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Highly reflective and conductive distributed Bragg reflectors (DBRs) are the key for high-performance III-

nitride optoelectronic devices, such as vertical cavity surface emitting lasers (VCSELs), but they still suffer

from lack of lattice-matched conductive DBR and uncontrollable processes. In this work, nanostructured

GaN-based DBRs were fabricated and optimized both experimentally and simulatively using

electrochemical etching (EC) in different electrolytes using the transfer-matrix method (TMM) to obtain

uniform wafer scale, highly reflective and conductive reflectors for the application of GaN-based

optoelectronics. The results revealed that a nanostructured GaN-based DBR with high reflectivity (>93%)

and broad stopband (�80 nm) could be achieved in neutral sodium nitrate by EC, and the

nanostructured GaN DBR with a full visible spectrum range could be designed by tuning the thickness of

the nanostructured GaN DBR layers. The photoluminescence (PL) and light-out power enhancements of

the GaN-based micro-LED by incorporating the fabricated nanostructured GaN-based DBR were 6 times

and 150% without the degradation of electrical performance, respectively, which contributed to strong

light scattering from the DBR layers. We believe that this work will pave a way to obtain high-

performance GaN-based optoelectronic devices and guide the applications in the field of flexible devices

and biomedical sensors.
1. Introduction

III-nitrides have been developed over twenty years for high-
performance light emitting diodes (LEDs),1 laser diodes
(LDs),2 and high-power and high-frequency power electronics3

since the rst LED was reported.4 Nowadays, LEDs are indis-
pensable in our life; GaN power electronics are on the way to
practical applications in the elds of 5G (ref. 5) and fast portable
chargers.6 However, GaN-based VCSEL, as an important opto-
electronic device for use in the elds of displays, laser printing,
and high-density optical storage, is still under development and
needs further research.7 The main challenge is the absence of
a suitable DBR with low strain, good conductivity, and high
reectivity for III-nitride materials. Several GaN-based DBRs
have been developed, for instance, AlGaN/GaN,8 AlInN/GaN,9

and air/GaN10 or air/AlN.11 However, they suffer from either
a difficult growth/fabrication process or non-conductivity.
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Therefore, it is still necessary to develop a strain-free, conduc-
tive nitride-based DBR.

Recently, a simple technique was developed to produce
single-crystal and conductive nano-porous structured GaN by
using EC12 or photo-assistant electrochemical etching (PEC)
processing.13 By comparison, good EC etching selectivity could
be achieved by tuning the applied bias and material conduc-
tivity during the EC process,12 which provided exibility of the
design and application of the GaN nano-porous structure.
Multiple applications have been demonstrated by using nano-
porous structured GaN produced by the EC process, including
epi-li-off,14 chemical li-off,15 hydrogen generation,16 gas
sensors,17 biomedical applications,18 high-performance DBRs,19

LEDs,20 and laser devices.21 There are several advantages of high
quality GaN-based DBR fabrication by using the EC technique:
(i) perfect lattice match between GaN and the nanostructured
GaN strain, resulting in almost strain-free GaN/nanostructured
GaN heterostructures, (ii) reective index (n) tunable from n ¼
2.5 to n ¼ 1 by either GaN doping or applied EC bias, (iii) good
conductivity of Si-doped GaN, and (iv) the orientation inde-
pendent isotropic etching of GaN materials. By taking these
advantages, (Al)GaN nanostructured DBRs have been obtained
by using Si-doped (Al)GaN and unconventionally doped (UID)
(Al)GaN alternative stacks,22–24 and incorporated into GaN-based
optoelectronics, including blue LEDs21 and UV LEDs.25
RSC Adv., 2020, 10, 23341–23349 | 23341
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However, the study of GaN/GaN nanostructured DBRs by using
all Si-doped GaN layers is still lacking.

Besides, the EC process involves many parameters, such as
electrolyte chemistry, applied bias, doping concentration of the
semiconductor, and surface conditions, which making it very
complex and difficult to control. In the literature, different
parameters affecting the EC process and GaN nanostructure
performance were reported, and different results were obtained.
For instance, oxalic acid was used to produce nano-porous GaN
with different Si-doping concentrations, and microdisk and
cantilever devices were demonstrated;12 ethanol/glycerol buff-
ered HF was used to etch Si-doped GaN by the EC process and
highly reective air/GaN DBR (>98%) was achieved with four
pairs of GaN/air stack;26 HNO3 and H2SO4 electrolytes were
studied and highly reective GaN/nanoporous DBR was ob-
tained in HNO3 by using a Si-doped GaN/UID GaN stack;27 KOH
and different 1-ethyl-3-methylimidazolium-based ionic liquid
electrolytes were also used to produce porous GaN under UV
illumination.13,28 Among these studies, many electrolytes are
highly toxic and/or corrosive, which make the (P)EC process
challenging and dangerous from the technical and safety point
of view. Therefore, the EC process using neutral or non-
aggressive electrolytes needs to be developed/studied together
with the control of each parameter for the GaN nanostructure.

In this work, the selective etching of the n+-GaN:Si/n�-GaN:Si
alternative layers was studied by EC in different environment
friendly electrolytes for optoelectronic application. The effects
of the neutral electrolyte and applied bias were investigated in
terms of the etching nanostructure morphology and the
reectivity of nanostructured GaN. The tunability of the
nanostructured-GaN DBR was explored through transfer-matrix
method (TMM) simulation by varying thickness and stack pairs
of the nanostructured GaN layer. Finally, we demonstrated that
the performance improved the micro-LED by using the devel-
oped nanostructured GaN DBR.
2. Materials and methods

GaN and GaN LED structures with GaN nanostructured DBR
were grown on a 2-inch patterned sapphire substrate using
a metal–organic chemical vapor deposition (MOCVD) system.
Fig. 1 Schematic structures of the DBR (a) and LED (b) samples; (c) diag

23342 | RSC Adv., 2020, 10, 23341–23349
The epitaxial structure consisted of a 20 nm-thick sputtered AlN
and 2 mm-thick unintentionally doped (UID) GaN buffer layer,
a 1 mm-thick heavily doped GaN layer (1 � 1019 cm�3) to
improve the etching uniformity of the porous GaN DBR, and
a stack structure of 15 pairs of n+-GaN:Si/n�-GaN:Si epitaxial
layers (46 nm/1� 1019 cm�3, 60 nm/2� 1018 cm�3), as shown in
Fig. 1(a). 46 nm/60 nm was designed to form a stopband
centered at about 450 nm. For the LED structure, as shown in
Fig. 1(b), a 50 nm thin UID GaN cap layer was grown on the
structure shown in Fig. 1(a), followed by an n-AlGaN electron
blocking layer, an InGaN/GaN (well/barrier) multilayer, and
heavily Mg-doped P-GaN layer. An in situ annealing process was
used to activate the p-doping of the LED structure with nitrogen
ow in the MOCVD reactor.

Electrochemical etching was carried out in the setup shown
in Fig. 1(c). The GaN sample and platinum wire were used as the
anode and cathode, respectively. Computer controlled power
meter was used to supply power and record the process current
and voltage. 0.3 M oxalic acid and 0.3 M sodium nitrate were
chosen as the electrolytes for studying the electrolyte-dependent
doped GaN etching selectivity because they are both environ-
ment friendly. The samples were rinsed in deionized water and
blow dried by using a nitrogen gun aer EC processing. Ideally,
n+-GaN (1 � 1019 cm�3) was transferred into high-porosity
nanostructured GaN as a low refractive index layer and n�-
GaN (2 � 1018 cm�3) was kept unetched or transferred into the
low-porosity nanostructured GaN as the high refractive index
layer during electrochemical etching. A highly reective
conductive nanostructured GaN based DBR was formed.

The LED wafer was processed to obtain rectangular LEDs of
dimensions 100 � 80 mm2. The fabrication process was as
follows: GaN was patterned by chlorine-based inductively
coupled plasma reactive ion etching process to reach the N-type
region. GaN nanostructured DBR was formed by using electro-
chemical etching in 0.3 M sodium nitrate. P- and N-contacts
were then patterned and deposited to obtain independently
addressable LEDs. Aer that, a silicon dioxide (SiO2) passivation
layer was deposited and a lithographic step opened the P- and
N-contact pads.

The top and cross-sectional micrographs of the samples were
observed using a eld-emission scanning electron microscope
ram of the electrochemical etching setup.

This journal is © The Royal Society of Chemistry 2020
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(SEM). The reectance spectra and photoluminescence (PL)
spectra were measured by using an Ideaoptics PG4000 spectrum
system with a halogen light source and a 405 nm laser,
respectively. The transfer-matrix method (TMM) was used to
simulate the reectivity of the nanostructured GaN DBR. The
characterization of the LEDs was conducted on a semi-auto
optoelectronic probe station with a 2 inch integrating sphere
and a Keithley 2600 source meter.
3. Results and discussion
3.1 Morphology and reectivity

Fig. 2 shows the top view (a) and (b) and cross-sectional (c) and
(d) view SEM images and the corresponding reectivity spectra
(e) and (f) of GaN nanostructured DBR produced by electro-
chemical etching in 0.3 M oxalic acid electrolyte at different
biases of 12 V (a, c and e) and 18 V (b, d and f), respectively.
From the top SEM images of nanostructured GaN DBR, as
shown in Fig. 2(a) and (b), we can see some nanoscale pores
formed on the sample surface, whose the pore size is about 20–
30 nm in diameter and increases with an increase in the applied
bias; the pore density increases from 4.3 � 108 cm�2 to 7.6 �
108 cm�2 with an increase in the applied bias, which is
comparable with the GaN defect density (�1 � 108 to 1 � 109

cm�2) grown on a sapphire substrate. These initial nanopore
formations may be dislocation related EC etching.29 From the
cross-sectional view SEM images of the samples, as shown in
Fig. 2(c) and (d), random pores were formed throughout the
whole n+-GaN/n�-GaN alternative multilayer and there is no
clear interface observed for both low and high applied bias
conditions. The pore size and porosity of the samples increase
with an increase in the applied bias. As shown in the inset of
Fig. 2 Top view (a) and (b) and cross-sectional (c) and (d) view SEM i
nanostructured DBR produced by electrochemical etching in 0.3 M oxalic
f), respectively.

This journal is © The Royal Society of Chemistry 2020
Fig. 2(c), the nanoscale pores formed on the surface went
through the top n�-GaN extending to the underlying n+-GaN
layer and enabled the underlying etched layers to form random
nanostructures. The reectance spectra of the samples are
shown in Fig. 2(e) and (f) and the measured reectivity of the
samples was only 63.03% and 39.31% for low (12 V) and high
(18 V) applied bias conditions, respectively. This implying that
the samples had a bad optical performance and oxalic acid
electrolyte is not suitable for making high quality nano-
structured GaN-based DBRs.

By comparison, Fig. 3 shows the top view (a) and (b) and
cross-sectional (c) and (d) view SEM images and the corre-
sponding reectance spectra (e) and (f) of nanostructured GaN-
based DBR produced by electrochemical etching in 0.3 M
NaNO3 electrolyte at different biases of 12 V (a, c and e) and 18 V
(b, d and f), respectively. From the top view SEM images of
nanostructured GaN DBR, as shown in Fig. 3(a) and (b), we can
see some much smaller nanoscale pores formed on the sample
surface, whose pore size is about 10–20 nm in diameter and
almost remains constant with an increase in the applied bias;
the pore density also increases from 4.3 � 108 cm�2 to 7.2 � 108

cm�2 with an increase in the applied bias. The pore size and
porosity of porous GaN are the functions of applied etching bias
and Si-doping concentration of the GaN layer, and increase on
increasing either/both GaN layer doping concentration or/and
applied etching bias.18,19 The pore size of porous GaN is in the
range of 10–100 nm regardless of the GaN layer doping
concentration and the applied etching bias. Therefore, we
believe that there are no pores with diameter less than 10 nm
formed in the n-GaN layers. The porosity of the formed porous
GaN is low for low Si-doping GaN layer and high for high Si-
doping GaN layer at xed applied etching bias in the porous
mages and the corresponding reflectance spectra (e) and (f) of GaN
acid electrolyte at different biases of 12 V (a, c and e) and 18 V (b, d and

RSC Adv., 2020, 10, 23341–23349 | 23343
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Fig. 3 Top view (a) and (b) and cross-sectional (c) and (d) view SEM images and the corresponding reflectance spectra (e) and (f) of GaN
nanostructured DBR produced by electrochemical etching in 0.3 M NaNO3 electrolyte at different biases of 12 V (a, c and e) and 18 V (b, d and f),
respectively.
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etching regime of the phase diagram for GaN EC etching.18

From the cross-sectional view SEM images of the samples, as
shown in Fig. 3(c) and (d), triangular and elongated pores were
formed in the n+-GaN layers; only a few nanopores were
observed in the n�-GaN layer. The small pores and defects in n�-
GaN layers would be the vertical porosication routes for the
bottom n+-GaN layers.24 A clear interface between the n+-GaN
layer and the n�-GaN layer was observed for both low and high
applied bias conditions, indicating that good selectivity
between the n+-GaN and n�-GaN layers can be achieved in
NaNO3 electrolyte. The ratio of the elongated pores to the
triangular pores of the samples increases with an increase in the
applied bias because lateral etching was enhanced in the highly
conductive n+-GaN layer. The measured and simulated reec-
tance spectra of the samples are shown in Fig. 3(e) and (f), and
Fig. 4 In wafer uniformity of the nanostructured GaN-based DBR. Th
fabricated 2 inch scale nanostructured GaN-based DBR.

23344 | RSC Adv., 2020, 10, 23341–23349
the measured reectivity of the samples was 74.44% at 12 V and
86.39% at 18 V, respectively. The stopband width of the samples
was 47 nm at 12 V and 67 nm at 18 V. The peak reectivity
wavelength of the samples shied to shorter wavelength from
490 nm to 473 nm because of the increase in porosity of the
nanostructured n+-GaN layer. The refractive index of the nano-
structured GaN layer changed from 1.953 at 12 V to 1.926 at
18 V, which was obtained through the TMM simulation by
taking 2.5 as the n�-GaN refractive index. As we can see, a higher
applied bias resulted in a smaller refractive index of the nano-
structured GaN, leading to a smaller optical thickness of the
nanostructured GaN, which made the blue-shied the central
reective wavelength. All the results imply that the samples had
a better optical performance and NaNO3 electrolyte is a good
e optical image (a) and the measured reflectivity spectra (b) of the

This journal is © The Royal Society of Chemistry 2020
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Table 1 The uniformity analysis of 2 inch GaN nanostructured DBR
produced in 0.3 M NaNO3 at 18 V

Reectivity
(%)

DR
¼ |R � �R| (%) Stopband variationa (nm)

1 80.7 3.1 �2.5
2 86.5 2.7 2.6
3 85.1 1.3 2.6
4 83.7 0.1 �0.4
5 83 0.8 �2.4
Average 83.8 1.6 �0.02

a Stopband variation ¼ average stopband � stopband.
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electrolyte for making nanostructured GaN-based DBRs by
electrochemical etching.

To answer the question as to why the performance of
nanostructured GaN-based DBR produced by using 0.3 M
NaNO3 electrolyte is better than that produced by using 0.3 M
oxalic acid electrolyte, the principal mechanism of porous GaN
by EC process must be considered. It has been reported30 that
porous GaN formation involves several stages during the EC
process: (i) hole generation in GaN near the inside surface, (ii)
GaN surface specic spot oxidation through hole transfer and
recombination, and (iii) eventual dissolution of the oxidation
complex in the electrolyte. The whole process includes potential
distribution, ion driing, mass transfer, and electrolyte ow
and is very complex, which involves multield dynamic theories
in physics, chemistry, and nanouidics.31 In our experiments,
the GaN carrier concentration, applied bias, and electrolyte play
a key role in the process. On comparing the EC conditions, the
only difference is the ions in the electrolyte, which are Na+ and
NO3

� in NaNO3 and (C2O4)
2� and H+ in oxalic acid. The most

accepted reaction mechanism that the applied bias drove the
generated holes in GaN to the surface resulted in the oxidation
of the GaN surface has been proposed. Meanwhile, Ga3+ ions
and N2 gas were generated near the GaN surface; thus, the
nanostructured nanoporous GaN could be achieved.32 Based on
some reports,13,33 the process can be express as:

2GaN + 6h+ + 3(C2O4)
2� ¼ Ga2(C2O4)3

+ N2 in OA electrolyte (1)
Fig. 5 Top view (a) and cross-sectional view (b) SEM images and the exp
DBR produced by EC etching in 0.3 M NaNO3 electrolyte at 22 V.

This journal is © The Royal Society of Chemistry 2020
GaN + 3h+ +3NO3
� ¼ Ga(NO3)3

+ 1
2
N2 in NaNO3 electrolyte (2)

For eqn (1) and (2), both Ga2(C2O4)3 and Ga(NO3)3 are water
soluble and easy to dissolve in the aqueous electrolyte. From the
above analysis, we can predict that the different properties of
nanostructured GaN-based DBR are attributed to different
anions in the electrolytes because the only difference is the ions
in the electrolyte in the whole process, as mentioned above. It
may be due to (C2O4)

2� being larger than NO3
� in volume and

more difficult to sink to the bottom of the pores during the
process, leading to the random nanostructured porous GaN in
Fig. 2(c) and (d). On the other hand, NO3

� can go through the
nanoscale channel easily and reach the bottom of the pore to
continue the etching of the pores. Therefore, a uniform nano-
structured GaN layer can be formed in NaNO3 electrolyte. We
could estimate that (i) the performance of the nanostructured
GaN-based DBR could be improved by tuning the EC etching
condition and the thickness of the nanostructured GaN-based
DBR alternative layer (n+-GaN and n�-GaN layer thickness); (ii)
the other salt trinitrate, such as KNO3,33 also can be used as an
electrolyte to produce uniform nanostructured GaN-based DBR.

The uniformity of DBR is an important property for real
applications. To verify the uniformity of the nanostructured
GaN-based DBR, we performed 2 inch wafer scale nano-
structured GaN-based DBR in 0.3 M NaNO3 by EC at 18 V.
Fig. 4(a) shows a photograph of the wafer-scale nanostructured
GaN-based DBR under room-light illumination and the reec-
tion of a business card with a Shandong University logo. The
clear reective images of the Shandong University logo were
observed in the DBR region, indicating the high reectivity of
DBR. However, the unetched region is transparent and there is
no observation of a reective image of the Shandong University
logo in the unetched region. The high reection in the DBR
region demonstrates the uniformity of the EC process. In order
to further conrm the uniformity of the DBR, the reectivity of
the sample shown in Fig. 4(a) was measured on 5 labelled spots
over the whole wafer and the unetched region (GaN sample
before etching), as shown in Fig. 4(b). The detailed uniformity
analysis is listed in Table 1. As can be seen, the reectivity of the
unetched region is �20%. On the other hand, the average
reectivity of DBR is about 83% with a small variation of 1.6%,
which is consistent with the results shown in Fig. 3. The
erimental and simulated reflectance spectra (c) of GaN nanostructured

RSC Adv., 2020, 10, 23341–23349 | 23345
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stopband width of the DBR is up to 80 nm with a negligible
average variation of 0.02 nm over the 2 inch wafer scale. These
results strongly conrmed the highly uniform DBR and the
stable fabrication process.
3.2 Performance tuning of the nanostructured GaN-based
DBR

Based on the comparison of the results for nanostructured GaN
DBR fabricated in different electrolytes, the better results of
nanostructured GaN DBR can be obtained by using 0.3 M
NaNO3 electrolyte in the electrochemical etching process. The
nanostructured GaN-based DBR process was further optimized
in 0.3 M NaNO3 electrolyte by tuning the EC applied bias to
higher voltage (22 V) to achieve a uniform GaN nanostructure
and high reectivity of the nanostructured GaN DBR. The
results are shown in Fig. 5. Fig. 5(a) shows the top view SEM
image of the DBR and a similar morphology of the DBR was
observed with Fig. 3(a) and (b), which has some nanoscale pores
on the surface that serve as the etching starting points. Fig. 5(b)
shows the cross-sectional SEM image of the DBR. A uniform
Fig. 6 Simulated reflectance spectra of nanostructured GaN-based DBR
and (c) both of the GaN and porous GaN layer thickness. (d) Central wa
GaN-based DBR as a function of the thickness of DBR alternative layers

Table 2 The basic parameters of the GaN nanostructured DBR used for

Al2O3 substrate

Thickness (nm) —
Refractive index (n) 1.67
Doping concentration (1 � 1018

cm�3)
—

23346 | RSC Adv., 2020, 10, 23341–23349
porous GaN layer and a GaN layer alternative stack was formed,
resulting in the high reectivity of the nanostructured GaN-
based DBR, as shown in Fig. 5(c). The reectivity and stop-
band width of the DBR were measured to be 93.7% and 80 nm
with the central wavelength of about 467 nm, respectively. The
simulated reectivity, central wavelength, and stopband width
were matched with the measured results by taking 1.844 as the
refractive index of the porous GaN layer.

Simulation is a powerful tool to study the properties of the
DBR within a short time and low cost. By taking the advantages
of the simulation, the properties of the nanostructured GaN-
based DBR were analyzed by varying the thickness of the DBR
alternative layer with other parameters xed using Essential
Macleod package based on the experimental results. The basic
parameters of the DBR used in the simulation are listed in the
Table 2. It is important to note that the refractive index of bulk
GaN (n ¼ 2.5) is used for alternate n�-GaN layers in the simu-
lation, assuming that the small pores in these layers would not
inuence its properties. We xed all the parameters of the
nanostructured GaN-based DBR except the alternative layer
thickness to study its performance. Fig. 6(a) shows the
by tuning the (a) GaN layer thickness, (b) porous GaN layer thickness,
velength, (e) stopband width, and (f) reflectivity of the nanostructured
.

simulation

GaN buffer
layer

n+-GaN
layer (nanostructured layer)

n�-GaN
layer

3000 37 67
2.5 1.844 2.5
— 10 2
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Fig. 7 Simulation reflectivity spectra of the nanostructured GaN-
based DBR with different pairs.
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reectivity of the DBR with different n�-GaN layer thickness in
the range from 57 nm to 107 nm based on the fabricated DBR
n�-GaN layer thickness listed in Table 2. Fig. 6(b) shows the
reectivity of the DBR with different nanostructured GaN layer
thickness in the range from 27 nm to 77 nm based on the
fabricated DBR n+-GaN layer thickness listed in Table 2. Fig. 6(c)
shows the reectivity of the DBR with tuning of the nano-
structured GaN layer from 27 nm to 77 nm and the n�-GaN layer
thickness from 57 nm to 107 nm. It can be seen that: (i) the peak
reective wavelength of the DBR shied to longer wavelength
from near UV to near IR with an increase in the thickness of the
Fig. 8 (a) Real lit-up blue LED with GaN nanostructured DBR on a 2 inch
(d) L–I–V of LED with (blue line) and without (black line) nanostructured

This journal is © The Royal Society of Chemistry 2020
DBR alternative layers because of n1t1 ¼ n2t2 ¼ l/4; the thicker
alternative layer resulted in longer peak wavelength, as shown
in Fig. 6(d). (ii) The stopband width of the DBR became wider
with an increase in the thickness of the alternative layer, which
could be due to the more uniform porous nanostructure formed
in the DBR. Up to 200 nm stopband width can be achieved by
increasing the period layer thickness (as shown in Fig. 6(e)). (iii)
The reectivity of the DBR also increased gradually and reached
near 100% on increasing the period layer thickness, as shown in
Fig. 6(f).

The pair number of the DBR is another key parameter
inuencing the real applications. Fig. 7 shows the simulated
reective spectra of the nanostructured GaN-based DBR with
a variation in the alternative layer pairs from 10 to 25. It can be
seen that the reectivity of the DBR does not always increase
with the increase in the number of alternating layer pairs in the
nanostructured GaN-based DBR. Only a little improvement in
the reectivity is observed on increasing the DBR pairs from 15
to 20 and almost the same reectivity value is obtained on
increasing the DBR pairs from 20 to 25. But the reectivity of the
DBR drops quickly when the DBR pairs reduce from 15 to 10.
This could be due to the fact that there will be more scattering
effect at the roughening interfaces in the porous layers of the
DBR nanostructure.34 The results implied that there is
a minimum alternative period pair for maximum reectivity of
the nanostructured GaN-based DBR with certain alternative
layer thickness. The reectivity of the nanostructured GaN-
based DBR would not increase on increasing the alternative
pair aer the DBR reached certain pairs. We have to tune the
wafer, (b) the cross-sectional SEM image of the LED, (c) PL spectra and
GaN-based DBR (inset: optical images of the LED).

RSC Adv., 2020, 10, 23341–23349 | 23347
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other parameter, for instance, the alternative layer thickness
and the applied bias, to reach higher reectivity (near 100%). It
should be noted that nearly 100% reectivity of the nano-
structured GaN-based DBR with 15 period pairs could be ach-
ieved by tuning the period thickness and the applied bias,
which provided the DBR design and application exibility.
3.3 Nanostructured GaN DBR for optoelectronic device
application

To demonstrate the optoelectronic applications, the GaN-based
LEDs with nanostructured GaN-based DBR were fabricated and
characterized. Fig. 8(a) shows the wafer-level real lit-up blue
LED with nanostructured GaN-based DBR on the testing probe
station and the inset shows the optical microscope images of
the processed micro-LED. Fig. 8(b) shows the cross-sectional
SEM image of the LED sample with nanostructured GaN-
based DBR. The clear nanostructured GaN-based DBR is
formed under InGaN/GaN MQWs aer the EC process in 0.3 M
NaNO3 electrolyte at 18 V without any degradation of the InGaN/
GaNMQWs active layer. The room-temperature PL curves of the
LEDs without and with nanostructured GaN-based DBR
produced in 0.3 M NaNO3 electrolyte at 18 V were obtained to
explore the inuence of the DBR layer on the LED optical
properties, as shown in Fig. 8(c). All the LED samples emit at
a wavelength of about 460 nm. A 6 times enhanced PL peak
intensity can be observed for the LED with nanostructured GaN-
based DBR. This is because the formed nanostructured GaN-
based DBR can effectively increase light scattering, resulting
in better light extraction.35 The L–I–V characteristics of
unpackaged LEDs from the LEDs with and without nano-
structured GaN-based DBR are shown in Fig. 8(d) and the inset
shows the optical microscope image of the lit-up LED with
nanostructured GaN-based DBR. Under a driving current of 20
mA, the forward voltages of the LEDs with and without nano-
structured GaN-based DBR were 3.5 V and 3.4 V, respectively.
The output power of the LEDs with and without nanostructured
GaN-based DBR was measured to be 4.7 mW and 3.1 mW,
respectively. The light output power improvement of about
150%was obtained. Therefore, it can be concluded that the LED
performance is enhanced as the light extraction is improved by
the nanostructured GaN-based DBR layer.
4. Conclusions

In summary, the nanostructured GaN-based DBR was fabricated
by using all Si-doped GaN layers and was optimized both
experimentally and simulatively using electrochemical etching
in different electrolytes and TMM method. High performance
nanostructured GaN based DBR with high reectivity (>93%)
and broad stopband (�80 nm) was achieved in neutral sodium
nitrate by EC, and nanostructured GaN DBR with nearly 100%
reectivity and full visible spectrum range can be designed by
tuning the thickness of the alternative layers of nanostructured
GaN DBR. The photoluminescence (PL) and light-out power
enhancements of the GaN-based micro-LED are 6 times and
150% without the degradation of electrical performance,
23348 | RSC Adv., 2020, 10, 23341–23349
respectively, which was achieved by the incorporation of the
fabricated nanostructured GaN-based DBR in the micro-LED
that contributes to the strong light scattering from the DBR
layer. We believe that this work will pave a way to high perfor-
mance GaN-based optoelectronics devices and guide the
applications in the eld of exible devices and biomedical
sensors.
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