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ABSTRACT: We demonstrate the first electrically injected AlGaN-
based ultraviolet-B resonant-cavity light-emitting diode (RCLED).
The devices feature dielectric SiO,/HfO, distributed Bragg
reflectors enabled by tunnel junctions (TJs) for lateral current
spreading. A highly doped n**-AlGaN/n"*-GaN/p**-AlGaN TJ and
a top n-AlGaN current spreading layer are used as transparent
contacts, resulting in a good current spreading up to an active region
mesa diameter of 120 gm. To access the N-face side of the device,
the substrate is removed by electrochemically etching a sacrificial n-
AlGaN layer, leading to a smooth underetched surface without
evident parasitic etching in the n- and n"*-doped layers of the device.
The RCLEDs show a narrow emission spectrum with a full width at
half-maximum (FWHM) of 4.3 nm compared to 9.4 nm for an
ordinary LED and a more directional emission pattern with an angular FWHM of 52° for the resonance at 310 nm in comparison to
~126° for an LED. Additionally, the RCLEDs show a much more stable emission spectrum with temperature with a red-shift of the
electroluminescence peak of about ~18 pm/K and a negligible change of the FWHM compared to LEDs, which shift ~30 pm/K and
show spectrum broadening with temperature. The demonstration of those devices, where a highly reflective mirror is spatially
separated from an ohmic metal contact, opens up a new design space to potentially increase the poor light extraction efficiency in UV
LEDs and is an important step toward electrically injected UV vertical-cavity surface-emitting lasers.

KEYWORDS: ultraviolet, AlGaN, resonant-cavity light-emitting diode, electrochemical etching, tunnel junction

1GaN-based ultraviolet (UV) light-emitting diodes AlL® indium—tin-oxide (ITO)/Al’ and Mo/AL® on p-AlGaN

(LEDs) have a wide range of applications in the structures have shown maximum reflectivity values in the range
disinfection of air, water, medical tools, and food, UV curing, of ~80 to 87% for UVB, which is low for a bottom mirror
sensing, skin treatment, greenhouse lighting, and wireless when a high quality factor is desired. Furthermore, the contact
communication.' These applications could benefit from the resistance and device operation voltage are much higher
advantages of resonant-cavity LEDs (RCLEDs), such as a compared to UV-LEDs employing p-GaN contact layers.”
spectral narrowing, a more directional far-field emission Up to date, a f?g\’ 1IZICLEDS have been demonstrated and
pattern, and a reduction of the wavelength shift with only in the UVA™™" by employing porous/airgap DBRs.
temperature and current.” Many different approaches are being explored in parallel to

The RCLED design rules suggest that the bottom mirror of achieve a more highly reflective structure. Epitaxial UVA

the optical cavity should be highly reflective (above 99%) at AlGa};I—Based DBRs have shown reflectivity values higher than
99%. " However, in the UVB and UVC, the maximum

the targeted wavelength to enhance the resonant effect and o ¥ ) - s
reflectivity achieved so far is 97.7% at 273 nm using 25 pairs.

minimize the outcoupling of light through the bottom mirror.” R L
In II-nitride-based RCLEDs, which have mainly been explored This is due to the small refractive index contrast and

in the visible wavelength region, the optical cavities have been substantial lattice mismatch of AIN/AIGaN layers making the
defined by a combination of metal mirrors,” semiconductor/air
interface,* and an epitaxial and/or dielectric distributed Bragg Received: February 19, 2024 PhBtonics
reflector (DBR).5 Metallic mirrors are an interesting option Revised:  July 6, 2024 o
due to the combination of electrical injection and reflection. Accepted: July 8, 2024
However, in UV, metallic mirrors are strongly absorptive, and Published: July 11, 2024
highly reflective metallic mirrors are not possible to achieve.

For example, UV LEDs with reflective p-contacts, such as Ni/

© 2024 The Authors. Published b
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Figure 1. (a) Schematic of the as-grown epitaxial T] UVB LED structure. The TJ and top current spreader layer are represented in yellow and the
layers for electrochemical lift-off are in green. (b) Top view optical microscope image of a flip-chip RCLED with a mesa diameter of 60 ym and a
doughnut-shaped p-side contact. (c) Cross-sectional sketch of a DBR-RCLED. (d) AFM image of the under-etched and thereby exposed N-face

UID-Aly50Gag 50N surface.

demonstration of AIGaN DBRs above 99% reflectance difficult
at these wavelengths. Another approach is a porous DBR in
which the refractive index contrast is tuned by porosifying
alternating n-AlGaN l?rers. Reflectivity values up to 93% at
374 nm'? and 276 nm'® have been achieved with a 12-pair and
20-pair porous DBR, respectively. However, the light scattering
at the pores and the potential difficulty in controlling the pore
size limits the maximum achievable reflectivity, and mechanical
and postprocessing DBR stability could be problematic.
Alternatively, dielectric SiO,/HfO, DBRs which require a
low number of pairs to achieve a high reflectivity, have been
used to demonstrate UVB'” and UVC'® vertical-cavity surface-
emitting lasers (VCSELs). The former used a 10-pair dielectric
DBR with a measured peak reflectivity of 99.23% at 320 nm,
while the latter used a 15.5-pair DBR with 97.7% reflectivity at
276 nm. Recently, dielectric SiO,/Ta,O; DBRs have also
shown reflectivities above 99% at 310 nm.'’ However, the
implementation of all-dielectric DBRs requires substrate
removal techniques to access the bottom surface and an
electrical injection scheme that allows the electrical contacts to
be placed in the periphery of the mesa.

Electrochemical etching is a substrate removal based on a
tunneling process carried out at the semiconductor/electrolyte
junction, where a sacrificial layer is etched, releasing the device
membrane from the substrate.”””" The etch selectivity in this
process is determined by the semiconductor bandgaps, n-
doping concentrations, and the applied voltage, favoring the
etching of more heavily doped layers with a lower bandgap.”
This technology has been proven compatible with doped
devices such as UVB-LEDs,”” providing smoothly etched N-
face surfaces and good cavity length control,'””* which are
important features for the fabrication of microcavities. To our
knowledge, the compatibility of electrochemical etching with
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devices containing heavily doped n-AlGaN structures, such as
tunnel junctions (TJs), has not been proven up until now.
The implementation of dielectric DBRs requires an efficient
electrical injection, including a transverse spreading of holes,
which is difficult to achieve in UVB devices due to the low p-
type conductivity in the UVB-transparent p-AlGaN. The
limited hole conductivity is due to the large effective hole
mass and Mg acceptor ionization energy. Both of these factors
increase with Al molar fraction, reducing p-type conductivity.
One approach would be to separate the electrical injection, i.e.,
the electrical contacts, from the highly reflective structure. For
instance, in the visible, this is done with a transparent
conductive oxide layer such as ITO on top of p-GaN. Since the
ITO spreads the current laterally over the device mesa, p-side
contacts can be deposited on the periphery of the mesa,
allowing to place a highly reflective mirror in the center
region.”* However, ITO is strongly absorbent in the UVB-
UVC (0.2 to 1.4 X 10° cm™") and, thereby, is not suitable for
UVB microcavities. A different concept that allows for the
separation of the contacts from highly reflective structures and
that can be applied in the UV without much absorption
penalty is a combination of a reverse biased heavily doped n**-
AlGaN/p**-AlGaN TJ with a top n-AlGaN current spreading
layer, which has been used for the fabrication of UV TJ-
LEDs.”™”” K. Nagata et al. have reported promising n*'-
Al 60Gag4oN/p " -Aly60Gag 4N homojunction TJs with an
operating voltage of 8.8 V at 63 A-cm™> by optimizing the
thickness of the T and the doping concentration.” Inserting a
thin interlayer with a lower bandgap such as InGaN*® or
GaN”’ could further decrease the operation voltage but lead to
an increased optical absorption loss. The former reported an
operating voltage of 6.8 V at 10 A/cm? with a graded TJ
structure from Aly,sGagssN (AlysGagssN) to AlyssGagusN

https://doi.org/10.1021/acsphotonics.4c00312
ACS Photonics 2024, 11, 2923-2929
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Figure 2. Normalized near-field emission pattern of the DBR-RCLED devices with different active region mesa diameters (left to right: 30, 60, 120,
and 160 um) driven at 30 A/cm?® The area delimited by the dashed lines corresponds to the border of the p-side contacts.

(Aly45GagssN) on the n™*- (p**-) side, while the latter is 21 V
at 60 A/cm?® with a p**-Aly5Gag,sN/n-GaN/n**-Aly ¢sGag 3N
TJ. In addition, TJs have been successfully employed for
current injection in InGaN-based blue VCSELs.”**”

In this work, we fabricated UVB RCLEDs with TJs and all-
dielectric DBRs. The devices were defined by a circular active
region mesa and a rectangular device mesa. The active region
mesa with diameters of 30 ym, 60 ym, 120 ym, and 160 um,
includes a transparent UVB LED structure with a T] and an n-
Aly4,GayssN current spreading layer on top, see Figure la.
Two different TJs were investigated consisting of a p**-
Al)35GagesN/n""-Alj 4,GagsN stack and a p*™-Alj;5GagesN/
n**-GaN/n"*-Alj 4,GagssN stack with a 4 nm n**-GaN
interlayer. The device mesa included the bottom UVB LED
n-Aly 4,,GagssN layer and a stack of layers for lift-off, where a 4
nm/4 nm n*-Aly;,GaggN/n*-Aly;,Gag ;N multilayer com-
bined with a n*-Aly;,Gay;N bulk sacrificial layer were
embedded between two etch block layers. The p- and n-side
metal contacts were fabricated with the same V/Al/Ni/Au
metal stack due to the TJ. The combination of the reverse-
biased AlGaN TJ with the top n-Al4,Gag sgN layer allowed the
p-side metal contact to be placed at the circumference, and
hence, a highly reflective 12-pair SiO,/HfO, p-side DBR could
be deposited in the center on top of the active region mesa, see
Figure 1b. The substrate was removed by electrochemically
etching the sacrificial layer. Subsequently, the device
membranes were bonded onto a carrier chip with predefined
Au metal pads. Lastly, a 2-pair SiO,/HfO, n-side DBR was
sputtered, as is illustrated in Figure lc. The UVB RCLEDs
were characterized at three different stages in the process: after
p- and n-side contact evaporation (LED), after the bonding of
the devices before the n-side DBR deposition (air-RCLED),
and after the n-side DBR, i.e., fully processed devices (DBR-
RCLED). Further details about the epitaxial growth, device
fabrication, and characterization are found in the Methods
section in the Supporting Information.

Once the membranes were transferred and flip-chip bonded
to the carrier chip, the exposed N-face surface could be
evaluated. The LED membranes, including the highly doped
TJs, did not show any parasitic etching, indicating effective
protection by the p-side DBR, photoresist, and the epitaxially
grown etch block layer during the electrochemical etching,
Atomic force microscope (AFM) measurements yielded a root-
mean-square (RMS) roughness of 1.5 nm over a § X S ym*
area of the N-face surface on top of the circular active region
mesa, as illustrated in Figure 1d. The smooth surface is
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attributed to the built-in polarization fields generated at the
interface between UID-Aly,Ga;s(N etch block and the n*-
Aly11GaggoN/n"-Alj3,Gag ;N superlattice sacrificial layer
which cause an abrupt etch stop.”

The spatial distribution of the emission intensity of the
DBR-RCLED devices, which shows the horizontal current
spreading and the p-side reflectivity, was mapped for different
active region mesa sizes at a current density of 30 A/ cm?, as
shown in Figure 2. The emission distribution of the RCLEDs
can be separated into the lower intensity circumference
delimited by the dashed lines where the p-side contact is
placed and the higher intensity center above the p-side DBR
where the emission intensity is higher by about 50%. The
reason for this higher intensity in the center of the mesa is the
highly reflective p-side SiO,/HfO, DBR (98.3% reflectivity at
310 nm), to be compared to the region with the low-
reflectivity doughnut-shaped p-side contact (27.7% at 310 nm
for this annealed V-based contact). Both the DBR and the p-
side contact were deposited on a double-side-polished
transparent sapphire substrate for reflectivity measurements.
No major differences were found in the electro-optical
characterization between devices with and without n**-GaN
interlayer TJ design, see Supporting Information, Figure S2a
and b

For the 160 ym diameter mesa, the current spreading in the
top n-AlGaN layer above the TJ is not sufficient and current
crowding near the edge of the p-contact is evident. This could
be caused by an incomplete activation of the Mg through the
mesa sidewalls®" or a limited conductivity in the top n-AlGaN
current spreading layer. An incomplete activation of Mg results
in a lower hole concentration in the center of the mesa than
that at the edge. However, this was ruled out by first studying
the emission intensity distribution at a low current density (S
A/cm?), which was homogeneous. Second, devices with a
center disk-shaped p-side contact instead of the doughnut-
shaped contact (Supporting Information, Figure S3) show
higher intensity close to the center of the mesa, indicating an
effective activation of the Mg acceptors. Hence, the increased
current crowding for larger mesa sizes is instead ascribed to the
high sheet resistance of the top n-AlGaN current spreading
(estimated to 1815 Q/sq by circular transfer length measure-
ments), which is 3.2 times higher than the measured sheet
resistance for the n-Aljs,GaysoN layer on the n-side of the
LED.

Figure 3a shows a comparison of the electroluminescence
(EL) spectrum of the device driven at 120 A/cm” at the LED

https://doi.org/10.1021/acsphotonics.4c00312
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Figure 3. Comparison between devices at the LED and DBR-RCLED stages. (a) EL spectra integrated over a range of 40° at 120 A/cm”. The
emission originating from the p-side contact area is excluded from the DBR-RCLED spectrum. (b) Angular-resolved EL showing the spectrally
resolved far-field spectra of the device at the LED and DBR-RCLED stage at ~200 and ~300 A/cm?, respectively. The LED has an angular FWHM
of ~126°, and the white dashed parabolas indicate the cavity modes of order 32 and 33 which have an angular FWHM of 52° and 22°, respectively.
EL peak shift as a function of (c) current and (d) temperature under a continuous current injection of 30 A/cm? Linear fits in (d) are shown in
dashed lines. (e) Temperature dependence of the FWHM at 30 A/cm?

and the DBR-RCLED stage, where the emission originating
above the p-side contacts has been removed from the DBR-
RCLED by filtering the spatially resolved spectrum. The LED
spectrum shows a broad spontaneous emission peak at 310.3
nm. Thereby, the spontaneous emission couples effectively
into the resonant cavity modes in the DBR-RCLED showing
two main resonances at 305.3 and 310.6 nm. This results in a
spectrally narrowed emission for the DBR-RCLED with a full
width at half-maximum (FWHM) of 4.3 nm for the resonance
at 310.6 nm instead of 9.4 nm for the LED. The cavity quality
factor and hence the FWHM could be limited by the rough as-
grown surface; see in Supporting Information, Figure S2¢ and
d.

Angle-resolved EL measurements were made to investigate
the spectrally resolved far-field emission pattern of the DBR-
RCLEDs. Due to the low sensitivity of the far-field setup,
higher current densities around 200 and 300 A/cm” at the
LED and DBR-RCLED stage were applied, respectively. Figure
3b shows the nondispersive spontaneous emission of the
device at the LED stage, with an angular FWHM of ~126°,
which accords with previous values found in the literature.”>*>
On the other hand, the far-field emission pattern of the DBR-
RCLED has parabolically dispersed cavity modes with an
angular FWHM of 22° for the 305.3 nm resonance and 52° for
the 310.6 nm resonance. This shows the potential of RCLEDs
for beam shaping without the need for particular encapsulation
approaches. A further improvement in angular beam profile
could be achieved by reducing the cavity length that is ~174 in
these devices, thus increasing the spectral mode spacing, and
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avoiding multiple modes to overlap with the spontaneous
emission of the multi-quantum wells (MQWs).

Current and temperature-dependent EL measurements were
done in devices at the LED and DBR-RCLED stage. Figure 3¢
shows that the EL peak of the LED red-shifts more than the
main resonance of the DBR-RCLED when the devices are
driven to 200 A/cm’. The red-shift of the LED’s EL peak is a
consequence of Joule heating in the device leading to an
increase in the junction temperature, and hence a lowering of
the bandgap of the active region. While this effect is directly
seen in the LED spectrum, the DBR-RCLED’s EL peak red-
shift is a consequence of the refractive index and physical
cavity length variation with temperature, which is smaller than
the bandgap reduction with the temperature. To get a direct
measure of how much the emission spectra change with
temperature, temperature-dependent EL measurements were
performed at a current density of 30 A/cm? Figure 3d shows
the red-shift of EL peak for the device at the LED and DBR-
RCLED stage when the devices are heated up from room
temperature to 160 °C. The wavelength increases linearly with
temperature with a slope of ~30 pm/K for the LED and ~18
pm/K for the DBR-RCLED. While the spectrum of the LED
broadens with temperature from 8.9 to 13.1 nm, the change in
FWHM of the main resonance of the DBR-RCLED is
negligible, see Figure 3e. The red-shift of the EL peak with
temperature for the LED is in good agreement with previously
reported values of UVB active regions,”* and the red-shift of
the main resonance in the DBR-RCLED is in good agreement
with that of GaN-based cavities.”*
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Figure 4. Electro-optical comparison of an air-RCLED (without n-side DBR) with a DBR-RCLED: (a) angular-resolved EL, (b) EL spectra
integrated over all angles, including a Voigt fit at 120 A/cm?, and (c) L-I-V characteristics of the devices driven up to 120 A/cm?

Figure 4 shows a comparison of two RCLEDs with different
quality factors, i.e., the air-RCLED and the DBR-RCLED. The
cavity of the air-RCLEDs is defined by the bottom DBR and
AlGaN/air interface with reflectivity values of 98.3% and
18.2% at 310 nm, respectively. Once the 2-pair DBR is
sputtered on the n-side to fabricate the DBR-RCLED, the
reflectivity at the top interface increases to 61.3% at 310 nm.
Figure 4a shows the spectrally resolved far-field values for both
devices. The parabolic dispersion of the cavity modes is visible
in both cases; the spectral FWHM is 4.3 nm for the DBR-
RCLED and 6.6 nm for the air-RCLED (Figure 4b). This is
ascribed to the enhancement of the quality factor by increasing
the reflectivity of the top surface. The light-current—voltage
(L-I-V) characteristics of both devices show a turn-on voltage
of 522 V and negligible degradation of the I-V by the
sputtered top DBR (Figure 4c). However, the optical power at
120 A/cm?® decreases by ~35% when the top interface has a
higher reflectivity. This is attributed to the enhancement of
light confinement in the cavity increasing the probability of
reabsorption in the active region and hence decreasing the
total optical output power. This comparison highlights the
trade-off between spectral purity and total optical power.

In summary, we fabricated the first electrically injected UVB
RCLEDs. The devices were enabled by UV-transparent
contacts, including TJs and a top n-AlGaN current spreading
layer, using electrochemical etching for substrate removal to
facilitate the use of all-dielectric DBRs. This shows the
compatibility of underetching devices with heavily doped
layers without parasitic electrochemical etching when they are
properly isolated from the electrolyte. Moreover, the UV-
transparent contacts provide a good current spreading for
mesas with a diameter up to 120 pm which allows the
integration of highly reflective mirrors, independently from the
p-side metal contacts. Additionally, the DBR-RCLEDs show a
46% narrower spectral emission and a more directional
emission pattern (FWHM ~52° for the 310.6 nm resonance).
In addition, the RCLED shows a more stable EL spectrum
with current and temperature. The main resonance shifts by
~18 pm/K in contrast to the ~30 pm/K shift for the LED and
the FWHM experiences a negligible change while the LED’s
FWHM broadens from 8.9 nm at room temperature to 13.1
nm at 160 °C. There is a trade-off between the spectral
narrowing and the total optical power of the RCLEDs. Future
work should be focused on reducing the cavity length to avoid
multiple cavity modes overlapping with the spontaneous
emission of the MQWs. In addition, optimization of the as-

2927

grown surface and the reflectivity of dielectric DBRs are
necessary to reduce mirror losses. Lastly, the emission
originating above the p-side contacts could be avoided by
including a current confinement aperture. All these consid-
erations are important steps toward higher-performing
RCLEDs and the first demonstration of electrically injected
UV VCSELs.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312.

Details on the epitaxial growth, device fabrication,
characterization setup, the performance of RCLEDs
with different TJ designs, and RCLEDs with a center
disk-shaped p-contact (PDF)

B AUTHOR INFORMATION

Corresponding Author
Estrella Torres — Department of Microtechnology and
Nanosciense, Chalmers University of Technology, 41296
Gothenburg, Sweden; ® orcid.org/0009-0000-9999-3361;
Email: estrella@chalmers.se

Authors

Joachim Ciers — Department of Microtechnology and
Nanosciense, Chalmers University of Technology, 41296
Gothenburg, Sweden; ® orcid.org/0000-0002-2753-5094

Michael A. Bergmann — Department of Microtechnology and
Nanosciense, Chalmers University of Technology, 41296
Gothenburg, Sweden; ® orcid.org/0000-0001-6885-799X

Jakob Hopfner — Institute of Solid State Physics, Technische
Universitit Berlin, 10623 Berlin, Germany

Sarina Graupeter — Institute of Solid State Physics, Technische
Universitit Berlin, 10623 Berlin, Germany

Massimo Grigoletto — Institute of Solid State Physics,
Technische Universitit Berlin, 10623 Berlin, Germany

Martin Guttmann — Ferdinand-Braun-Institut (FBH), 12489
Berlin, Germany

Tim Kolbe — Ferdinand-Braun-Institut (FBH), 12489 Berlin,
Germany

Tim Wernicke — Institute of Solid State Physics, Technische
Universitit Berlin, 10623 Berlin, Germany

Michael Kneissl — Institute of Solid State Physics, Technische
Universitit Berlin, 10623 Berlin, Germany; Ferdinand-
Braun-Institut (FBH), 12489 Berlin, Germany

https://doi.org/10.1021/acsphotonics.4c00312
ACS Photonics 2024, 11, 2923-2929


https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.4c00312/suppl_file/ph4c00312_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Estrella+Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-9999-3361
mailto:estrella@chalmers.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+Ciers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2753-5094
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Bergmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6885-799X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jakob+Ho%CC%88pfner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarina+Graupeter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimo+Grigoletto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Guttmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Kolbe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Wernicke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Kneissl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="%C3%85sa+Haglund"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

Asa Haglund — Department of Microtechnology and
Nanosciense, Chalmers University of Technology, 41296
Gothenburg, Sweden; ® orcid.org/0000-0001-6453-7120

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.4c00312

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was performed in part at Myfab Chalmers
University of Technology, and the project was financially
supported by the European Research Council (ERC) under
the European Union’s Horizon 2020 Research and Innovation
Program (Grant Agreement No. 865622), the Swedish
Research Council (2018-00295), the German Federal Ministry
of Education and Research (BMBF) with the “Advanced UV
for life” Project, and the Deutsche Forschungsgemeinschaft
(DFG) with the Collaborative Research Center “Semi-
conductor Nanophotonics” (SFB 787).

B REFERENCES

(1) Kneissl, M.; Seong, T.-Y.; Han, J.; Amano, H. The emergence
and prospects of deep-ultraviolet light-emitting diode technologies.
Nat. Photonics 2019, 13, 233.

(2) Schubert, E. F., Ed. Light-Emitting Diodes, 2nd ed.; Cambridge
University Press: Cambridge, 2006; p 255.

(3) Back, J.; Wong, M. S.; Kearns, J.; DenBaars, S. P.; Weisbuch, C,;
Nakamura, S. Violet semipolar (20—2-1) InGaN microcavity light-
emitting diode with a 200nm ultra-short cavity length. Opt. Express
2020, 28, 29991.

(4) Back, J.; Wong, M. S.; DenBaars, S. P.; Weisbuch, C.; Nakamura,
S. High efficiency blue InGaN microcavity light-emitting diode with a
205nm ultra-short cavity. Appl. Phys. Lett. 2021, 118, 031102.

(5) Huang, J.; Tang, M.; Zhou, B; Liu, Z,; Yi, X,; Wang, J; Li, J;
Pan, A; Wang, L. GaN-based resonant cavity micro-LEDs for AR
application. Appl. Phys. Lett. 2022, 121, 201104.

(6) Khan, M. A;; Maeda, N.; Yun, J.; Jo, M.; Yamada, Y.; Hirayama,
H. Achieving 9.6% efficiency in 304 nm p-AlGaN UVB LED via
increasing the holes injection and light reflectance. Sci. Rep. 2022, 12,
2591.

(7) Sim, K.-B.; Jin, J.-Y.; Kim, S.-K.; Ko, Y.-J; Hwang, G. W.; Seong,
T.-Y.; Amano, H. Improved performance of deep ultraviolet AlGaN-
based light-emitting diode by reducing contact resistance of Al-based
reflector. J. Alloys Compd. 2022, 910, 164895.

(8) Cho, H. K;; Susilo, N.; Guttmann, M.; Rass, J.; Ostermay, L;
Hagedorn, S.; Ziffer, E.; Wernicke, T.; Einfeldt, S; Weyers, M,;
Kneissl, M. Enhanced Wall Plug Efficiency of AlGaN-Based Deep-UV
LEDs Using Mo/Al as p-Contact. IEEE Photonics Technology Letters
2020, 32, 891.

(9) Guttmann, M.; Susilo, A.; Sulmoni, L.; Susilo, N.; Ziffer, E.;
Wernicke, T.; Kneissl, M. Light extraction efficiency and internal
quantum efficiency of fully UVC-transparent AlGaN based LEDs. J.
Phys. D: Appl. Phys. 2021, 54, 335101.

(10) Moudakir, T.; Genty, F.; Kunzer, M.; Bérner, P.; Passow, T.;
Suresh, S.; Patriarche, G.; Kohler, K; Pletschen, W.; Wagner, J.;
Ougazzaden, A. Design, Fabrication, and Characterization of Near-
Milliwatt-Power RCLEDs Emitting at 390 nm. IEEE Photonics Journal
2013, 5, 8400709.

(11) Wang, J.; Tsou, C.-W.; Jeong, H.; Park, Y.-J.; Detchprohm, T;
Mehta, K.; Yoder, P. D.; Dupuis, R. D.; Shen, S.-C. III-nitride vertical
resonant cavity light-emitting diodes with hybrid air-gap/AlGaN-
dielectric distributed Bragg reflectors. SPIE Proceedings 2019, 10918,
9.
(12) Fan, F.-H,; Syu, Z.-Y.; Wu, C.-J,; Yang, Z.-].; Huang, B.-S;
Wang, G.-J; Lin, Y.-S; Chen, H., Hauer Kao, C; Lin, C.-F.

2928

Ultraviolet GaN Light-Emitting Diodes with Porous-AlGaN Reflec-
tors. Sci. Rep. 2017, 7, 4968.

(13) Feltin, E.; Carlin, J.-F.; Dorsaz, J.; Christmann, G.; Butté, R.;
Laiigt, M.; Ilegems, M.; Grandjean, N. Crack-free highly reflective
AlInN/AlGaN Bragg mirrors for UV applications. Appl. Phys. Lett.
2006, 88, 051108.

(14) Bhattacharyya, A; Iyer, S.; Iliopoulos, E.; Sampath, A. V.;
Cabaly, J.; Moustakas, T. D.; Friel, I. High reflectivity and crack-free
AlGaN/AIN ultraviolet distributed Bragg reflectors. J. Vac. Sci.
Technol. B 2002, 20, 1229.

(15) Franke, A.; Hoffmann, M. P,; Kirste, R.; Bobea, M.; Tweedie, J.;
Kaess, F.; Gerhold, M.; Collazo, R.; Sitar, Z. High reflectivity III-
nitride UV-C distributed Bragg reflectors for vertical cavity emitting
lasers. J. Appl. Phys. 2016, 120, 135703.

(16) Wu, C.-J,; Kuo, C.-Y,; Wang, C.-J.; Chang, W.-E,; Tsai, C.-L;
Lin, C-F; Han, J. Deep-UV Porous AlGaN Distributed Bragg
Reflectors for Deep Ultraviolet Light-Emitting Diodes and Laser
Diodes. ACS Applied Nano Materials 2020, 3, 399.

(17) Hjort, F.; Enslin, J.; Cobet, M.; Bergmann, M. A.; Gustavsson,
J.; Kolbe, T.; Knauer, A.; Nippert, F.; Hausler, I; Wagner, M. R;;
Wernicke, T.; Kneissl, M.; Haglund, A. A 310 nm Optically Pumped
AlGaN Vertical-Cavity Surface-Emitting Laser. ACS Photonics 2021, 8,
13S.

(18) Zheng, Z.; Mei, Y.; Long, H.; Hoo, J.; Guo, S.; Li, Q; Ying, L;
Zheng, Z.; Zhang, B. AlGaN-Based Deep Ultraviolet Vertical-Cavity
Surface-Emitting Laser. IEEE Electron Device Lett. 2021, 42, 375.

(19) Yabutani, A.; Hasegawa, R.; Kondo, R.; Matsubara, E.; Imai, D.;
Iwayama, S.; Jin, Y.; Matsumoto, T.; Toramaru, M.; Torii, H.;
Takeuchi, T.; Kamiyama, S.; Miyake, H.; Iwaya, M. Development of
High-Reflectivity and Antireflection Dielectric Multilayer Mirrors for
AlGaN-Based Ultraviolet-B Laser Diodes and their Device Applica-
tions. Physica Status Solidi A 2023, 220, 2200831.

(20) Bergmann, M. A;; Enslin, J.; Yapparov, R.; Hjort, F.; Wickman,
B.; Marcinkevicius, S.; Wernicke, T.; Kneissl, M.; Haglund, A.
Electrochemical etching of AlGaN for the realization of thin-film
devices. Appl. Phys. Lett. 2019, 115, 182103.

(21) Zhang, Y.; Ryu, S.-W,; Yerino, C.; Leung, B.; Sun, Q.; Song, Q.;
Cao, H; Han, J. A conductivity-based selective etching for next
generation GaN devices. Physica Status Solidi B 2010, 247, 1713.

(22) Bergmann, M. A,; Enslin, J.; Guttmann, M.; Sulmoni, L.; Ploch,
N. L,; Hjort, F,; Kolbe, T.; Wernicke, T.; Kneissl, M.; Haglund, A.
Increased Light Extraction of Thin-Film Flip-Chip UVB LEDs by
Surface Texturing. ACS Photonics 2023, 10, 368.

(23) Cardinali, G; Hjort, F.; Prokop, N.; Enslin, J.; Cobet, M,;
Bergmann, M. A,; Gustavsson, J.; Ciers, J.; Hausler, I; Kolbe, T;
Wernicke, T.; Haglund, A.; Kneissl, M. Low-threshold AlGaN-based
UVB VCSELs enabled by post-growth cavity detuning. Appl. Phys.
Lett. 2022, 121, 103501.

(24) Kuramoto, M.; Kobayashi, S.; Akagi, T.; Tazawa, K.; Tanaka,
K.; Saito, T.; Takeuchi, T. High-output-power and high-temperature
operation of blue GaN-based vertical-cavity surface-emitting laser.
Applied Physics Express 2018, 11, 112101.

(25) Nagata, K; Anada, S.; Miwa, H.; Matsui, S.; Boyama, S.; Saito,
Y.; Kushimoto, M.; Honda, Y.; Takeuchi, T.; Amano, H. Structural
design optimization of 279 nm wavelength AlIGaN homojunction
tunnel junction deep-UV light-emitting diode. Applied Physics Express
2022, 15, 044003.

(26) Zhang, Y.; Krishnamoorthy, S.; Akyol, F.; Allerman, A. A;
Moseley, M. W.; Armstrong, A. M.; Rajan, S. Design and
demonstration of ultra-wide bandgap AlGaN tunnel junctions. Appl.
Phys. Lett. 2016, 109, 121102.

(27) Kuhn, C; Sulmoni, L.; Guttmann, M.; Glaab, J.; Susilo, N.;
Wernicke, T.; Weyers, M.; Kneissl, M. MOVPE-grown AlGaN-based
tunnel heterojunctions enabling fully transparent UVC LEDs.
Photonics Research 2019, 7, B7.

(28) Lee, S; Forman, C. A; Lee, C; Kearns, J; Young, E. C;
Leonard, J. T.; Cohen, D. A,; Speck, J. S.; Nakamura, S.; DenBaars, S.
P. GaN-based vertical-cavity surface-emitting lasers with tunnel

https://doi.org/10.1021/acsphotonics.4c00312
ACS Photonics 2024, 11, 2923-2929


https://orcid.org/0000-0001-6453-7120
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00312?ref=pdf
https://doi.org/10.1038/s41566-019-0359-9
https://doi.org/10.1038/s41566-019-0359-9
https://doi.org/10.1364/OE.401640
https://doi.org/10.1364/OE.401640
https://doi.org/10.1063/5.0039773
https://doi.org/10.1063/5.0039773
https://doi.org/10.1063/5.0117568
https://doi.org/10.1063/5.0117568
https://doi.org/10.1038/s41598-022-04876-x
https://doi.org/10.1038/s41598-022-04876-x
https://doi.org/10.1016/j.jallcom.2022.164895
https://doi.org/10.1016/j.jallcom.2022.164895
https://doi.org/10.1016/j.jallcom.2022.164895
https://doi.org/10.1109/LPT.2020.3003164
https://doi.org/10.1109/LPT.2020.3003164
https://doi.org/10.1088/1361-6463/ac021a
https://doi.org/10.1088/1361-6463/ac021a
https://doi.org/10.1109/JPHOT.2013.2287558
https://doi.org/10.1109/JPHOT.2013.2287558
https://doi.org/10.1038/s41598-017-05391-0
https://doi.org/10.1038/s41598-017-05391-0
https://doi.org/10.1063/1.2167399
https://doi.org/10.1063/1.2167399
https://doi.org/10.1116/1.1482070
https://doi.org/10.1116/1.1482070
https://doi.org/10.1063/1.4963831
https://doi.org/10.1063/1.4963831
https://doi.org/10.1063/1.4963831
https://doi.org/10.1021/acsanm.9b02034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b02034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b02034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/LED.2021.3052725
https://doi.org/10.1109/LED.2021.3052725
https://doi.org/10.1002/pssa.202200831
https://doi.org/10.1002/pssa.202200831
https://doi.org/10.1002/pssa.202200831
https://doi.org/10.1002/pssa.202200831
https://doi.org/10.1063/1.5120397
https://doi.org/10.1063/1.5120397
https://doi.org/10.1002/pssb.200983650
https://doi.org/10.1002/pssb.200983650
https://doi.org/10.1021/acsphotonics.2c01352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.2c01352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0097903
https://doi.org/10.1063/5.0097903
https://doi.org/10.7567/APEX.11.112101
https://doi.org/10.7567/APEX.11.112101
https://doi.org/10.35848/1882-0786/ac60c7
https://doi.org/10.35848/1882-0786/ac60c7
https://doi.org/10.35848/1882-0786/ac60c7
https://doi.org/10.1063/1.4962900
https://doi.org/10.1063/1.4962900
https://doi.org/10.1364/PRJ.7.0000B7
https://doi.org/10.1364/PRJ.7.0000B7
https://doi.org/10.7567/APEX.11.062703
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics pubs.acs.org/journal/apchd5

junction contacts grown by metal-organic chemical vapor deposition.
Applied Physics Express 2018, 11, 062703.

(29) Kiyohara, K.; Odawara, M.; Takeuchi, T.; Kamiyama, S.; Iwaya,
M.; Akasaki, I; Saito, T. Room-temperature continuous-wave
operations of GaN-based vertical-cavity surface-emitting lasers with
buried GaInN tunnel junctions. Applied Physics Express 2020, 13,
111003.

(30) Ciers, J.; Bergmann, M. A; Hjort, F.; Carlin, J.-F.; Grandjean,
N.; Haglund, A. Smooth GaN membranes by polarization-assisted
electrochemical etching. Appl. Phys. Lett. 2021, 118, 062107.

(31) Kuwano, Y.; Kaga, M.; Morita, T.; Yamashita, K; Yagi, K;
Iwaya, M.; Takeuchi, T.; Kamiyama, S.; Akasaki, I. Lateral Hydrogen
Diffusion at p-GaN Layers in Nitride-Based Light Emitting Diodes
with Tunnel Junctions. Jpn. J. Appl. Phys. 2013, 52, 08JK12.

(32) Wei, L,; Taniguchi, M.; Hao, G.-D.; Inoue, S.i. Far-field
pattern control and light-extraction enhancement of deep-ultraviolet
light-emitting diodes with large-area Fresnel zone plate nano-
structures. J. Phys. D: Appl. Phys. 2024, 57, 045104.

(33) W, S; et al. Enhanced light extraction efficiency of UV LEDs
by encapsulation with UV-transparent silicone resin. Semicond. Sci.
Technol. 2022, 37, 065019.

(34) Kolbe, T.; Knauer, A.; Chua, C.; Yang, Z.; Kueller, V.; Einfeldt,
S; Vogt, P,; Johnson, N. M,; Weyers, M.; Kneissl, M. Effect of
temperature and strain on the optical polarization of (In)(Al)GaN
ultraviolet light emitting diodes. Appl. Phys. Lett. 2011, 99, 2611085.

2929 https://doi.org/10.1021/acsphotonics.4c00312
ACS Photonics 2024, 11, 2923-2929


https://doi.org/10.7567/APEX.11.062703
https://doi.org/10.35848/1882-0786/abbe80
https://doi.org/10.35848/1882-0786/abbe80
https://doi.org/10.35848/1882-0786/abbe80
https://doi.org/10.1063/5.0034898
https://doi.org/10.1063/5.0034898
https://doi.org/10.7567/JJAP.52.08JK12
https://doi.org/10.7567/JJAP.52.08JK12
https://doi.org/10.7567/JJAP.52.08JK12
https://doi.org/10.1088/1361-6463/ad056a
https://doi.org/10.1088/1361-6463/ad056a
https://doi.org/10.1088/1361-6463/ad056a
https://doi.org/10.1088/1361-6463/ad056a
https://doi.org/10.1088/1361-6641/ac6823
https://doi.org/10.1088/1361-6641/ac6823
https://doi.org/10.1063/1.3672209
https://doi.org/10.1063/1.3672209
https://doi.org/10.1063/1.3672209
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

