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Arne Knauer, Felix Nippert, Ines Haüsler, Markus R. Wagner, Tim Wernicke, Michael Kneissl,
and Åsa Haglund

Cite This: https://dx.doi.org/10.1021/acsphotonics.0c01382 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Ultraviolet light is essential for disinfection, fluorescence
excitation, curing, and medical treatment. An ultraviolet light source with the
small footprint and excellent optical characteristics of vertical-cavity surface-
emitting lasers (VCSELs) may enable new applications in all these areas.
Until now, there have only been a few demonstrations of ultraviolet-emitting
VCSELs, mainly optically pumped, and all with low Al-content AlGaN
cavities and emission near the bandgap of GaN (360 nm). Here, we
demonstrate an optically pumped VCSEL emitting in the UVB spectrum
(280−320 nm) at room temperature, having an Al0.60Ga0.40N cavity between
two dielectric distributed Bragg reflectors. The double dielectric distributed
Bragg reflector design was realized by substrate removal using electro-
chemical etching. Our method is further extendable to even shorter
wavelengths, which would establish a technology that enables VCSEL
emission from UVA (320−400 nm) to UVC (<280 nm).

KEYWORDS: vertical-cavity surface-emitting laser, AlGaN, ultraviolet, UVB, electrochemical etching, dielectric DBR

Vertical-cavity surface-emitting lasers (VCSELs) have
circular-symmetric beams, low threshold currents, 2D-

array manufacturability, and a compatibility with on-wafer
testing, leading to low production costs.1 Due to these
advantages, infrared-emitting GaAs-based VCSELs constitute
a rapidly growing billion-dollar industry and are, for example,
used in data communication, sensing, and illumination. In
addition, infrared VCSEL arrays delivering power densities
over 100 W/cm2 are used for industrial heating.2 The VCSEL
market will be further expanded when visible-emitting GaN-
based VCSELs are commercialized. This will soon be a reality
based on the recent immense improvement in performance3−8

enabled by advances in thermal management,3,6,9 optical
confinement,5,10,11 mirror reflectivity,8,10,12 and electrical
injection.7,13 Part of these advances may also boost the
development of ultraviolet (UV) AlGaN-based VCSELs,
sources with a higher brightness than LEDs. UV light is used
for water and surface disinfection, fluorescence excitation,
curing, and medical treatment,14 and the realization of UV
VCSELs could, for example, enable energy-efficient, high-
throughput, and compact water purification systems based
upon 2D-laser arrays. In addition, new applications in medical
diagnostics and therapy, atomic clocks, and UV curing could
be facilitated. However, previously reported UV VCSELs were
mainly optically pumped and all emitted in the UVA (320−
400 nm).15−21 The low Al-content AlGaN cavities employed in

the previous demonstrations are limited to emission wave-
lengths near the bandgap of GaN (360 nm) and prevent
extension into the UVB (280−320 nm) and UVC (<280 nm)
spectral ranges.
The limited progress in UV VCSELs so far is caused by

challenges in extending the electrical injection schemes and
mirror solutions of GaN-based VCSELs to AlGaN-based
devices. Due to the low lateral conductivity of p-GaN, most
blue-emitting VCSELs use indium tin oxide (ITO) as
intracavity p-contact and current spreader,3−6,8−10,22 but ITO
is not suitable in the UV due to its high optical absorption.13

Alternatively, tunnel junctions can be used, enabling current
spreading by a highly conductive n-doped layer on top. To be
suitable for VCSELs, a tunnel junction needs to have low
resistivity, be stable at high current densities, and have very low
optical absorption, all of which is especially challenging to
achieve for UV devices. Nevertheless, recent advances in
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Figure 1. UVB VCSEL structure, surface topography, and epitaxial structure. (a) Schematic structure of the UVB VCSEL. (b) Atomic force
microscopy images of the as-grown metal-polar Al0.6Ga0.4N surface and (c) of the N-polar surface exposed by the electrochemical etching of the
sacrificial layer. (d) As-grown epitaxial layer structure. The multilayered sacrificial layer is marked in red.

Figure 2. UVB VCSEL output intensity and spectral characteristics. (a) Logarithmic-scale photoluminescence (PL) emission spectra at room
temperature for different pump power densities under pulsed optical pumping. (b) Optical emission intensity at room temperature, integrated over
the entire spectrum and around a single lasing peak, as a function of pump power density and energy per pulse. The inset shows the single peak
emission plotted versus pump energy in log−log-scale, where the green line is a fit to the measured data. (c) Logarithmic-scale, angle-resolved
spectra of the emission below threshold and (d) above threshold. The green and purple circles in (b) mark the data points corresponding to (c)
and (d), and the black dashed line in (d) marks the simulated longitudinal cavity mode. The spectral resolution of the measurements is 0.5 nm.
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AlGaN-based tunnel junctions23−25 demonstrate their poten-
tial as a viable solution for electrical injection of UV VCSELs.
In addition to electrical injection, a remaining challenge is

the formation of distributed Bragg reflectors (DBRs) with
higher than 99% reflectivity. Substantial effort has been made
to develop epitaxial III-nitride DBRs for UV wavelengths,26−28

but a need for low absorption and small in-plane lattice
mismatch limits the available AlGaN-composition range, which
in turn decreases the maximum refractive index contrast
between the individual DBR layers. A small index contrast
results in a narrow stopband and makes it difficult to reach the
required reflectivity. The performance of III-nitride UVB and
UVC DBRs has therefore been comparatively poor, with no
demonstration of reflectivities above 99%. An alternative
solution to realize UV VCSELs is to use only dielectric
DBRs. In this case, high reflectivity and wide stopbands are
more easily achievable, but the substrate must typically be
removed to enable deposition of the second dielectric DBR.
Furthermore, the exposed surface must be smooth to avoid
scattering losses. Unfortunately, for AlGaN-based devices,
substrate removal by laser-induced lift-off can lead to cracking
of epitaxial layers and to rough surfaces with root-mean-square
roughness of 20 nm or higher, while chemical−mechanical
polishing offers poor thickness control.29−31 An alternative way
to remove the substrate is to use Al-content- and doping-
selective electrochemical etching of AlGaN, which has recently
been demonstrated by our groups.32,33 This method allows for
the fabrication of AlGaN membranes with high Al content,
smooth surfaces, and well-defined thicknesses. Owing to these
properties, the membranes can be used for a wide variety of
thin-film devices. Here, we use this technique to realize a
VCSEL emitting at 310 nm at room temperature under pulsed
optical pumping, thereby extending the wavelength range of
VCSEL emission further into the UV than previously
demonstrated.
The VCSEL is shown schematically in Figure 1a and consists

of a 2.5λ Al0.60Ga0.40N cavity including three AlGaN quantum
wells (QWs), sandwiched between two dielectric HfO2/SiO2
DBRs. The top 10-pair DBR has a stopband centered at
320 nm and a measured peak reflectivity above 99%. The
bottom reflector ends with an additional DBR pair and an Al
mirror. By using an Al mirror, the reflectivity of the DBR is
enhanced at the emission wavelength.34 Even more impor-
tantly, the reflectivity is also strongly enhanced on the short-
wavelength side of the DBR stopband at the 266 nm pump
wavelength, which promotes recycling of the nonabsorbed
pump beam photons (see Supporting Information Sections 1
and 2). The bottom DBR is deposited on the as-grown
epitaxial surface, whereas the top DBR is deposited, after flip-

chip bonding, on the N-polar Al0.60Ga0.40N surface exposed by
electrochemical etching. The etched surface (Figure 1b) has a
root-mean-square roughness of 1.7 nm on a 5 × 5 μm2 area,
which is similar to the 2.2 nm of the as-grown surface (Figure
1c), demonstrating the capability of the electrochemical
etching to create very smooth surfaces. On a larger scale, the
electrochemically etched surface has an inverted topography of
that of the as-grown surface, similar to what we have reported
previously.32 The smooth etching was achieved by using a
multilayered sacrificial layer, which promotes etching at the
sacrificial layer and cavity interface; see Figure 1d. This design
enables incorporation of layers with lower Al content without
degrading the crystal quality of the device layers, and the built-
in polarization field yields sheets of high carrier concentrations,
both of which enhance the etch selectivity32 and result in
smoother surfaces.
Figure 2a shows the VCSEL’s optical emission spectra at

room temperature for different pump power densities, while
Figure 2b shows emission intensity as a function of the pump
power density. The emission intensity is calculated by
integrating over the entire multimode spectrum as well as
around a single peak. Both curves show a clear lasing threshold
around 10 MW/cm2, corresponding to a QW threshold carrier
density in the 1020 cm−3 range, which is a realistic threshold
carrier density for AlGaN lasers (see Supporting Information
Section 2). The inset in Figure 2b presents the optical intensity
of the single peak versus pump power in double-logarithmic
scale, and extraction of the spontaneous emission factor β from
the spectrally filtered emission gives β ≈ 7 × 10−3. This is
similar to what has been reported for GaN-based VCSELs.35,36

However, β is generally overestimated, as precise determi-
nation requires both spectral and spatial filtering.37

In Figure 2c,d, the angle-resolved spectrum of the emission
is shown both below and above threshold and reveals a spectral
narrowing as well as a clear beam width narrowing around
threshold. As can be seen in Figure 2c, QW excitonic emission
at 320 nm, which is unfiltered by the cavity and thus
nondispersive, is dominating below threshold. In Figure 2d,
above threshold, multiple lasing peaks with resolution-limited
line widths and narrow angular beam widths (full width at half-
maximum below 15°) are visible around 310 nm at an angular-
dispersive longitudinal cavity mode. These characteristics
support the claim of lasing in the vertical cavity. The deviation
in lasing wavelength from the designed 320 nm is due to a
slightly shorter realized optical cavity length compared to
targeted (see Supporting Information Section 3). This cavity
length deviation results in a high absorption of the cavity mode
at low pumping powers and may thus explain why the cavity
mode is only visible at higher pump power densities. In

Figure 3. Imaging of UVB VCSEL spatial emission distribution. (a) Spatial emission distribution at the sample surface and (b) spectrum for a
multimode device. (c) Spatial emission distribution at the sample surface and (d) spectrum for a quasi single-mode device. The dashed white circles
indicate the position of the pump spot. The spectral resolution of the measurements is 0.15 nm.
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Supporting Information Figure S3, which shows the angle-
resolved spectrum of a similar sample, the 2.5λ-cavity mode is
easier to distinguish from the unfiltered QW emission, and it
has a line width of 3 nm around 0° emission angle and close to
threshold. However, the line width is likely broadened by the
lateral cavity thickness variations discussed below.36,38 Never-
theless, when compared to the resolution-limited laser line
widths above threshold, this confirms a clear line width
narrowing.
As can be seen from Figure 2a, the VCSEL experiences

multimode lasing, and the number of modes increases with
higher pump power. We attribute the multimode lasing to
filamentation, which is often observed in III-nitride
VCSELs.8,22,35 The filamentation was investigated by spatial
imaging of another device with a similar multimode spectrum
but lower threshold (<3 MW/cm2), shown in Figure 3a,b. The
spatial emission distribution at the sample surface shows
multiple, spatially separated lasing spots. On the contrary, areas
with a quasi single-mode spectrum (Figure 3c,d) show lasing
confined to a single spot. The pump spot is approximately
circular and Gaussian, and no correlation between the shape of
the pump spot’s lateral intensity profile and the spatial
emission distribution from the VCSELs was observed. The
substantially different emission wavelengths of separate lasing
spots can be explained by the short cavity length, which will
cause large spectral shifts even for small local thickness
variations (see Supporting Information Section 3). For a 2.5λ
cavity, a 1 nm deviation in cavity length will result in a 0.5 nm
spectral shift. Because of the thickness variations and other
sample inhomogeneities, the different devices and filaments
also have different lasing thresholds. Filamentation is likely
promoted by the lack of intentional optical guiding structures
for lateral confinement, which could be used to reduce this
effect in future devices.
To further confirm lasing, the polarization of the emission

was investigated. For a lasing device the polarization direction
is pinned in the same direction for all individual modes for
multimode lasing areas as those shown in Figure 2 and Figure
3a,b, but the polarization direction of the lasing emission varies
across the sample. The emission from a device that showed
single-mode lasing is displayed in Figure 4. The spontaneous
emission around 320 nm only has a degree of polarization of
approximately 55%. In contrast, the single-mode lasing peak at
307 nm has a resolution-limited line width and a degree of
polarization of 97%.
In conclusion, we have demonstrated an optically pumped

AlGaN VCSEL emitting around 310 nm. The device was
realized through substrate removal by electrochemical etching
of AlGaN, enabling the use of a top and bottom high-
reflectivity dielectric DBR. Lasing is confirmed by (1) a
threshold in output intensity versus pump power, (2) a clear
narrowing of line width and beam width at threshold, and (3) a
transition to highly polarized emission above threshold.
Furthermore, our method of creating vertical cavities for
UVB emission is readily extendable to even shorter wave-
lengths, thus offering a key building block to deliver VCSELs
with emission covering a major part of the UV spectral range.
Together with the rapid progress in tunnel junctions for
electrical injection, these results hold promise for the
development of a small-footprint, power-efficient UV light
source with excellent beam characteristics for medical
applications and compact disinfection systems.

■ METHODS
Design Simulations. A 1D scalar wave transfer matrix

method39 was used to calculate the reflectivity spectrum of the
VCSEL DBRs (see Supporting Information Section 1).
Additionally, a 1D scalar wave effective index model40 was
used to compute the longitudinal optical field properties of the
VCSEL (see Supporting Information Section 3).

Epitaxial Growth. The heterostructure was grown by
metal−organic vapor phase epitaxy in a close-coupled shower-
head reactor. TMAl, TMGa, and TEGa were used as metal−
organic precursors. NH3 was used as nitrogen source, and the
carrier gases were hydrogen and nitrogen. The n-type doping
was realized by SiH4. Relaxed Al0.55Ga0.45N:Si pseudosub-
strates, similar to ref 41, were used as template for further
growth of pseudomorphically strained heterostructures (see
Supporting Information Section 4). The Si-doping of this
template is between 2 × 1018 and 3 × 1018 cm−3. First, a
200 nm thick Al0.50Ga0.50N:Si layer with a reduced Si
concentration of 0.5 × 1018 cm−3 was grown in order to
ensure an effective confinement of the etching process to the
sacrificial layer. The sacrificial layer was composed of a 100 nm
thick Al0.39Ga0.61:Si layer with a Si concentration of 2 × 1019

cm−3 and a superlattice structure consisting of five periods of
Al0.11Ga0.89N:Si/Al0.39Ga0.61:Si layers with layer thicknesses of 5
nm. The Si concentration was kept at around 2 × 1019 cm−3.
After the sacrificial layer, the lower cavity layer with a thickness
of 218 nm and an aluminum mole fraction of 63% as measured
by high resolution X-ray diffraction was grown followed by the
active region. The active region starts with a 40 nm thick
barrier, followed by three AlGaN QWs with a thickness of
2 nm and peak emission at 320 nm. The target peak emission
wavelength was achieved by tuning the TMAl flux, but the
exact composition of the QWs is unknown. The QWs are
separated by 5 nm thick Al0.50Ga0.50N barriers. The active
region is capped by a 15 nm thick last Al0.50Ga0.50N barrier and
finally an upper cavity layer with a thickness of 42 nm and the
same aluminum mole fraction as the lower cavity layer. No
SiH4 was supplied to the reactor chamber during the VCSEL
structure growth to prevent any parasitic etching during the

Figure 4. Polarization of UVB VCSEL emission. PL spectra of an area
with single-mode emission for different polarizer angles. The inset
shows the integrated optical intensity of the 307 nm peak as a
function of the polarizer angle. The spectra were taken above
threshold at 2.8 MW/cm2 pump power, and the obtained lasing peak
has a full width at half-maximum line width of 0.15 nm, which is the
resolution limit of the setup.

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://dx.doi.org/10.1021/acsphotonics.0c01382
ACS Photonics XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01382?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01382?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01382?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01382?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01382?ref=pdf


electrochemical etching of the sacrificial layer. A transmission
electron microscopy study of a similar epitaxial VCSEL
structure is presented in Supporting Information Section 5.
Device Fabrication. The device fabrication, schematically

displayed in Supporting Information Figure S7, started with an
initial mesa dry etch using Ar/Cl2 chemistry into the current
spreading layer to expose the sacrificial layer. Then, on a
separate part of the chip, a 20/80/20/100 nm Ti/Al/Ti/Au
contact used for the bias voltage during electrochemical
etching was evaporated and annealed for 1 min at 900 °C.
After the annealing, an 11-pair HfO2/SiO2 DBR was deposited
by reactive radio frequency (RF) magnetron sputtering using
an FHR MS150 system having 200 mm metal targets.
Deposition conditions were 0.75 kW RF power, 80 sccm Ar
flow, 6 sccm O2 flow, and 1.4 × 10−2 mbar pressure for HfO2
and 1.0 kW RF power, 40 sccm Ar flow, 15 sccm O2 flow, and
1.3 × 10−2 mbar pressure for SiO2. The thicknesses were
36.2 nm for HfO2 and 53.8 nm for SiO2, corresponding to a
stop band center at 320 nm, except for the final HfO2 layer,
which was 60.6 nm thick to adjust for the phase shift after
reflection on the Al mirror. Subsequently, NF3 dry etching of
the DBR exposed the contact and one edge of each mesa. A 50
nm thick Al mirror was then evaporated on the DBRs on the
mesas, followed by a 20 nm sputtered SiO2 layer to prevent
alloying between the Al layer and the subsequently evaporated
10/200 nm Ti/Au pad for bonding. As a last step before
electrochemical etching, the whole sample surface was
protected by photoresist except the electrochemical etch
contact and the openings in the DBR at each mesa.
The electrochemical etching of the sacrificial layer was

carried out in a two-electrode setup using 0.3 M nitric acid as
the electrolyte. A constant positive potential of 30 V was
applied to the sample relative to a graphite counter electrode,
leading to anodic etching. The etching was done at room
temperature with no intentional illumination, and the electro-
lyte was stirred using a magnetic stir bar. The progress of the
etching was monitored in situ using a stereomicroscope, and
the etching of the mesas was completed after 35 min. After
electrochemical etching, the resist was removed, and the mesas
were transferred to a 10/300 nm Ti/Au covered Si chip by
thermocompression bonding in a vacuum for 2 h at 300 °C
with a pressure of approximately 50 MPa. Top-view and cross-
sectional scanning electron microscope (SEM) images of a
mesa after bonding are shown in Figure S8. Finally, a 10-pair
HfO2/SiO2 DBR was sputtered on top using the same
depositions conditions as for the first DBR. Using a Agilent
Cary 5000 spectrophotometer with a VW specular reflectance
accessory, the 10-pair DBR on a reference Si wafer was
measured to have a peak reflectivity over 99% (see Supporting
Information Figure S1). Additionally, for the VCSEL sample, a
10.4 nm HfO2 layer was sputtered before the final DBR to
partly compensate for the epitaxially grown AlGaN device
layers being thinner than targeted. In total, several 10s of mesas
with areas ranging from 5000 to 90000 μm2 were successfully
fabricated.
Photoluminescence Measurements. For optical pump-

ing (see setup in Supporting Information Figure S9), a CryLaS
FQSS 266−200 frequency quadrupled Nd:YAG laser (266 nm
) with a repetition rate of 60 Hz and a pulse duration of 1.3 ns
was used together with neutral density filters to control the
pumping power. Low-frequency and long pulse duration were
chosen in order to provide quasi-continuous pump conditions
with respect to the lifetimes of the excited states but preventing

extensive heating of the sample. The diameter of the excitation
spot was estimated to be 10−15 μm, and for the power density
calculations a diameter of 12 μm was used. The measurements
were performed at room temperature and on at least 100
different positions, out of which almost all lased. Uninterrupted
pumping during more than 1 h slightly over threshold (a few
MW/cm2) did not lead to any reduction in emission intensity.
A direct “one-shot” visualization of the angle-dependent far-
field emission was realized by using a microscope objective
with NA = 0.4 for collecting the angular distribution between
±23.6° and two lenses in the 4f-arrangement to image the
Fourier plane on the spectrometer slit, where the angular
information was wavelength resolved and imaged on a Peltier-
cooled CCD chip with 1024 × 256 pixels. The result is a 3D
graph showing the emission intensity versus wavelength and
angle (equivalent to energy and momentum). The data in
Figure 2a,b were measured by integration over all collected
emission angles, and the optical intensity, I, in the inset of

Figure 2b was fitted to β∝ − + − +I r r r1 ( 1) 42 , where
r is the pump power normalized to the threshold pump power.
The dashed line in Figure 2d marking the longitudinal cavity
mode was simulated using the transfer matrix method
assuming an AlGaN cavity with a thickness 25 nm shorter
than designed and accounting for the 10.4 nm HfO2 layer
before the top DBR. Furthermore, the spatial emission
distribution at the sample surface was captured using a beam
profiling camera, and the degree of polarization was measured
by adding a polarizer to the collection beam path and varying
the polarizer angle. The degree of polarization was calculated
as (Imax − Imin)/(Imax + Imin), where Imax is the maximum and
Imin the minimum optical intensity.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01382.

Details on DBR reflectivity, threshold carrier density,
VCSEL design and resonance wavelength, strain state,
structural analysis, process flow, and photoluminescence
measurements (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Filip Hjort − Department of Microtechnology and
Nanoscience, Chalmers University of Technology, 41296
Gothenburg, Sweden; orcid.org/0000-0003-3694-3644;
Email: filip.hjort@chalmers.se

Authors
Johannes Enslin − Institute of Solid State Physics, Technische
Universität Berlin, 10623 Berlin, Germany

Munise Cobet − Institute of Solid State Physics, Technische
Universität Berlin, 10623 Berlin, Germany

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

Johan Gustavsson − Department of Microtechnology and
Nanoscience, Chalmers University of Technology, 41296
Gothenburg, Sweden

Tim Kolbe − Ferdinand-Braun-Institut, Leibniz-Institut für
Höchstfrequenztechnik, 12489 Berlin, Germany

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://dx.doi.org/10.1021/acsphotonics.0c01382
ACS Photonics XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01382?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01382/suppl_file/ph0c01382_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filip+Hjort"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3694-3644
mailto:filip.hjort@chalmers.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Enslin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Munise+Cobet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Bergmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6885-799X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+Gustavsson"&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="Arne+Knauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01382?ref=pdf


Arne Knauer − Ferdinand-Braun-Institut, Leibniz-Institut für
Höchstfrequenztechnik, 12489 Berlin, Germany

Felix Nippert − Institute of Solid State Physics, Technische
Universität Berlin, 10623 Berlin, Germany

Ines Ha ̈usler − Institute of Optics and Atomic Physics,
Technische Universität Berlin, 10623 Berlin, Germany

Markus R. Wagner − Institute of Solid State Physics,
Technische Universität Berlin, 10623 Berlin, Germany;
orcid.org/0000-0002-7367-5629

Tim Wernicke − Institute of Solid State Physics, Technische
Universität Berlin, 10623 Berlin, Germany

Michael Kneissl − Institute of Solid State Physics, Technische
Universität Berlin, 10623 Berlin, Germany

Åsa Haglund − Department of Microtechnology and
Nanoscience, Chalmers University of Technology, 41296
Gothenburg, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.0c01382

Author Contributions
Å.H., M.K., and T.W. proposed and supervised the project. J.G.
performed the VCSEL design simulations. T.K. and A.K.
developed and grew the pseudosubstrate. J.E. grew the rest of
the epitaxial heterostructures, performed the X-ray diffraction
analysis, and together with F.H. conducted the atomic force
microscopy measurements. F.H. developed the fabrication
process and performed the device processing with assistance
from J.E. and M.A.B. M.A.B. built the setup for electrochemical
etching and developed the etching process. M.C. built the PL
measurement setup and did the majority of the PL measure-
ment. F.H. conducted part of the PL measurements and
performed the data analysis together with M.C. I.H. performed
the transmission electron microscopy measurements. F.N.
performed the microphotoluminescence measurements under
supervision of M.R.W. F.H. wrote the manuscript with input
from the other coauthors.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Sylvia Hagedorn from Ferdinand-Braun-
Institute for growing the AlN template and Michael Winkler,
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