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Distributed Bragg reflectors (DBRs) are essential components for the development of optoelectronic devices.
In this paper, we first report the use of the nanoporous GaN (NP-GaN) DBR as a template for regrowth of
InGaN-based light-emitting diodes (LEDs). The wafer-scale NP-GaN DBR, which is fabricated by electro-
chemical etching in a neutral solution, has a smooth surface, high reflectivity (>99.5%), and wide spectral stop
band width (>70 nm). The chemical composition of the regrown LED thin film is similar to that of the reference
LED, but the photoluminescence (PL) lifetime, PL intensity, and electroluminescence intensity of the LED with
the DBR are enhanced several times compared to those of the reference LED. The intensity enhancement is
attributed to the light reflection effect of the NP-GaN DBR and improved crystalline quality as a result of
the etching scheme, whereas the enhancement of PL lifetime is attributable to the latter. © 2018 Chinese
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1. INTRODUCTION

Distributed Bragg reflectors (DBRs) with minimum absorption
and high reflectivity have been considered as essential compo-
nents of optical devices such as resonant-cavity light-emitting
diodes (RCLEDs) [1–3] and vertical-cavity surface emitting
laser diodes (VCSELs) [4–6]. Compared to the GaAs/AlGaAs
DBR material system with mature technology [7], the fabrica-
tion of GaN/(Ga,Al,In)N DBRs is still one of the most chal-
lenging topics in III-nitride materials research after two decades
of endeavors. The challenge is mainly the lack of material pairs
with marked contrast of refractive indices, low strain accumu-
lation, and good crystalline quality [8–12].

Research on GaN/nanoporous GaN (NP-GaN) DBRs that
can solve the above-mentioned problem has drawn much atten-
tion [13–16]. At present, a vast amount of literature exists on
the fabrication of GaN/NP-GaN DBRs by a laterally electro-
chemical (EC) etching method using toxic acids such as HF,
HNO3, and oxalic acid [16–18]. Because the laterally EC etch-
ing length is usually shorter than 50 μm, it is difficult to fab-
ricate a large-area GaN/NP-GaN DBR structure [16–18].
Compared to InGaN-based LEDs regrown on sapphire sub-
strates, the LEDs embedded on the GaN/NP-GaN DBRs

via lateral EC etching only present a twofold enhancement
in the photoluminescence (PL) intensity [19], which is even
lower than the enhancement value (3 times) of the LEDs re-
grown on NP-GaN templates [20]. Supposing that the LEDs
are regrown on the GaN/NP-GaN DBR templates, the LEDs
should present a higher light-emitting efficiency. Having a large
surface area, however, NP-GaN is energetically unstable against
annealing (Rayleigh instability). Novel configurations and
shapes of GaN can be obtained through curvature-driven mass
transport at elevated temperatures [15,21]. Based on such a
realization, no works were performed on the regrowth of
InGaN-based LEDs on the GaN/NP-GaN DBR templates.

In the paper, a wafer-scale GaN/NP-GaN DBR with
high reflectivity (>99.5%) was fabricated with one-step EC
porosification in a neutral solution for the first time, demon-
strating that the above-mentioned harsh etchants are unneces-
sary. Excellent etching properties were documented for
NaNO3 solution that are safe and environmentally friendly.
Subsequently, the etched periodic structure acted as a template
for the regrowth of an InGaN-based LED. The InGaN-based
LED grown on the NP-GaN DBR template presented high
quality and high light extraction efficiency.
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2. EXPERIMENTS AND MEASUREMENT

A. EC Porosification
Wafer-scale DBRs were prepared via one-step EC etching in a
two-electrode cell with an undoped GaN/n-type GaN periodic
structure as the anode and a platinum wire as the cathode. The
periodic structure comprising 12 pairs of alternating n-GaN
with a silicon doping concentration (ND) of 1 × 1019 cm−3 and
undoped GaN layers was grown on c-plane sapphire with a
metal-organic chemical vapor deposition (MOCVD) method.
In the structure, the thicknesses of the undoped and n-GaN
layers are 50 and 65 nm, respectively. The etching processes were
performed at a constant voltage (18 V) for 20 min in 0.3 M
(1 M � 1 mol/L) NaNO3 solution, controlled by a Gwinstek
GPD-3303S source meter under room light. After anodization,
samples were rinsed with deionized water and dried in N2.

B. MOCVD Regrowth of LED Structure
InGaN-based LED thin films were regrown on the as-grown
and etched GaN periodic structures using the MOCVD
method. The LED structure consisted of a 1.9 μm Si
doped n-GaN �ND � 8.0 × 1018 cm−3� layer, a 10-period
In0.05Ga0.95N∕GaN superlattice (SL) epilayer with 3-nm-thick
InGaN wells and 7-nm-thick GaN barriers, a 14-period
In0.2Ga0.8N∕GaN multiple quantum well (MQW) as the
active region with 4-nm-thick InGaN wells and 10-nm-thick
GaN barriers, and a 280-nm-thick Mg doped p-GaN layer
�ND � 5.0 × 1019 cm−3�.
C. Material Characterization
Morphology of the samples was characterized with scanning
electron microscopy (SEM, JEOL JSM-6700F) and atomic
force microscopy (AFM, Dimension Edge, Bruker).
Reflectance measurements were performed via a bright-field
microscope (BX51, Olympus) connected with a fiber-coupled
spectrometer (QE65000, Ocean Optics) using a commercial
silver mirror (PF10-03-P01, Thorlabs) for calibration. The
structural characterization was done by high-resolution X-ray
diffraction (HRXRD, X’Pert PRO and Rigaku X-ray diffrac-
tometers) measurements. Room-temperature PL spectroscopy
with a He-Cd laser emitting at 325 nm was carried out.
The PL lifetime was collected by a time-correlated single-
photon counting (TCSPC) setup, using frequency doubling
of the output of a Ti:sapphire laser (Maitai HP, Spectra-
Physics) (λ � 405 nm, 80 MHz repetition rate) from
PicoQuant and an avalanche photon counting module from
the Halcyone spectrometer (Ultrafast System). The measure-
ment error of the spectrometer is about�25 ps. The data were
curve-fitted by Gaussian and exponential convolution meth-
ods. To compare electrical properties of the regrown LEDs,
wafer probing of the LED structures was done. Current-voltage
(I-V) measurements were performed by using an Agilent
B1500A semiconductor parameter analyzer, whereas electrolu-
minescence (EL) characteristics at room temperature were
evaluated by injecting a dc current into the two LEDs.

3. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the schematic diagram of making
the NP-GaN DBR mirrors. An epitaxial structure comprising

alternating undoped GaN and n-GaN layers is grown.
Subsequently, the samples are etched by a one-step EC etching
method. Figures 1(c) and 1(d) illustrate the top view and cross-
sectional SEM images of the etched sample at 18 V in NaNO3

for 20 min. The etching results in extremely sparse nanopores
(marked by red dotted circles) in the undoped GaN layers im-
ply that the EC porosification mechanism should involve a ver-
tical etching component, which may be defect-related [15].

Fig. 1. (a),(b) Schematic for the fabrication of a highly reflective
NP-GaN DBR mirror. (a) Epitaxial growth of λ∕4 GaN/n-GaN struc-
tures; (b) EC etching to form NP-GaN DBR mirror; (c) top view and
(d) cross-sectional SEM images of an NP-GaN DBR sample. The dot-
ted circles imply the position where the undoped GaN layers have
been etched due to the vertical etching component in the EC poros-
ification process.

Fig. 2. AFM images taken from (a) as-grown GaN thin film,
(b) GaN thin film etched in 0.3 M NaNO3 solution, and (c) GaN
thin film etched in 0.3 M oxalic acid solution.
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According to previous reports [14], the etching rate and poros-
ity decrease with decreasing of the doping concentration, i.e.,
the undoped GaN layer should present the slowest etching rate
and the lowest porosity. Due to the restriction of the adjacent
undoped GaN layers, the etching has to be along the horizontal
directions (i.e., lateral etching) and leads to high porosity in the
n-GaN layers.

To investigate possible etching damage of the NP-GaN
DBR structure, AFM images were taken from nonporous
and porous regions, which are shown in Fig. 2. Compared to
the as-grown GaN periodic structure, the root mean square
roughness (RRMS) of the etched GaN surface presents a slight
increase [Figs. 2(a) and 2(b)]. In contrast, this RRMS value is
much lower than that of an NP-GaN DBR fabricated at 18 V
in oxalic acid, as shown in Fig. 2(c). The comparison means
that the NaNO3 solution is more suitable for the fabrication
of NP-GaN DBR mirrors than the oxalic acid solution.

Figure 3(a) shows the measured reflectance spectrum of the
NP-GaN DBR mirror. A wide stop band with high reflectance
(∼99.5%) from 454 to 520 nm is presented across the wafer.
The uniformity can be confirmed by the same reflectivity spec-
tra obtained in different areas of the sample. The peak reflec-
tance reported here is higher than that (95%) of the nonpolar

(112̄0) mesoporous GaN DBR structure fabricated in oxalic
acid [15]. Figure 3(b) shows a photograph of the wafer-scale
NP-GaN DBR mirror under room-light illumination and
the reflection of a card with a reddish-brown logo. While the
unetched region is transparent, the high reflection in the DBR
region further demonstrates the uniform EC porosification
process.

To estimate possible applications, the InGaN-based LEDs
were grown on the NP-GaN DBR templates. Figures 4(a) and
4(b) show the photographs of the InGaN-based LED samples
grown on the NP-GaN DBR templates presented in Fig. 3(b).
The difference in the two samples is focused on the growth
temperature of the n-GaN layers of the LEDs. The n-GaN
layer in the sample shown in Fig. 4(a) is a 1.9 μm Si-doped
n-GaN layer grown at 1050°C. Such a high temperature can
lead to the dissociation of the NP-GaN DBR layer, confirmed
by the black wafer shown in Fig. 4(a). To protect the NP-GaN
DBR structure, a∼400 nm n-GaN layer is grown at 900°C and
followed by a 1.5 μm n-GaN layer grown at 1050°C [Fig. 4(b)].
Compared to the NP-GaN DBRmirror shown in Fig. 3(b), the
NP-GaN DBR covered by the LED thin film presents not only
a lower reflectivity but also light interference signals in the re-
flectance spectrum [Fig. 4(c)]. The lower reflectivity should be
attributable to light absorption of the LED thin film [14],
whereas the light interference signal should be a result of
the light reflected between the top air/p-GaN and the bottom
n-GaN/NP-GaN DBR interferences [22].

Figure 5(a) shows the cross-sectional SEM image of the
LED sample presented in Fig. 4(b). Compared to the NP-
GaN DBR shown in Fig. 1(c), the morphology of the DBR
after the regrowth presents significant changes (e.g., smooth
nanopores) due to mass transport from high-curvature to low-
curvature regions [23]. The LED on the NP-GaN DBR, which

Fig. 3. (a) Reflectance from the NP-GaN DBR in the blue wave-
length region; (b) photograph of a 20.3 cm2 NP-GaN DBR wafer
reflecting a card with the Shandong University logo. In (b), the original
logo is reddish brown rather than black, which should be related to the
shooting angle of the camera.

Fig. 4. (a) Photograph of an LED with a 1.9 μm Si-doped n-GaN
layer (1050°C); (b) photograph of an LED sample with double n-GaN
layers consisting of a 400 nm Si-doped n-GaN layer (900°C) and fol-
lowed by a 1.5 μm Si-doped n-GaN layer (1050°C); (c) reflectance
from the reference LED and the LED with DBRs shown in (b).
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is called the DBR-LED, exhibits an RRMS value of ∼0.328 nm
determined from a 3 μm × 3 μm AFM scan, which is lower
than that (∼0.782 nm) of the LEDs grown on the reference
template (i.e., the GaN layer is not subjected to etching)
[Figs. 5(b) and 5(c)], indicating that the InGaN/GaN interfaces
of the DBR-LED have lower density of interface states than
those of the reference LED, i.e., the MQW structure grown on
the etched template has higher crystalline quality. Furthermore,
the microstructural quality of the LEDs without and with the
DBR was characterized by the HRXRD [Fig. 5(d)]. The

strongest peak in the diffraction pattern is due to the (0002)
reflection of the GaN layer in the two samples. The position
of the MQW-related satellite peaks is virtually similar, meaning
that the indium compositions should be similar in the
two tested samples and are not affected by the templates.
However, compared to the reference sample, the DBR-LED
shows a slightly reduced linewidth of the InGaN (0002) reflec-
tion in the rocking curve [Fig. 5(e)], which may be attributed
to the “natural” annihilation of dislocations as epitaxy
proceeds [23,24].

Fig. 5. (a) Cross-sectional SEM image of the InGaN-based LED regrown on the DBRs. AFM images of regrown InGaN-based LEDs (b) without
and (c) with the DBRs; (d) HRXRD patterns of the InGaN-based LEDs, and (e) XRD rocking curves using (0002) diffractions for the LEDs.
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To study the optical and electrical properties of the regrown
LED structures, luminescence measurements were carried out
at room temperature. Figure 6(a) shows the room-temperature
PL spectra of the regrown LED structures. The peak wave-
lengths were 463.4 and 464.5 nm for the LEDs without
and with the DBR, respectively. Usually, the wavelength
difference across the 20.3 cm2 wafer is already more than
1.1 nm. Therefore, the 1.1 nm difference should not be attrib-
uted to strain relaxation of the DBR-LED structure. It is also
found from Fig. 6(a) that the PL intensity of the wafer-scale
DBR-LED presents a fivefold enhancement compared to that
of the standard LED. The enhancement value is markedly
higher than the recently reported values for the InGaN-based

LEDs grown on NP-GaN template with a threefold enhance-
ment [20] and for that embedded on NP-GaN DBR fabricated
by lateral EC etching with a twofold enhancement [19].
Therefore, the enhancement in this work should be attributed
to increased internal quantum efficiency (IQE) due to the im-
proved crystalline quality [20] and the light reflection effect due
to the buried NP-GaN DBR [19].

In addition, multiple interference PL fringes are clearly seen
in the DBR-LED structure due to the resonance cavity effect
between the top air/GaN interface and the bottom high-
reflectivity porous DBR structure. To exactly estimate the
position and linewidth of the interference peak, the spectra
were deconvoluted by a double Voigt line shape function,

Fig. 6. (a) LED structures for room-temperature PL spectra (solid line) and reflectance spectrum (dotted line); (b) Voigt fitting curves (dotted
line) of PL peaks shown in (a), and (c) TCSPC measurement.

Fig. 7. (a) I-V characteristics and (b) room-temperature EL spectra and optical image at a 5 mA current injection.
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which was a convolution of Lorentzian and Gaussian shapes
[Fig. 6(b)]. As a result, the peak linewidths of the PL spectra
are measured as 5.0, 8.2, 6.6, and 7.0 nm for the peak positions
of 472.9, 482.3, 494.3, and 505.2 nm, respectively, meaning
that the DBR-LED has lasing characteristics [19,22].

Figure 6(c) shows the normalized luminescence decay mea-
sured at the emission peaks in the spectra [Fig. 6(a)] by time-
resolved photoluminescence (TRPL) spectroscopy at 300 K.
Generally, the luminescence lifetime is limited by nonradiative
processes at room temperature, i.e., the PL lifetime decreases with
increasingnonradiative channels [25,26].Through a curve fitting,
the PL lifetimes of the LEDs without and with the DBR are esti-
mated to be 4.9 and 26.0 ns, respectively. The approximately
fivefold enhancement should be attributed to high-quality
InGaN and GaN layers grown on the DBR structure [25].

The I-V characteristics of the LEDs regrown on the
templates without and with the NP-GaN DBRs are shown
in Fig. 7(a). It can be observed that the I-V characteristics
of the two samples are very similar to each other. However,
a slight slant of the forward I-V curve of the DBR-LED should
be due to a current flow in the nanoporous structures. This
current can be disturbed near the interface with the etched
template [20]. Figure 7(b) shows the typical room-temperature
EL spectra of LEDs without and with the DBRs at the injected
current of 5 mA. The peak wavelengths of the LEDs without
and with the DBR were 463.6 and 464.0 nm, respectively. The
peak wavelength of the EL spectra agreed well with the peak
wavelength in the reflectivity spectra of the DBR. Similar to
the PL spectra, the EL intensity of the DBR-LED also showed
a nearly fivefold enhancement. We believe that this is due to the
presence of the DBR and improved crystalline quality in the
MQW layer as a result of the etching scheme.

4. CONCLUSION

We have developed an EC method to fabricate large-area
(20.3 cm2) and high-reflectivity (R > 99.5%) NP-GaN
DBRs in a neutral solution. As an example of optical engineer-
ing, InGaN-based LED structures are grown on the NP-GaN
DBR templates. The PL intensity and EL intensity of the LED
regrown on the NP-GaN DBR template are significantly
improved compared to those of the reference LED, due to
the light reflection effect of the DBR template and the high
crystalline quality of the regrown LED.
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