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ABSTRACT

Three-dimensional growth of nanostructures can be used to reduce the threading dislocation density that degrades III-nitride laser perfor-
mance. Here, nanowire-based hexagonal GaN microprisms with flat top and bottom c-facets are embedded between two dielectric distributed
Bragg reflectors to create dislocation-free vertical optical cavities. The cavities are electron beam pumped, and the quality (Q) factor is
deduced from the cavity-filtered yellow luminescence. The Q factor is ~500 for a 1000 nm wide prism cavity and only ~60 for a 600 nm
wide cavity, showing the strong decrease in Q factor when diffraction losses become dominant. Measured Q factors are in good agreement
with those obtained from quasi-3D finite element frequency-domain method and 3D beam propagation method simulations. Simulations
further predict that a prism cavity with a 1000 nm width will have a Q factor of around 2000 in the blue spectral regime, which would be the
target regime for real devices. These results demonstrate the potential of GaN prisms as a scalable platform for realizing small footprint lasers
with low threshold currents.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0032967

The III-nitrides are an essential materials system used for both
optical and electrical devices, including LEDs, high-electron-mobility
transistors (HEMTs), and lasers." * The performance of these devices
is strongly dependent on material quality. IIl-nitrides suffer from
much higher threading dislocation densities than most other materials
systems,’ and even though dislocations are less detrimental to
II-nitrides than to other semiconductors,” high dislocation densities
can, for example, lead to an increased non-radiative recombination
rate in quantum wells (QWs)” and larger leakage currents in HEMTs.’
For lasers, dislocations reduce the device lifetime, and commercial
GaN-based lasers are therefore grown on free-standing GaN substrates
with a dislocation density of approximately 10°cm™ or below.”” This
is also true for state-of-the-art blue-emitting GaN-based vertical-cavity
surface-emitting lasers (VCSELs).”” Unfortunately, free-standing GaN
substrates are limited in size and significantly more expensive
than GaN templates on sapphire, which despite their high disloca-
tion densities of ~107-10°cm ™ are the standard substrates for
commercial LEDs.

Three-dimensional growth of nanowires (NWs) is a method that
can prevent threading dislocations from propagating from the

substrate into device layers.'”'' NWs and other nanostructures also
have additional benefits such as small footprint and that they allow for
incorporation of higher strain during growth.'””'* Furthermore, the
miniaturized size supports fabrication of lasers with low threshold
currents. These and other benefits have led to intense research on
II-nitride nanostructure lasers,””*” including demonstrations of opti-
cally pumped vertical cavities.”” > However, the vertical cavity lasers
have mainly been formed using a top-down fabrication process™ or
have used optical pumping of the entire IIl-nitride cavity,”" > or
both.”*** Top-down fabrication may result in etch-induced damages
and does not benefit from any dislocation filtering, while the modal
gain reached when optically pumping the entire cavity is higher than
would be achievable in devices where only the QWs supply optical
gain. Thus, there is still a need to realize dislocation-free vertical
cavities that can support lasing from a QW gain region, i.e., a structure
suitable for use in future electrically injected devices.

Although three-dimensional growth of GaN nanowires is useful
to reduce threading dislocations, it normally results in structures with
pyramid-shaped tips'”'"*° that are unsuitable for use in vertical cavi-
ties. We recently demonstrated the growth of dislocation-free and
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micrometer-sized hexagonal GaN prisms that instead of pyramidal
tips have atomically flat top c-facets, achieved by an in situ reforma-
tion step.”” In this paper, we demonstrate the potential of these
dislocation-free hexagonal prisms to form the central building block of
vertical microcavity lasers. This demonstration is achieved by embed-
ding the prisms in dielectric distributed Bragg reflectors (DBRs) and
investigating the dependence of the quality (Q) factor on the width of
the prism, both through cathodoluminescence (CL) measurements
and simulations. In this way, we show that GaN prisms have a suffi-
ciently high Q factor to be a viable option for producing small foot-
print and long lifetime VCSELs grown on low-cost GaN templates.

The GaN prisms were grown by metalorganic chemical vapor
deposition (MOCVD) based on the selective area epitaxy of GaN.
The growth is described in detail in Ref. 27 and in the supplementary
material. Figure 1(a) shows scanning electron microscope (SEM)
images of a GaN prism array where the homogeneous symmetric
shapes are evidence of the complete absence of dislocations in the
structures.”’

To evaluate the potential of the GaN prisms for high-quality
optical microcavities, cavities were fabricated by sandwiching
single prisms between two dielectric HfO,/SiO, DBRs, as shown

(a) (b)

scitation.org/journal/apl

schematically in Fig. 1. Prisms with a width of wpjsm ~ 1000 nm
(in the following defined as the long diagonal of the hexagonal
cross section) and 600 nm were transferred onto a planar 11.5 pair
DBR on silicon using an OmniProbe manipulator in an SEM. By
pushing the GaN prism on the side with the manipulator, the
prism was detached from the substrate and attached to the probe,
as shown in Figs. 1(b) and 1(c). The attached prism was then
placed on the first mirror and bonded to it by van der Waals forces,
as shown in Fig. 1(d). Finally, a top 10 pair DBR was deposited
over the entire sample so that the DBR wraps around the prism as
seen schematically in Figs. 1(e) and 1(f). Figure 1(g) shows a cross-
sectional scanning transmission electron microscopy (STEM)
image of an approximately 100 nm thick lamella, thinned down
using a focused ion beam, of a prism with a top DBR but standing
on top of a Si substrate instead of a bottom DBR, and where it is
clearly visible how the DBR wraps around the prism. The DBRs
were fabricated by reactive sputtering using an FHR MS150 mag-
netron sputter. For HfO,, the radio frequency power was 0.75 kW,
the pressure was 1.4 x 1072 mbar, the Ar flow was 80 sccm, and
the O, flow was 6 sccm. The corresponding parameters for SiO,
were 1 kW, 1.3 x 1072 mbar, 40 sccm, and 15 sccm.

(c) ‘

}DBR

Si substrate

FIG. 1. (a) Top-view SEM image of an as-grown array of GaN microprisms. The inset shows a tilted-view SEM image of a single prism. (b)—(e) Cross-sectional schematic of
the microcavity fabrication. The as-grown prism is (b) detached and (c) transferred using a micro-manipulator, followed by (d) placement on top of an 11.5 pair HfO,/SiO, DBR
on Si. (e) The cavity is finalized by depositing a 10 pair HfO,/SiO, DBR. (f) Three-dimensional schematic of the vertical microcavity and (g) STEM image of a prism placed

directly on a Si substrate without the bottom DBR but after top DBR deposition.
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To measure the Q factor of a single optical microcavity, CL was
used to locally induce and detect yellow luminescence (YL), commonly
observed from point defects in GaN.”* The YL acts as a localized light
source, which allows us to probe the intrinsic structural Q factor of a
single microcavity as the YL, unlike the bandgap emission, is not asso-
ciated with any significant material absorption.”” Both DBRs were
designed to have a stop band center wavelength at the YL band, i.e., at
550 nm, corresponding to 67.1 nm thick HfO, layers and 94.0 nm
thick SiO, layers. The measured reflectivity at the design wavelength
for the bottom DBR was 99.5%, and the 85nm wide stop band
(>99%) covers the YL.

CL was used to probe three different structures: as-grown prisms
(i.e, without DBRs), prism microcavities, and the top DBR resting
directly on the bottom DBR without any prism in between. The CL
was performed at room temperature in a dedicated SEM equipped
with a hyperspectral detection system using a CCD to detect the emis-
sion with both spectral and spatial resolution. The measurements were
performed at 30 keV, with a probe current of 200-500 pA and a spec-
tral resolution of about 0.5 nm. The high acceleration voltage ensured
significant excitation of the prism through the top mirror.

To confirm the results from the CL measurements and to predict
the performance of some future realization of optical cavities, numeri-
cal electromagnetic field simulations of microprism cavities with dif-
ferent prisms widths were performed. As all numerical methods
involve approximations, two methods, whose approximations differ,
were used. First, quasi-3D circularly symmetric simulations using the
finite element frequency domain method (Q3D-FEM) were performed
using COMSOL Multiphysics. The hexagonal cross section of the
prism was approximated with a circle of equal area, so that the equiva-
lent diameter of the circular cross section was 940 nm for a hexagon
long diagonal length of 1030 nm, which was assumed as the diagonal

(@)
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length for the large Wprigm ~ 1000 nm prisms. The equal area approxi-
mation has been shown to be accurate for waveguiding and facet
reflection behavior for light propagation in the vertical direction in the
case of nanowires.”” Second, a fully 3D scalar beam propagation
method (3D-BPM) was implemented in MATLAB to simulate a struc-
ture identical to the one used for the Q3D-FEM. The only difference
was that the true hexagonal cross section of the prism cavity was used
instead of the approximated circle of equal area, and that the tilted
s-planes were approximated by staircase structures. More details on the
two simulation methods can be found in the supplementary material.
Figure 2(a) shows the spectra of the YL from an as-grown prism, a
prism with a width of approximately 1000 nm between two DBRs, as
well as the CL emission from the mirrors themselves as this structure
emits light when pumped by the electron beam. The region with low
intensity in the DBR only spectrum is an indication of the width of the
DBR stop band. The measured full width at half maximum (FWHM) of
the prism cavity resonance peak at 550 nm is approximately 1nm,
which yields a Q factor of Qprigm & Ares/Adres & 500. A number of
prism cavities with similar widths were evaluated and they all showed Q
factors between 410 and 580 (see Table I). The CL spectra of the prism
cavities show two distinct resonance peaks, one sharp at a shorter wave-
length and one broader resonance at a longer wavelength, as seen in Fig.
2(b). The two peaks correspond to two different longitudinal modes as
confirmed by simulations using the Q3D-FEM mode solver, yielding
solutions with similar spectral spacing (~10% larger than measured).
The variation in the different prism cavities’ resonance wave-
lengths can be explained by a high sensitivity of the resonance wave-
lengths to the exact height of the prism. Nevertheless, the yellow
luminescence band is spectrally broad enough to act as a broadband
light source, making this excitation method insensitive to the height
variations. Simulations of prism cavities with different total heights in
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FIG. 2. (a) Emission spectra from an as-grown prism, showing the non-resonant YL (green), from a single prism embedded between two DBRs (blue), showing one narrow lon-
gitudinal resonance, and from a position where the top DBR rests directly on the bottom DBR (red). (b) Emission spectra from a larger-width (solid) and smaller-width (dotted)

prism embedded between two DBRs.
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TABLE I. Measured resonance wavelengths for two optical resonances (labeled 1 and 2), FWHM of the resonance peaks, and corresponding Q factors for six prism cavities
with a long diagonal width of Wpism & 1000 nm.

Prism cavity # Peak 1 (nm) FWHM 1 (nm) Q factor 1 Peak 2 (nm) FWHM 2 (nm) Q factor 2
1 516 0.9 573 563 1.6 352
2 523 0.9 581 577 1.5 385
3 534 1.1 485 588 2.4 245
4 535 1.3 412 589 3.6 164
5 543 1 543 597 2.8 213
6 551 1.1 501 604 3.3 183
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FIG. 3. Prism cavity Q factors obtained from CL measurements (diamonds) and Q3D-FEM simulations (connected squares) for a GaN-prism cavity with different diameters.
The inset is a magnification of the small-diameter region. (b) and (c) Geometry (left half of figure) and magnitude of the optical field in linear scale (right half) for a prism simu-
lated using (b) Q3D-FEM with a circularly symmetric geometry (940 nm diameter) and (c) 3D-BPM with a hexagonal geometry (890 nm short diagonal, 1030 nm long diagonal).
The red line in the inset in (b) and (c) marks the top-view direction of the cross section.
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the range of 750-820 nm showed that the Q factor of the resonance in
the spectral range of 516-551nm is relatively independent of the
wavelength, as confirmed by the CL data in Table I. The longitudinal
resonance with the shorter resonance wavelength, labeled Peak 1 in
Table T, always has a smaller FWHM, and thereby a higher Q factor,
than the longer resonance wavelength. This is seen in measurements
as well as in the simulations using both the Q3D-FEM and a 3D-BPM
method and is caused by the larger relative optical size of the prism for
shorter wavelengths and thus lower diffractive losses. Figure 2(b) also
shows the emission spectrum from a GaN-prism cavity with a smaller
width, Wprign &~ 600 nm. The Q factor of the smaller-sized prism cavity
is as low as Qprism ~ 60, indicating a strong dependence of the Q fac-
tor on the width of the prism. Furthermore, CL measurements on a
cavity formed from a GaN prism lying on its side did not show any
resonance peaks, verifying that the geometry is essential for the cavity
formation.

To confirm the strong dependence of the Q factor on the geome-
try of the prism cavity, the measured Q values are compared with
those obtained from simulations. Figure 3(a) shows the results of the
simulations using the Q3D-FEM mode solver. As expected, the trend
is clearly that the Q factor increases with the prism width. This is
because scattering and diffraction loss for the resonant optical field
generally decrease with a larger width, leading to a reduced cavity loss
and, therefore, a higher Q factor. The simulated Q factors agree well
with the measured. The same trend was observed using the 3D-BPM
method, although simulations were done for much fewer prism widths
because of the long computation time compared with Q3D-FEM.
Figure 3(b) presents a Q3D-FEM simulated electric field profile in
cross section along with the assumed geometry and in Fig. 3(c) the
corresponding cross sections are seen for 3D-BPM. Both show similar
standing wave patterns in the vertical cavity. With 3D-BPM, the
extracted Q factors were higher by roughly a factor of two, which is
not remarkable considering the high sensitivity of the Q factor to the
detailed structure of the microcavity. The high sensitivity can be
directly appreciated from Fig. 3(a), which shows that irregular and sig-
nificant oscillations may occur in the Q factor as the prism diameter
changes slightly. This oscillatory behavior has been investigated for cir-
cularly symmetric AlGaAs micropillars and was then attributed to

@) 12000,
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changes in coupling between different Bloch modes in the
structure.”””!

To achieve lasing in GaN-based blue VCSELSs at room tempera-
ture, Q factors of ~500 have proven to be sufficient.”” The prism reso-
nators demonstrated here, with measured Qprigm =~ 500 at a 550 nm
wavelength, may, thus, be of sufficiently high optical quality to be used
for microlasers. Furthermore, at the target wavelength for a GaN-
prism VCSEL, which would be in the blue spectral regime, the Q factor
is expected to be substantially higher for a prism cavity of the same
physical size. This is due to the size of the prism being larger in rela-
tion to the wavelength, which results in lower scattering and diffrac-
tion losses and thereby higher Q factors. To quantify this effect, the Q
factor vs prism diameter was simulated with Q3D-FEM for a prism
cavity identical to the prism cavity simulated at 550 nm but with
refractive indices valid for a wavelength of 420 nm and DBRs designed
for 420 nm (thicknesses of the DBR layers of 49.8 nm for HfO, and
71.3nm for SiO,). The results are shown in Fig. 4. For the same diam-
eter of the prism, there is about a fourfold increase in the Q factor for
the 420-nm wavelength cavity compared with that of the 550-nm
cavity. One of the first demonstrations of a continuous-wave electri-
cally injected GaN-based blue VCSEL used a cavity with a reported Q
factor of 1800.”" Even though electrically pumped VCSELs have addi-
tional loss mechanisms, our simulations show that even higher intrin-
sic quality of the cavity is reachable by increasing the radial dimension
of the prisms. Therefore, Q factors exceeding what has been required
for experimentally realized electrically injected lasers at blue wave-
lengths should be achievable using vertical cavities based on the GaN
prisms reported here.

In the future, arrays of electrically injected prism-based verti-
cal lasers could be realized if the GaN prism is combined with the
growth of QWs on the atomically flat top c-facet, which has been
demonstrated for LEDs using similar structures,”* and standard
fabrication techniques such as laser lift-off or electrochemical
etching for substrate removal to enable the deposition of the
bottom DBR. Furthermore, the controlled growth and the well-
defined prism facets enable the exploration of evanescent coupling
between neighboring cavities to tailor the emission characteristics
and high-speed dynamics.”

10000
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FIG. 4. (a) Q factors obtained by Q3D-FEM for GaN-prism cavities designed for resonance at a 420 nm wavelength and (b) the simulated circularly symmetric geometry (left
half of the inset) and magnitude of the optical field in linear scale (right half) for a prism with a diameter of 940 nm. The red line in the inset marks the top-view direction of the

cross section.
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In conclusion, by using a nanowire-based and dislocation-free
hexagonal GaN microprism as the central building block, we have
demonstrated dislocation-free vertical microcavities with dielectric
DBRs on both sides of the prism and investigated the importance
of the prism width on the Q factor. The Q factor of the prism cavi-
ties increases with increasing width, and the measured Q factors
for cavities with widths of 1000 nm are ~500 in the yellow spectral
regime, while only ~60 for a cavity with a width of 600 nm. The
measured Q values are in good agreement with those obtained
from Q3D-FEM and 3D-BPM simulations. The simulations fur-
ther predict Q factors of ~2000 for the 1000 nm wide prism cavity
in the targeted blue spectral regime, and such Q factors should be
sufficient for prism-based vertical-cavity surface-emitting lasers.
Thus, our results show that flat-top GaN microprisms can yield
dislocation-free cavities with Q factors high enough for vertical-
cavity lasers. These microcavities offer a starting-point for a small
footprint laser with potential for low threshold current and long
lifetime, with additional design freedom to tailor both emission
properties and high-speed dynamics by coherent coupling between
neighboring microcavities.

See the supplementary material for details on the GaN prism
growth and the numerical simulation methods.
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