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ABSTRACT: In this paper, we demonstrated wafer-scale AlGaN-based deep
ultraviolet (DUV) nanoporous (NP) distributed Bragg reflectors (DBRs) by
vertical electrochemical (EC) etching. The stopbands of the NP-DBRs were
centered around 280 nm with reflectance close to 90%. A thick AlGaN film and
four-period multiple quantum wells (MQWs) were grown on the strain-relaxed
NP-DBRs template. The reciprocal space mappings (RSMs) revealed the
increased compressive strain in MQWSs grown on NP-DBRs, and transverse
electric (TE) mode emission was enhanced due to this strain modulation. Thanks
to the reflection effect, the photoluminescence (PL) intensity of the MQWs in the
NP-DBR region was more than twice that of the region without NP-DBRs. The

=i = NP-DBRs
28J -5 nm Unetched

90%

AIGaN NP-DBRs

60

™
20 ’

'y
S

S
@
S
<
£
°
2
°
(4

\

\

anisotropic optical polarization measurements and theoretical simulations E 7N

demonstrated that the light extraction of both TE and transverse magnetic
(TM) modes were improved by reflection, and the sideward light can be deflected
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AIN template

upward by scattering by the etched nanovoids. Especially, the TM mode light was more extracted by NP-DBRs. Our work
highlighted the possible applications enabled by the DUV NP-DBRs in light reflection and structural reconstructions of AlGaN-

based UV emitters.
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Bl INTRODUCTION

Ultraviolet (UV) distributed Bragg reflectors (DBRs) with
high reflectance are essential building blocks to fabricate the
vertical-cavity surface-emitting lasers (VCSELs),"” resonant-
cavity light-emitting diodes (RCLEDs),” resonant-cavity
photodiodes (RCPD)," and the exciton-polariton lasers.” For
vertical UV LEDs with transparent p-AlGaN, UV DBRs can be
used to reflect the downward-traveling light upward, thus
enhancing light extraction.’ Among the III-V nitrides, UV
DBRs are usually formed by alternately stacking AlGaN layers
with different Al contents, which are hindered by large lattice
mismatch, strain accumulation, poor quality, and low refractive
index contrast.”® So far, Aleal_xN/AlyGal_yN (045 <x <y
< 1) DUV DBRs have been rarely reported, as well as the
VCSELs and other microcavity emitters.” The only reported
DUV VCSEL is implemented by transferring AIGaN multiple
quantum wells (MQW:s) into a dielectric cavity due to the lack
of the as-grown AlGaN DBRs,'” which degrades the quality of
MQWs in the film liftoff process. Therefore, the preparation of
high-reflectance DUV DBRs without epitaxy constraints and
complex techniques is in need for UV light reflection and
microcavity applications.
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Introducing air voids in bulk materials to act as the low-
refractive-index layers of DBRs could be an alternative
approach.'”'> For example, the n*-GaN/GaN NP-DBRs are
widely prepared by the doping-selective electrochemical (EC)
etching process.'”'* The n*-GaN layers are heavily doped to
~10% cm™3, and the GaN layers are lesser or not doped."
Thus, the former can be selectively electrochemically etched
into porous structures with air voids, while the latter still
remains unetched. In this way, the epitaxy constraints can be
avoided by the doping periodic change rather than the
composition change, and a low refractive index is achieved by
the porosification of the heavily doped layers. By adjusting the
layer thickness, GaN NP-DBRs with a photonic band gap
ranging from visible to near UV spectra have been
demonstrated, and they were widely integrated into
VCSELs,'®'” LEDs,'®' and RCPD,”>*! thanks to their high
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Figure 1. (a) Schematic diagram for the structure and fabrication of AlGaN-based NP-DBRs. (b) Transmittance spectra of the epitaxial DBRs
before and after EC etching. (c) Top-view and (d) cross-sectional scanning electron microscopy (SEM) images of the electrochemically etched

AlGaN NP-DBRs.

reflectance over 95%. It is the good etching selectivity and thus
the large index contrast that pave the way for the high-
performance GaN-based NP-DBRs. Furthermore, considering
band-edge absorption, an AlGaN system with a larger band gap
is required when the reflective spectra extend to the middle
and deep UV regions.

However, the situation is not satisfactory in the AlGaN
material, where the Si doping concentration (Np) decreases
with the increasing Al content due to the reduced dopant
solubility, increased compensation, and the possible existence
of DX levels.”” Therefore, the n-AlGaN/AlGaN stacks with the
Al content of over 45% have poor etching selectivity, that is,
the etched n-AlGaN layers have low porosity, and the index
contrast with unetched AlGaN layers is limited. As a result, the
AlGaN NP-DBRs with stopband in the DUV regions are
subjected to low reflectance. Few studies have reported
reflectance close to 90%, but with Al content not exceeding
15%'”* and stopband staying at near UV.>* Recently, Wu et
al. have reported the lateral electrochemically etched n'-
Aly,,Gap 3N/n-Al ,,Gap sN DUV NP-DBRs with 93%
reflectance at 276 nm.”> The Ny of the n*-Aly,,GaN and n-
Al 4,GaN layers were 2 X 10" and § X 10'® cm™, respectively.
Although lateral EC etching is more favorable to achieve high
porosity, separated mesas that are tens to hundreds of ym wide
are disadvantageous for fabricating large-scale DBRs and
related devices.

In this work, we demonstrated a wafer-scale n-Al, 4Gay N/ u-
AlyGay,N DUV NP-DBRs by vertical EC etching. The
stopbands were centered around 280 nm with reflectance close
to 90%. Subsequently, a thick AlGaN film and MQWs
structures were grown on the NP-DBRs to estimate the light
reflection, where the photoluminescence (PL) intensity was
more than twice that of the counterparts without NP-DBRs.
To further analyze the light enhancement, the strain
modulation and optical anisotropy of the emission from
MQWs, as well as the light extraction by NP-DBRs were
studied in detail.

B EXPERIMENTAL DETAILS

The epitaxial structures were grown on a 2 in c-plane sapphire
substrate (double-polished) by a metal—organic chemical vapor
deposition (MOCDV) system. Trimethylaluminium, trimethylgal-
lium, and ammonia were used as the precursors of Al, Ga, and N,
respectively. Hydrogen served as the carrier gas. As shown in Figure
la, a 1.5 pm AIN template was first deposited at 1250 °C as the buffer
layer. Next, the stack DBRs comprising 40 periods of n-Al, 4Ga, N/ u-
AlysGa0.4N layers were grown at 920 °C. The thickness of the n-
AlyGag4N and u-Aly¢Gay,N layers were 32 and 27 nm, respectively.
The Si doping concentration (Np) in the n-Aly4Gay,N layers was S X
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10'® cm™, The EC etching process was performed in a 5 wt % KOH
solution at 25 V for 5§ min, with indium contact DBRs as the anode
and a platinum plate as the cathode. It is worth mentioning that the
electrolyte was heated to 60 °C in this work to accelerate the N-polar
chemical etching of the electrochemically etched nanovoids in n-
AlyGag,4N layers. As a result, DUV NP-DBRs with high porosity and
good periodicity were obtained by a combination of EC etching and
chemical etching processes, which are different from the previous NP-
DBRs mainly prepared by EC etching. After etching, the wafer was
immersed in a diluted HCI solution to remove the metal contact, then
rinsed with deionized water, and dried using N,. Next, the wafer was
loaded back into the MOCVD chamber for subsequent growth. The
regrown u-Aly¢Gay,N film was deposited at 920 °C, and four-period
Al 45Gag ssN/Alj 45Gag 35N MQWs were grown at 865 °C. The widths
of the well and barrier were 2 and 10 nm, respectively.

The reflectance spectra of the NP-DBRs were measured using a
UV—vis near-infrared spectrophotometer (Lambda 35). A scanning
electron microscope (SEM, Nova Nano-SEM 450) and an atomic
force microscope (AFM, SPM9700) were used to investigate the
morphology of the NP-DBRs. The reciprocal space maps (RSMs) of
the asymmetric (105) reflection were measured by high-resolution X-
ray diffraction (HRXRD, PANalytical PW3040-60 MRD). The angle-
resolved PL measurements were performed using a 193 nm ArF
excimer laser (S ns pulses at SO Hz) as an excitation source. The
sample was fixed on an angle-resolution bracket, and the optical fiber
was placed near the sample at a distance of 10 cm. A Glan—Taylor
prism was placed between the sample and the optical fiber to resolve
the difference in polarized light. The PL signal was collected into a
charge-coupled device (CCD) camera through a Horiba iHRSS0
spectrometer.

B RESULTS AND DISCUSSION

Figure 1b shows the transmittance spectra of the wafer before
and after EC etching. Before etching, the uniform interference
fringes with a steep absorption edge at 255 nm indicate the
high quality and high Al content of the DBRs. After etching,
the transmittance decreased at a shorter wavelength due to
strong scattering by the introduced air voids in n-Al;¢Gay 4N
layers. At the same time, there is a minimal transmittance value
around 276 nm, which is caused by the reflection of the
incident light, a preliminary hint at the formation of DBRs.
Figure lc shows the top-view SEM image of the etched region,
where densely distributed nanopores are observed on the top
u-Aly ¢Gay 4N layer. These surface nanopores are the initial etch
pits that serve as openings for the electrolyte to penetrate
downward. Figure 1d illustrates the cross-sectional SEM image
of the etched NP-DBRs. It can be seen that the n*-Al;¢Ga, N
layers are selectively etched into porous morphology with
transversely distributed air voids, while the u-Alj¢Ga,y,N layers
are almost intact during the etching process. Only a few etch
voids are connected, as marked by the yellow dotted circles,
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Figure 2. Reflectance of the AlGaN NP-DBRs in etched and unetched regions. The inset shows a photograph of a half-etched DBR wafer.

0.10 . (4 RMS: 4nm
(b) _— (c) S: 0.604 nm
I 1
0.08 g
b
—_ 175 nm
E 006 1
2
>
0.04 g
[— Profile 1
— Profile 2
0.02 g
300 nm
0.00 T T T T T =
0.00 0.05 0.10 0.15 0.20 0.25 0.30
X (pm)

(d) [ —— Unetched E" (AIN) 1
Etched 6496 cm*
_ 651.3 cm*!
-t 4
&
E EH (AlGaN)
7] L i
5 586.6 cm™ 4 Sapphire
c
! l 1
591.7 cm™

T T T T T T T T T
510 540 570 600 630 660 690 720 750
Raman shift (cm')

(f) - - - - Before regrowth
—— After regrowth B
80 s B
g
@
Q
<
£
o
2
©
'3

[} T T T T T T T T T
250 255 260 265 270 275 280 285 290 295 300
Wavelength (nm)

Figure 3. (a) AFM image of the DBRs in the etched region. (b) Horizontal and vertical profiles of the surface pits. (c) AFM image of the MQWs
grown on etched NP-DBRs. (d) Raman spectra of the DBRs in etched and unetched regions. (e) Cross-sectional SEM image of the regrown
structures on NP-DBRs. (f) Reflectance spectra of point 2 in the Wi-D region before and after regrowth.

and most voids are still discrete. The nearly triangular etch
voids caused by the anisotropic etching due to the exposure of
low-energy planes {1011} by the EC etched nanovoids,"
demonstrating the N-polar chemical etching along the opposite
direction of the EC etching. The diameter of the etch voids is
much smaller than the reflection wavelength, thus the porous
layer can be considered as a homogeneous material with a
constant refractive index. According to the volume average
theory (VAT), the effective refractive index (n.4) of the porous
n-Aly ¢Gag4N can be estimated by”® ng = [(1 — @)ndic +
on )% where ¢ is the porosity and nyg, of the bulk
Al Gag,N is 2.6 according to Brunner et al.”” The porosity of
the etched n-Al 4Gay 4N layers is estimated to be 35% from the
SEM image. Then, the n. is calculated to be 2.18, and the
index contrast with unetched u-Al;4Gag 4N is 0.42, even larger
than that contrast with AIN.

The inset of Figure 2 shows a photograph of a wafer-scale
DBRs which is half-etched for comparisons on either side of
the boundary. In the etched region, three points (labeled

points 1—3, respectively) were selected from the center to the
edge to obtain the reflectance spectra. It can be seen in Figure
2 that the stopbands were centered around 280 nm with peak
reflectance close to 90%, which undoubtedly demonstrates the
formation of DBRs. However, the stopband width and peak
reflectance are still lower compared to the GaN-based NP-
DBRs, as the etch voids in n-Al)¢Gay 4N layers are discrete
unlike the almost continuous ones in n*-GaN,”® mainly due to
the limited Np,. In spite of this, there is still room for improving
the porosity of AlGaN-based NP-DBRs by further optimizing
the etching temperature and anodization voltage. The
mismatch between simulation and experiment is due to the
finite disorder in the spatial distribution of the etch voids in
NP-DBRs. From points 1—3, the peak reflectance decreases
from 90 to 84% and the stopband center (1) blue shifts from
281.5 to 278 nm. These slight fluctuations may be caused by
the voltage drop and doping inhomogeneity across the sample,
which can be improved in future works. In the unetched
region, the symmetric point of point 2 was selected as a
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Figure 4. RSM of the regrown structures in regions (a) without and (b) with NP-DBRs.

comparison, and the reflectance is measured at about 25% with
interference fringes due to the Fabry—Pérot effect at air/
epilayer/sapphire interfaces.

To further probe the surface morphology of the etched
region, a 2 um X 2 um AFM scan was performed, and the
image is shown in Figure 3a. The etch pits are hexagonal in
shape and vary in size. A line is drawn along the diagonal of the
hexagon on the largest and smallest pits, and the horizontal
and vertical profiles are extracted in Figure 3b. It can be seen
that the pits are V-shaped and range in width from SS to 175
nm. Such a large width of the pits is due to full contact with an
electrolyte, and more importantly, the increase in etching
temperature. In addition, the V-shaped pits own the smallest
curvature radius at the bottom and thereby the strongest
electric field. Therefore, Zener tunneling occurs and provides a
large amount of hole charge (h*) for anodization,”’ allowing
vertical EC etching to rapidly proceed downward. No changes
in the surface morphology are observed in regions without etch
pits, manifesting that the surface was not fully damaged.
Raman spectra measured in the etched and unetched regions
are shown in Figure 3d. The typical E," AIN peaks were
measured at 649.6 and 651.3 cm™" for the etched and unetched
regions, respectively, which were both blue shifted versus the
unstressed AIN (657.4 cm™"). This Raman shift shows that the
AIN buffers grown on the lattice-mismatched sapphire
substrate are in the tensile status, and the one in the etched
region is subjected to larger tensile stress. Compared to the
unetched region (591.7 cm™"), the E," Al 4Gay 4N peak of the
etched region (586.6 cm™') shifts to a lower frequency,
indicating the strain relaxation of NP-DBRs during the
porosification process. Therefore, such NP-DBRs are not
only able to provide the reflection effect but also show promise
to act as a strain-relaxed template for the subsequent %rowth of
MQWs, favoring high quality and strain modulation.”

To build the MQWs on the half-etched wafer, a 1 ym u-
Aly¢Gag,N film was first grown to fill the surface pits in the
etched region. Then, four-period Alj45GagssN/AlygsGag3sN
MQWs were capped on the thick AlGaN film, with the
emission wavelength aligned with the stopband center of NP-
DBRs. Figure 3e shows the cross-sectional SEM image of the
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regrown structures on the etched region. As the bottom NP-
DBRs lost fracture toughness, the wafer could not be cleaved
along a fixed plane, and the etch voids of a large area are
obscured by other cross sections as indicated by the red
arrows. It is worth noting that the shape transformation of etch
voids can be induced during the regrowth by the annealing
effects. As shown in Figure 3e, the size of the etch voids is
shrunken as the triangular voids transformed into a circular
shape due to the mass transport process.”’ As a result, the
reflectance spectrum of point 2 in the Wi-D region exhibits a
lower peak reflectance and a narrower stopband after the
regrowth as shown in Figure 3f. Figure 3c shows the surface
morphology of the MQWs grown on NP-DBRs, which was
characterized by a 2 ym X 2 um AFM scan, the root mean
square roughness (RMS) of ~0.604 nm, and the absence of
pits.

To explore the strain modulation of MQWSs grown on NP-
DBRs, the XRD asymmetric (105) RSM were measured in
regions without (Wo-D) and with NP-DBRs (Wi-D), and the
results are shown in Figure 4a,b, respectively. In the (105)
reflection, the lattice constants a and ¢ of epilayers can be
derived from the coordinate of the peak position (Q,, Q,) as

follows>>

a =/1/\/§Qx, c = 5/1/2Qy (l)
where a,y in both regions are larger than a3y of unstressed
AN, indicating the tensile status of AIN buffers. In addition,
aay in the etched region is larger than that in the unetched
region due to the strain-induced lattice expansion of the NP-
DBRs, and more tensile stress is thus created under the AIN
layer, which agrees well with the Raman results. The in-plane
strain relaxation R% of the AlGaN layers with respect to the
AIN buffer can be estimated by’

R% = (aycy — aAlN)/(aj(ilGaN - aglN) (2)

where alic,y of unstressed AlGaN can be determined
according to Vegard’s law.”* As depicted in Figure 4a, the u-
AlysGag,N film and MQWs are coherently grown on the
unetched DBRs, since they share the same Q,, and the strain
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Figure S. (a) PL spectra from the Wi-D and Wo-D regions. (b) Integrated PL intensity and PL enhancement as a function of excitation power
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Figure 6. Electric field distribution and vertical electric field profiles simulated by Comsol multiphysics: (a and d) for the TE mode and (b and e)
for the TM mode. (c) Simulated reflectance of 10- and 20-period NP-DBRs for TE and TM modes.

relaxation R% is calculated to be 79.2% for the MQWs. In
Figure 4b, there is a distinct break in the strain between the
etched NP-DBRs and regrown structures, as evidenced by the
double AlGaN peaks. The Q, of the u-Aly(Gay,N film and
MQWs is red shifted versus the etched NP-DBRs, indicating
the compressive status of the regrown structures on NP-DBRs,
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and R% is calculated to be 54.3% for the MQWs. These RSM
results manifest that the MQWs grown on the NP-DBRs are of
the lower strain relaxation, thus more compressive strain is
reserved, which, is beneficial to the transverse electric (TE,
Elc) polarized emission and surface light extraction of AlGaN-
based UV emitters.*”
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Figure 7. Cross-sectional distributions of electric field amplitude |El of TE and TM modes simulated by Comsol Multiphysics: (a and c) for the
Wo-D region and (b and d) for the Wi-D region. The experimental results are shown in upper polar diagrams, respectively.

To experimentally compare the light extraction in Wi-D and
Wo-D regions, Figure Sa shows the PL spectra measured at =
0° under an excitation power density of 133 mj/cm? where
is the angle between the optical fiber and the c-axis of epilayers
as illustrated in the inset. The data were recorded from the
labeled points (points 1-3) in the Wi-D region and the
symmetry points in the Wo-D region. As shown in Figure Sa,
the PL intensity in the Wi-D region is more than twice that in
the Wo-D region, as the light traveling downward is reflected
by the bottom NP-DBRs and exits from the top side. The red-
shift of the peak wavelength in the Wi-D region accounts for
the compressive strained MQWs revealed by the RSM results.
Figure Sb shows the integrated PL intensity (8 = 0°) that
varies with the excitation power density in the Wi-D and Wo-D
regions. The PL enhancement, described as Iy;.p/Iwop (I
represents the integrated PL intensity), reaches as high as 2.83
at the lowest excitation power, which, is far beyond the light
enhancement caused by the reflection of NP-DBRs. However,
the PL enhancement shows a decreasing trend with the
increase in the excitation power density due to the increased
optical-transition matrix elements for transverse magnetic
(TM, Ellc) mode at high carrier density,36 where the TM
photons mainly travel laterally. To probe the strain modulation
of MQWs from the perspective of anisotropic optical
polarization, the far-field distributions of full spatial TE/TM
mode light in the Wi-D and Wo-D regions are measured at 133
mj/cm? It is demonstrated in Figure Sc that the NP-DBRs can
strongly enhance the light extraction of both TE and TM
modes thanks to the reflection effect. The increment 7 is
defined as 7 = (Iyy,.p — Iwo.p)/Iwo.p, and the results are shown
in Figure 5d. It can be seen that the increments are almost
negative at @ > 70° but positive at @ < 60°, which features the
small reflection angle of the 1/4 NP-DBRs. As a result, the
sideward light cannot be reflected but is scattered by the
introduced air voids, leading to the negative increments at 6 >
70°. Nevertheless, it is worth noting that the increments of TM
mode are larger than those of the TE mode when 8 < 80°,
which is intuitively against the TE dominant emission. About
this point, Elafandy et al. have reported that the laterally etched
GaN NP-DBRs (25 periods) with parallelly aligned cylindrical
nanopores exhibit an anisotropic enhancement of the polarized
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light because the n. and thus the reflectance are different for
incident light with the electric field tangential (TE) and normal
(TM) to the nanopores.”’

To clarify whether the anisotropic enhancement acts in the
vertically etched AlGaN NP-DBRs with discrete nanovoids,
Comsol multiphysics was used for the modeling analysis. To
simplify the simulation, the etched air voids in n-AlGaN layers
were approximated as the distributed circular sections with
certain radii and intervals, and the porosity was kept consistent
with the SEM result. A plane wave with a wavelength of 280
nm was placed on the regrown u-AlGaN layer as the light
source. Figure 6a,b shows the electric field distributions within
the 20-period NP-DBRs for TE and TM modes, respectively.
The standing waves formed above the NP-DBRs for both
modes demonstrate the good reflection effect. The vertical
electric field profiles across the air voids are plotted in Figure
6d,e. Compared to the TE mode, the TM mode presents a
slower decay and thus a longer penetration depth within NP-
DBRs. Beyond that, the field leakage is more severe at intervals
between adjacent voids for the TM mode, which, again implies
the lower reflectance for this mode. The reflectance spectra for
TE and TM modes, simulated at the setting of 10- and 20-
period DBRs, are shown in Figure 6¢. The reflectance spectra
exhibit an obvious anisotropic enhancement, where the TM
mode is red shifted with a narrower stopband and lower
reflectance compared to the TE mode. However, the
reflectance difference between the two modes decreases with
the increase in the DBR periods and has reduced to 0.8% at 20
periods as shown in Figure 6c¢. As a result, when the period is
sufficiently increased, such as the 40 periods in this work, the
peak reflectance is believed to show no difference between the
TE and TM modes. This inference means that the anisotropic
enhancement in terms of reflection effect is not responsible for
the increment difference of different polarized lights. Other
extraction mechanisms of the TM mode are expected to be
induced by the NP-DBRs,”® where TM photons escape from
the surface despite traveling mainly in the lateral direction.
This may also account for the larger increment in the TM
mode than that in the TE mode at € = 70 and 80°.

To acquire deep insight into the effect of NP-DBRs on light
extraction, the cross-sectional electric field profiles of TE and

https://doi.org/10.1021/acsanm.2c02689
ACS Appl. Nano Mater. 2022, 5, 10081—-10089


https://pubs.acs.org/doi/10.1021/acsanm.2c02689?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02689?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02689?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02689?fig=fig7&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c02689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

TM modes are simulated, and the results are shown in Figure
7. In these simulations, a dipole with different polarizations is
placed at the center of MQWs to act as the light source. In the
Wi-D region, the downward TE photons are almost fully
reflected, as the electric field amplitude |El is weakly distributed
in the AIN buffer and sapphire substrate, but strongly
distributed above the NP-DBRs as shown in Figure 7b. The
surface electric field of the TM mode is also significantly
enhanced at @ < 60°, but weakly distributed below the NP-
DBRs, thanks to the high reflectance. However, the sideward
TM mode that cannot be reflected is strengthened at 6 = 70
and 80° as well, and its traveling direction is deflected upward,
as shown in Figure 7d. This light deflection effect can also be
seen in the TE mode in the Wi-D region (Figure 7a), where
TE photons weakly escape from the surface at 6 > 70°, along
with an obvious change in the isotropous travel property in the
Wo-D region. On the whole, the light travels laterally in the
Wi-D region, especially the TM mode tends to be “pulled”
upward, which is related to the scattering effect of the
introduced air voids.”” Such a deflected light can be more
extracted from the surface, contributing to the extra light
enhancement in addition to the reflection effect. These
simulation results prove that the NP-DBRs can significantly
improve the extraction of both TE and TM modes, and the
TM photons can be more extracted from the surface, which
matches well with the experimental results shown in the polar
diagrams.

The degree of polarization (DOP) is calculated as DOP =
(Irg — Itm)/(Itg + Ity), and the results are shown in Figure
Se. In view of the reflection and the scattering effect, the DOP
of MQWs can be relatively compared at € = 90°. The positive
value (0.03) in the Wi-D region versus the negative value
(—0.29) in the Wo-D region confirms the increased TE mode
emission and the effective strain modulation of MQWSs grown
on NP-DBRs. However, corresponding to the more extraction
of the TM mode by NP-DBRs, the DOP in the Wi-D region is
inversely lower than that in the Wo-D region. Also, the
negative DOP in the Wi-D region at 8 = 70 and 80° is caused
by the reduced TE mode by scattering as well.

B CONCLUSIONS

The wafer-scale AlGaN-based DUV NP-DBRs are successfully
fabricated by vertical EC etching. The stopbands center near
280 nm with reflectance close to 90%. The MQWs grown on
the strain-relaxed NP-DBRs exhibit increased compressive
strain and thus enhanced TE mode emission. The PL intensity
in the Wi-D region is more than twice that in the Wo-D region,
and the light extraction of both TE and TM modes is improved
thanks to the reflection effect by NP-DBRs. In addition, the
TM mode can be more extracted from the surface due to the
light deflection effect via scattering by the introduced air voids.
Such highly reflective and easy-to-fabricate DUV NP-DBRs
have promising applications in UV optoelectronic devices such
as VCSELs and RCLEDs.
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