can be observed clearly in the polarized
optical images. At 0� degree of the linear polarizer, the OM
images of the Pipe-GaN DBR reveal clear arrow patterns in the
diagonal directions as shown in Fig. 8a and b. When the rota-
tion angle of the linear polarizer is �45� as shown in Fig. 7c,
brighter contrast emerging in �45� arrow patterns indicates
that it has higher reective light compared to 45� arrow
patterns. When the linear polarizer rotates to �90� as shown in
Fig. 7d, the intensity of the pattern region is higher than that at
0� in Fig. 8b. A high light contract region surrounding the arrow
patterns in the diagonal directions is observed, where the
directions of linear polarizers are perpendicular to each other.
The anisotropic light refractive index of the pipe-GaN structure
has been observed along and perpendicular to the pipe GaN
structure as shown in Fig. 4b. The effective light refractive index
difference of the pipe-GaN layer is caused by the porosity
difference along and perpendicular to the pipe GaN structure.
Symmetric and repeated arrow patterns are observed clearly in
the polarized OM images which indicated that the directional
lateral wet etching paths can be well controlled through the EC
etching process. The central wavelength of the Pipe-DBR
structure has a strong dependence on the direction of the EC-
etched pipe structure as shown in Fig. 4b.

The color difference of the OM image is caused by the central
wavelength shi of the Pipe-DBR structure that depended on
the angle between the directions of the pipe and linear
Fig. 8 (a) Polarized OM images is observed with a 10� objective lens
at the 45� cross-angle between the polarizer/analyzer. Polarized OM
imagewith a 20� objective lens at the (b) 0� cross-angle, (c) 45� cross-
angle, and (d) 90� cross-angle between the polarizer/analyzer.

This journal is © The Royal Society of Chemistry 2020
polarizer. The color change of the arrow pattern is caused by the
anisotropic refractive index in the Pipe-DBR structure in
different pipe directions.

Conclusions

A high reectance Pipe-DBR structure has been fabricated by
a simple EC wet etching process. The polarization-dependent
reectance spectra of the Pipe-DBR structure reveal that the
pipe-GaN layers have the anisotropic refractive index. The
InGaN LED structure with the embedded Pipe-GaN structure
still maintains suitable mechanical properties compared to the
non-treated LED structure. Lasing-like emission properties can
be observed in the pipe GaN structure, conrming the high
crystalline quality and the quantum-connement effect on the
residual pipe-GaN structure. Arrow patterns can be observed
clearly in the polarized OM images, indicating that the direc-
tional lateral wet etching paths can be well controlled. The Pipe-
DBR structure has a high reectance and polarization-
dependent central wavelength. This study provide a way to
develop potential polarized light sources and VCSEL devices.
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10 C. Berger, A. Dadgar, J. Bläsing and A. Krost, J. Cryst. Growth,
2013, 370, 87–91.

11 M. Kuramoto, S. Kobayashi, T. Akagi, K. Tazawa, K. Tanaka,
T. Saito and T. Takeuchi, Appl. Phys. Express, 2018, 11,
112101.

12 R. Sharma, E. D. Haberer, C. Meier, E. L. Hu and
S. Nakamura, Appl. Phys. Lett., 2005, 87, 051107.

13 J. Park, J. H. Kang and S. W. Ryu, Appl. Phys. Express, 2013, 6,
072201.

14 D. Chen and J. Han, Appl. Phys. Lett., 2012, 101, 221104.
15 T. Mitsunari, T. Tanikawa, Y. Honda, M. Yamaguchi and

H. Amano, J. Cryst. Growth, 2013, 370, 16–21.
16 R. Tao, M. Arita, S. Kako, K. Kamide and Y. Arakawa, Appl.

Phys. Lett., 2015, 107, 101102.
17 A. Szyszka, L. Lupina, G. Lupina, M. Mazur, M. A. Schubert,

P. Storck, S. B. Thapa and T. Schroeder, Appl. Phys. Lett.,
2014, 104, 011106.

18 T. Grinys, R. Dargis, A. Kalpakovaite, S. Stanionyte, A. Clark,
F. E. Arkun, I. Reklaitis and R. Tomašiunas, J. Cryst. Growth,
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E. Frayssinet, S. Chenot, A. Courville, Y. Cordier and
F. Semond, Phys. Status Solidi A, 2015, 212, 2297–2301.

21 B. S. Cheng, C. H. Chiu, M. H. Lo, Y. L. Wu, H. C. Kuo,
T. C. Lu, Y. J. Cheng, S. C. Wang and K. J. Huang, IEEE
Photonics Technol. Lett., 2011, 23, 642–644.

22 W. Y. Lin, D. S. Wuu, S. C. Huang and R. H. Horng, IEEE
Trans. Electron Devices, 2011, 58, 173–179.

23 T. Jeong, H. H. Lee, S. H. Park, J. H. Baek and J. K. Lee, Jpn. J.
Appl. Phys., 2008, 47, 8811–8814.

24 S. Y. Kuo, K. BinHong and T. C. Lu, IEEE J. Quantum
Electron., 2015, 51, 3300805.

25 L. Zhang, S. Wang, Y. Shao, Y. Wu, C. Sun, Q. Huo, B. Zhang,
H. Hu and X. Hao, Sci. Rep., 2017, 7, 44063.

26 T. H. Ngo, B. Gil, T. V. Shubina, B. Damilano, S. Vezian,
P. Valvin and J. Massies, Sci. Rep., 2018, 8, 15767.

27 C. Yang, L. Liu, S. Zhu, Z. Yu, X. Xi, S. Wu, H. Cao, J. Li and
L. Zhao, J. Phys. Chem. C, 2017, 121, 7331–7336.
1732 | Nanoscale Adv., 2020, 2, 1726–1732
28 X. Lu, J. Li, K. Su, C. Ge, Z. Li, T. Zhan, G. Wang and J. Li,
Nanomaterials, 2019, 9, 862.

29 B. C. Shieh, Y. C. Jhang, K. P. Huang, W. C. Huang, J. J. Dai,
C. F. Lai and C. F. Lin, Appl. Phys. Express, 2015, 8, 082101.

30 C. Zhang, S. H. Park, D. Chen, D. W. Lin, W. Xiong,
H. C. Kuo, C. F. Lin, H. Cao and J. Han, ACS Photonics,
2015, 2, 980–986.

31 S. Mishkat-Ul-Masabih, T. S. Luk, A. Rishinaramangalam,
M. Monavarian, M. Nami and D. Feezell, Appl. Phys. Lett.,
2018, 112, 041109.

32 C. Berger, A. Lesnik, T. Zettler, G. Schmidt, P. Veit,
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