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Abstract: Microcavities based on group-Il1 nitride material offer a notable platform for the
investigation of light-matter interactions as well as the development of devices such as high
efficiency light emitting diodes (LEDs) and low-threshold nanolasers. Disk or tube
geometries in particular are attractive for low-threshold lasing applications due to their ability
to support high finesse whispering gallery modes (WGMs) and small modal volumes. In this
article we present the fabrication of homogenous and dense arrays of axial InGaN/GaN
nanotubes via a combination of displacement Talbot lithography (DTL) for patterning and
inductively coupled plasma top-down dry-etching. Optical characterization highlights the
homogeneous emission from nanotube structures. Power-dependent continuous excitation
reveals a non-uniform light distribution within a single nanotube, with vertical confinement
between the bottom and top facets, and radial confinement within the active region. Finite-
difference time-domain simulations, taking into account the particular shape of the outer
diameter, indicate that the cavity mode of a single nanotube has a mixed WGM-vertical
Fabry-Perot mode (FPM) nature. Additional simulations demonstrate that the improvement of
the shape symmetry and dimensions primarily influence the Q-factor of the WGMs whereas
the position of the active region impacts the coupling efficiency with one or a family of
vertical FPMs. These results show that regular arrays of axial InGaN/GaN nanotubes can be
achieved via a low-cost, fast and large-scale process based on DTL and top-down etching.
These techniques open a new perspective for cost effective fabrication of nano-LED and
nano-laser structures along with bio-chemical sensing applications.
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1. Introduction

I11-Nitride micron and submicron cavities such as disks, rods, rings and tubes shaped
structures, in which light can be confined around their periphery by total internal reflection
[1,2], have been proposed as a way to overcome the difficulties of incorporating mirrors in
vertical-cavity surface-emitting lasers [3,4]. The strong light confinement and high Q-factor
resulting from the whispering-gallery modes (WGMSs) supported in such cavities is of great
interest for low-power consumption light emitting devices, photonic applications [5],
photodetectors and biochemical sensors [6-8]. Several studies have been performed with
various cavity geometries to achieve mode-enhanced optical lasing action in a single structure
[9-14]. However, the optical modal properties (i.e. the frequency, the spacing, the Q-factor)
and even the nature of the resonant modes (i.e whispering-gallery or Fabry-Perot) can be
highly influenced by the geometry of the cavity (e.g. circular, hexagonal or distorted) [15-
18], the dimensions (i.e. height and diameter) [17,19-22] and the integration and position of
the active gain medium [14,15,23].

While microdisk cavities are typically designed with a low aspect ratio (i.e. t <A/2n, with t
the thickness of the cavity, A the wavelength of the dipole, n the refractive index) to
emphasize their WGM character, particularly for micro-laser applications, ring based cavities
of subwavelength (i.e. nanoscale) dimension are predicted to have a superior optical
confinement, due to the absence of higher-order radial modes [17,24]. When combined with
diameters in the order of the operation wavelength, this can lead to a reduced number of
WGMs contributing to lasing [14,17]. In contrast, for higher aspect ratio cavities such as rods
and tubes, reflection between the top and bottom faces occurs (t >> A/2n) and the Fabry-Perot
(FP) character of the cavity modes becomes more dominant over their WG nature, especially
for subwavelength diameters [18], thus leading to FP lasing [21-23]. However, by combining
the superior radial optical confinement of tubular geometry with the integration of an active
region, either axially or radially, higher coupling efficiency of the light with the cavity modes
will occur near the rim of the tube compared to the end face [25], thus promoting WG lasing.
Therefore, high-aspect-ratio axial tubular cavities fabricated from planar LED structures by
top-down etching, with the active region decoupled from the underlying planar buffer layer,
provide the opportunity to fabricate electrically injected nano-lasers and photonic-electronic
integrated circuits, independently of the nature of the substrate, which could even be visible
light absorbing silicon. The high Q-factors of WGMs also provide scope for an increased
sensitivity of the tubular cavities in sensors applications, involving resonant frequency shifts,
change of peak transmission or a change in Q-factor. Further, the chemical stability and bio-
compatibility of IlI-Nitride-based optical resonant cavities provide opportunities for their
integration into bio-chemical sensing devices [26-28].

A variety of techniques have been utilized to synthesize tubular nanostructures including
epitaxial casting [29], vapor-liquid-solid growth [30], selective area growth [25] and top-
down etching [22]. These approaches can lead not only to inhomogeneities in terms of
dimensions and optical properties but also to difficulties in integrating axial active regions. To
date, there are no reports of IlI-nitride nanotube cavities containing an axial active region. In
this paper, we demonstrate the fabrication of large-scale homogenous dense arrays of axial
InGaN/GaN nanotubes from a planar InGaN/GaN LED structure by a combination of
Displacement Talbot lithography (DTL) and optimized inductively coupled plasma (ICP) top-
down etching. The optical properties of these nanotubes along with their modal properties
have been studied by cathodoluminescence (CL), micro-photoluminescence (UPL) and
confocal photoluminescence (PL) and compared with Finite-Difference Time-Domain
(FDTD) simulations [31]. The obtained results demonstrate the mixed WG and FP nature of
the cavity modes.
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Fig. 1. SEM plan-view image of the resist mask after DTL exposure for a dose of (a) 100
mJ/cm?, (b) 200 mJ/cm? and (c) 480 mJ/cm?.

2. InGaN/GaN nanotube fabrication

The InGaN/GaN single quantum well (SQW) LED structure used for this study was grown on
(0001) sapphire substrates by metal-organic vapor phase epitaxy (MOVPE) and consisted of a
5.6 um n-type GaN:Si layer followed by a 2-3 nm InGaN SQW and a p-type GaN:Mg
capping layer of 600 nm. DTL (EULITHA PhableR 100) was used to pattern a hard etch
mask consisting in an array of nanorings. Firstly, a 600 nm SiNy layer was deposited by
PECVD onto the full 50 mm diameter LED wafer. Secondly, a 190 nm layer of bottom
antireflective coating (BARC) and 600 nm of high contrast positive resist were spun onto the
SiNy. Then, the structure was exposed with the DTL system through an optical mask
consisting of 800 nm diameter holes in a hexagonal arrangement with a 1.5 um pitch. Further
details of the overall DTL exposure and resist development parameters can be found in the
Experimental details section. High-aspect-ratio nanorings of resist were obtained by carefully
optimizing the exposure dose, as depicted in Fig. 1. For a low exposure dose of 100 mJ/cm?, a
pattern of holes with an opening diameter of ~500 nm are transferred into the resist [Fig.
1(a)]. Increasing the exposure dose to 200 mJ/cm? leads to larger hole openings of diameter
~700 nm along with the formation of a secondary pattern [Fig. 1(b)]. This pattern surrounds
the first primary hole pattern and is composed of six hexagonal triangular-like holes with a
smaller opening diameter. Further increasing the exposure dose to 480 mJ/cm?, the diameter
of the hexagonal triangular-like dots becomes larger and finally merge to create a nanoring
pattern having an inner diameter of ~850 nm and a wall width of ~100-150 nm [Fig. 1(c)].
The non-circularity of the outer diameter, with a hexagonal like shape, is intrinsic to the
fabrication process and DTL exposure parameter.

The nanoring resist array was subsequently transferred into 600 nm SiNx via dry etching
using CHF3 gas, followed by an oxygen plasma to remove the resist and BARC. Finally, the
thick SiNy nanoring array was used as an etch mask for the fabrication of axial InGaN/GaN
nanotubes.

Fig. 2. (a) SEM cross-section image of the axial InGaN/GaN nanotube array obtained after the
whole process for (a) low and (b) high magnification. The inset shows a SEM plan-view image
of the axial InGaN/GaN nanotube array.
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Figure 2 displays the obtained nanotubes after ICP Cly/Ar based chemistry etching
performed at 250 °C and 9 mTorr. The nanotubes have an inner diameter of ~850 nm, a wall
width of ~90-140 nm and a height of 2.42 pm. The dimensions and shape of the resist mask
are perfectly transferred through the SiNx mask into the InGaN/GaN LED template [inset in
Figs. 2(b) and 3(a)] by carefully optimizing the etching parameters. In particular, the use of
high temperature for GaN etching enables a reduction of the lateral roughness of the outer
sidewall and leads to a slight undercut at the bottom part of the nanotube. Note, the cleaved
nanotube on the far right of the SEM image in Fig. 2(a) where smooth inner sidewalls with a
slight undercut are revealed. The SQW lies perpendicular to the longitudinal axis, in the upper
lighter grey region of the nanotubes, above the slightly undercut section of the sidewalls.
Note, the small reduction in sidewall thickness as a result of the undercut acts to decouple the
SQW light emission from the GaN slab layer. The use of DTL enables the realization of an
homogenous array of nanotubes across the whole 50 mm diameter wafer, with low size
dispersion (~5%) when going from the center of the wafer to its edge. This fabrication
technology can be easily scaled up to 200 mm on any wafers or LED structures.

3. Results and discussion
3.1 Hyperspectral cathodoluminescence

The optical emission of the axial InGaN/GaN nanotube array was assessed by room-
temperature high-resolution cathodoluminsescence (CL) hyperspectral imaging [32]. The CL
intensity image of a nanotube array, extracted between 350 nm and 650 nm, and displayed in
Fig. 3(b), reveals higher emission intensity located at the axial position of the SQW for the
whole array of InGaN/GaN nanotubes and on both their outer and inner surfaces.
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Fig. 3. (a) SEM image of the axial InGaN/GaN nanotube array. (b) CL intensity image
extracted from the hyperspectral data over a 350-650 nm spectral range. The white dashed line
on the bottom left hand side represents the position of the line scan presented in (c). The white
arrow and related number are associated to the CL spectra display in (d). (c) Line scan CL
spectra as a function of the position along the InGaN/GaN axial SQW nanotube outer facet. (d)
CL spectra extracted from the hyperspectral data set at SQW positions for various InGaN/GaN
nanotubes.
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Figure 3(c) shows a spectral line scan extracted along the length of an individual
InGaN/GaN nanotube [white dashed line in Fig. 3(b)] with the zero nm position
corresponding to the top of the nanotube. As previously observed, the intense SQW peak
occurs at ~444 nm and dominates the line scan. The GaN near-band-edge (NBE) emission
around 367.5 nm is only observed in the n-type part (below the SQW). The yellow-band (YB)
emission around 565 nm is observed along the whole nanotube length and originates from the
defect-related YB emission of the initial template. CL spectra of the InGaN SQW emission
extracted for various nanotubes are presented in Fig. 3(d). The InGaN/YB intensity ratio
varies as a function of the nanotube and the position where the CL spectra is extracted, which
could be related to variations in etch damage and/or light extraction/collection. The most
interesting feature is the presence of well-defined resonances that modulate the 420-480 nm
spectral range of the SQW emission.

3.2 Photoluminescence

To further investigate the optical properties and quality of the axial InGaN/GaN nanotubes,
the nanostructures were mechanically removed from the substrate in an ultrasonic bath and
then dispersed on a host sapphire substrate [Fig. 4(a)] to remove any contributions coming
from the neighboring nanotubes or from the GaN slab layer. Although the quality of the
bottom cleaved facet could impact the vertical FP mode quality, the SEM picture in Fig. 4(a)
presents a nanotube with a reasonably good cleave. Continuous-wave (CW), 375-nm-
excitation, power-dependent pPL [Figs. 4(b)-4(e)] and confocal PL experiments [Fig. 4(f)]
were performed on such nanotube. Further details on the employed PL techniques can be
found in the Experimental details section.
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Fig. 4. (a) SEM images of a single dispersed InGaN/GaN nanotube. CCD images of a single
InGaN/GaN nanotube pumped with pPL at (b) 41 kW/cm?, (c) 205 kW/cm? and (d) 410
kW/cm?. InGaN/GaN nanotube spectra for a continuous CW 375 nm excitation at RT with (e)
UPL and (f) confocal microscope technique.

A change in the spectral distribution of the emission from a felled InGaN/GaN nanotube
[Fig. 4(e)] can be observed when increasing the optical power. For a low excitation power
density of 41 kW/cm?, the emission across the nanotube length is almost uniform [Fig. 4(b)].
With the increase in power density to 205 kW/cm?, the emission intensity starts to become
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stronger on both ends of the nanotube and at the SQW position, which is then clearly
enhanced for 410 kW/cm?. The observed intensity distribution implies that the nanotubes not
only supports vertical FPMs between the top and bottom facets, but also potentially WGMs
localized at the SQW position. This result contrasts with earlier reports of bare GaN
nanotubes in which only dominant FPM behavior was observed [22]. In general, given the
geometry and refractive index steps of a nanotube structure, hybrid FP/WG modes are
expected where the strength of the FP character is determined by the height of the nanotube
and the location of the SQW relative to the end facets determining its length. Emission puPL
spectra for excitation power density ranging from 5 kW/cm? to 2200 kW/cm? are displayed in
Fig. 4(e), and confocal PL spectra for an excitation power density varying from 3 kW/cm? to
7300 kW/cm? in Fig. 4(f). Irrespective of the PL technique, several resonances centered at the
same wavelengths appear in the observed spectrum. A non-linear increase of the intensity as
evidence of lasing cannot be unambiguously extracted for any of the resonant mode.
Moreover, it is observed in both experiments that the intensity of some of the resonances only
gradually changes as a function of the excitation power density. For example, at low power
excitation, the resonant peak at ~451 nm dominates the spectra, but with increasing excitation
power density the intensity ratio between the 451 nm peak and the others significantly
reduces.

Lasing action is generally more favorable when a high-quality confinement active region
is used, such as multiple quantum well or quantum dot heterostructures [33-35], and if the
emissive region couples strongly with one or more cavity modes of the structure.

3.3 Finite-difference time-domain simulations

FDTD simulations have been performed and compared with experiments to investigate the
nature of the resonant modes, and the impact of the non-circular shape of the nanotube on the
quality factors of the cavity and non-lasing action. A high magnification plan-view SEM
picture of the nanotube has been used for simulation to take into account the non-circular
shape of the outer diameter apparent in Fig. 3(a).
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Fig. 5. (a) Normalized E-field intensity of a 2.4 pm tall InGaN/GaN nanotube with a circular
and non-circular shape. Plan-view of the E-field magnitude snapshot of the ~451 nm resonant
mode for (b) a circular and (c) non-circular geometry.

A single dipole source was placed at 600 nm from the top of a 2.42 um high nanotube, i.e.
at the SQW active region position. The spectrum of the dipole source had a Gaussian shape
and the center wavelength and full width at half maximum of the spectrum was assumed to be
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517 nm and 190 nm, respectively. The dipole source was polarized in the direction parallel to
the SQW plane (i.e., electric field polarized along the c-plane) and thus excited the TE modes
of the nanotube. Once the dipole source was generated inside the nanotube, the decay slope of
the electromagnetic fields with respect to time was used to determine the resonant
wavelengths and their associated Q-factors. Figure 5(a) displays the normalized E-field
intensity obtained for a circular (in red) and non-circular (in black) nanotube for the
wavelength range of the SQW emission (i.e., between 420 nm and 480 nm). The use of an
intensity log scale allows clear extraction of all the resonances expected for such cavity
structures. The non-circular outer diameter of the fabricated nanotube clearly impacts the
resonant mode properties, leading to a decrease of the intensity, an increase in the full width
at half maximum, a shift in their wavelength position and a merging of modes. This behavior
can be explained by the break in symmetry between the inner and outer diameters which
changes the light path within the cavity, thus impacting the quality of the cavity. As presented
in the plan-view of the E-field magnitude snapshot in Figs. 5(b) and 5(c), for the resonant
mode at ~451nm, less light is confined within the cavity and more light scattered inside and
outside of the nanotube wall width, resulting in a lower confinement and thus in a decrease of
the quality factor. These results suggest that the inner and outer geometry of the nanotube are
an essential parameters to control in order to minimize optical losses and achieve stimulated
emission.
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Fig. 6. Cross-section of the E-field magnitude snapshot of the 1st, 2nd, 3rd and 5th vertical
orders of resonant FPMs component for (a-d) circular geometry and (e-h) non-circular
geometry. The white dashed line delimit the bottom and top facets of the nanotube. The red
line indicates the dipole/SQW position at 1820 nm. The green, purple and black lines are
linked to the spectra in Fig. 8(b) and represent a gradual shift toward the middle of the
nanotube with a 200 nm step.
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Irrespective of the shape of the nanotube, nodes are still observed within the wall width of
the nanotube [Figs. 5(b) and 5(c)], supporting the formation of resonances with a strong,
possibly dominant WG character in the fabricated InGaN/GaN nanotube structures. The
hybrid transverse electric WG/FP modes is characterized by TE;m. with r the radial mode
order, m the angular mode order (i.e. node number/2) and z the vertical mode order (i.e.
antinode number). The most intense resonant peaks observed at ~434 nm, ~451 nm and ~470
nm in Fig. 5(a) respectively are ascribed to the angular mode order number 15, 14 and 13
having a fundamental radial and vertical mode order component, as highlighted in Figs. 5(b)
and 6(a) for the peak at ~451 nm. The series of peaks observed between each angular mode
number are ascribed to an increase of the vertical mode order FP component of the cavity for
a fixed WG radial and angular mode order. As demonstrated in Fig. 6, the cross-sections of
the E-field magnitude extracted along the 2.42-um-height circular nanotube successively
shows an increase in the antinode number when going from ~451 nm to lower wavelength.
Additionally, the intensity of the antinode along with the Q-factor is found to be lower when
going to higher-order vertical modes. Plan view E-field magnitude snapshots produced by
FDTD simulations show that no higher-order radial modes are predicted for the wall width
considered. Similar observations are made in the cross-section E-field magnitude snapshot,
where the non-circularity leads to a lower intensity of the antinode along with a lower Q-
factor of the vertical mode. Additionally, the change in wall width and related non-circularity
induce a variation of the antinode intensity across the circumference of the nanotube [between
the left hand side and right hand side in Figs. 6(e)-6(h)] and a change in the number of
antinodes [between Figs. 6(c) and 6(g)].
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Fig. 7. Comparison between the normalized simulated field intensity and the normalized
spectra for the employed CL/PL techniques.

Comparing experimental data with FDTD simulation, as presented in Fig. 7, enables the
nature of the resonances observed in CL, uPL and confocal PL to be identified. A clear
pattern of two resonances spaced by ~7 nm can be observed in CL/PL techniques and
unambiguously ascribed to a hybrid cavity resonance having a mixed WGM character
combined with a family of vertical Fabry-Perot modes (i.e. the fundamental FP vertical mode
order and the 5th FP higher-order vertical mode). Further comparison shows that the FWHMSs
of the resonance emission peaks observed by CL/PL are much broader than those obtained by
FDTD simulation, suggesting that experimental peaks at ~434 nm, ~451 nm and ~470 could
actually be a convolution of the fundamental and second FP vertical mode order. The
observation of the 5th higher-order vertical FPM in CL/PL spectra rather than another higher-
order vertical mode can be explained by the position of the active region along the length of
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the nanotube [as depicted by the red lines in Fig. 6]. Since the SQW was 600 nm below the
top of the 2.42 um height nanotube, one would expect that antinodes from FP higher-order
vertical mode placed around 1.82 um will efficiently couple with the active region, as it the
case for the first, the second and the fifth order [Fig. 6(¢), 6(f) and 6(h)], and leads to an
enhancement of these modes. Thus, the coupling of light into higher-order modes can be
enhanced or suppressed by varying the height of the nanotube and/or by varying the position
of the active region during epitaxial growth.

In order to validate our assumption and investigate the potential route to follow to reduce
the number of modes contributing to the emission, additional simulations were performed for
circular nanotubes as a function of the height and the position of the active region. Figure 8(a)
shows the impact of changing the height of the nanotube with the SQW placed 600 nm below
the top. Fewer higher order vertical FP modes contribute when the height of the nanotube is
decreased, with only two (TE1 142, TE1143) and one (TE1142) higher-order mode, for a height
of 1620 nm and 720 nm, respectively, against six modes for a height of 2420 nm. However,
the reduction of modes contributing to the emission is achieved at the cost of a reduction of
the Q-factor.
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Fig. 8. (a) E-field intensity of a 2.4 um, 1.6 and 700 nm tall InGaN/GaN nanotube with a SQW
600nm bellow. (b) E-field intensity of a 2.4 um tall InGaN/GaN nanotube with a SQW
changing from the center of the nanotube at 1220 nm to the actual experimental position of the
SQW at 1820 nm.

Figure 8(b) shows the impact of changing the position of the active region (the dipole
vertical position) for a fixed nanotube height of 2420 nm. Each position plotted in Fig. 8(b) is
shown in Figs. 6(a)-6(c) and d with the same color code. At the middle of the nanotube (1220
nm) the SQW preferentially couples with the odd vertical FP modes. This is clearly seen in
the black curve in Fig. 8(b). As the SQW moves away from the center the intensity of TE114:1
will decrease. For higher-order vertical modes the position of the SQW can couple to other
antinodes. For example, the intensity of TEiis, will become a maximum for a SQW
positioned at 1820 nm [red curve in Fig. 8(b)]. The same trend can be observed for the higher
order vertical modes.

Therefore, one route to achieve a reduction in the number of modes contributing to lasing
while maintaining good coupling with the fundamental FP vertical mode is to position the
active region slightly above the middle of the nanotube (e.g. at around 1420 nm for these
nanotubes of height 2420 nm) where it still couples efficiently with the fundamental mode
and weakly with the second, third, fourth and fifth order [pink curve in Fig. 8(b)].

4. Conclusion

In summary, a low-cost fast and large scale fabrication process for tube cavities has been
reported by a combination of Displacement Talbot lithography and inductively coupled
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plasma (ICP) top-down etching. The flexibility of the patterning process, by tuning the
pattern configuration of the amplitude mask, allows the design of tube arrays with a broad
range of diameter and pitch. This process can be transferred on any type of wafer, with no
impact of the template surface roughness on the patterning process.

The optical emission and modal properties of axial InGaN/GaN nanotubes created from a
SQW LED structure revealed homogeneous emission from nanotube to nanotube along with
vertical light confinement between the bottom and top facets and radial confinement within
the active region. Correlation with FDTD simulation suggests that both mixed WG — FP
cavity modes are observed within the single nanotube. Simulations further demonstrate that
the inner and outer geometry of the nanotube is an essential parameter to control in order to
minimize optical losses. By combining a high-quality confinement active region, a perfect
circular symmetry and an optimum height and positioning of the active region around the
middle height of the nanotube, the WG modal properties are predicted to be enhanced.
Furthermore, lasing emission with a reduced number of modes overlapping with the active
region emission should be achieved. These results not only open new perspectives for the
fabrication of electrically injected WG-based lasers in the whole UV-Visible-IR wavelength
range, but also for bio-chemical sensing applications.

5. Experimental details
5.1 DTL exposure and resist development

The gap between the mask and the wafer was set to 150 pum. The range of displacement was
set to two Talbot lengths, i.e. 17.6 um. A coherent 375 nm illumination source with an energy
density of 1 mW.cm= was used. Real time control of the energy density of the source allow
an accurate exposure dose. After exposure, the sample was baked for 1 min 30 sec at 120°C
on a hot plate. The sample was developed in MF-CD-26 developer for 30 sec, rinsed with
deionized water and dried with nitrogen.

5.2 ICP top-down dry etching

The etching was performed in an inductively coupled plasma (ICP) dry etch system (Oxford
Instruments System 100 Cobra) using the following recipe: 1) for SiNy ring etching a CHF3
flow of 25 sccm, 50 W RF power, 300 W ICP source power, 8 mTorr and 20°C for 12 min; 2)
for GaN nanotube etching a Cl, flow of 50 sccm, an Ar flow of 10 sccm, 120 W RIE power,
800 W ICP source power, 9 mTorr and 250°C for 330 sec.

5.3 CL characterization

Cathodoluminescence hyperspectral imaging measurements were carried out at room
temperature in a modified FEI Quanta 250 field emission SEM using electron energies of 5.0
keV and beam currents of approximately 1 nA. Light was collected using an NA 0.28
reflecting objective with its axis perpendicular to the electron beam and focused directly on
the entrance of the spectrograph using an off-axis paraboloidal mirror. We used a 125 mm
focal length spectrograph with a 600 lines/mm grating and 50 wm entrance slit, coupled to a
cooled electron multiplying charge-coupled device (EMCCD) detector.

5.4 pPL characterization

MPL characterization was carried out on single nanotube cavities in an in-house made micro-
PL system. A 375 nm continuous wave (CW) laser diode was used to selectively excite the
InGaN/GaN SQW. A 50x magnification, 0.43 NA objective was used to focus the excitation
laser down to ~2um and collect the emission through a 1 mm fibre bundle. A 0.55 m Jobin
Yvon spectrometer (iHR550) was used to disperse the emission and the emission was
detected with an air-cooled charge coupled device (CCD). The system was equipped with X-
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Y-Z motorized stages allowing to selectively excite single nanotubes. All the measurements
were performed at room temperature.

5.5 Confocal PL characterization

Confocal PL characterization was performed using a commercial WITec confocal
microscope. A 375 nm continuous wave (CW) diode laser was used as an optical pumping
source and the system was equipped with a 300 mm Princeton instruments monochromator
(SP2300i) and an air-cooled charge coupled device (CCD). An objective lens (100 x , NA =
0.95) was used to focus the laser beam down to a spot with a diameter of ~400 nm. The
emission was dispersed by the monochromator with a resolution of ~0.1 nm. An optical fiber
with a diameter of 10 pm acted as a pinhole, thus allowing the emission to be collected from
only where the sample was excited. The system was equipped with a high-resolution x-y-z
piezo-stage to individually address and examine single nanotubes. The spatial resolution of
the system was ~160 nm. All the measurements were performed at room temperature.

5.6 FDTD simulation

A three-dimensional finite difference time domain (FDTD) approach has been used to
simulate the nanotube structure using commercial-grade software [Lumerical Solutions, Inc.
http://www.lumerical.com/tcad-products/fdtd/]. A dipole source with emission wavelengths
from 370 to 720 nm was vertically positioned in the plane of the nanotube quantum wells and
centred within the width of the walls. All the geometrical data used for the simulation are
from the SEM measurement of our nanotube. The n-GaN, p-GaN and GaN-substrate layers
are given a refractive index defined by ellipsometry measurements performed on the as-
grown structure at the University of Strathclyde. The InGaN quantum well layer is 3nm thick
(n = 2.6). There is a minimum of fifteen mesh cells per wavelength in the simulation that is
run for 2000fs. Frequency-domain power monitors have been used to record the emission
profile over the simulation region, which is surrounded by perfectly matched layer absorbing
boundaries on all sides. The simulated spectra are collected by a grid of 12 time-monitors
placed at various points inside the nanotube structure, accurately calculating the envelope of
the time-domain field signal. For the perfectly-circular higher-Q examples, each resonant
peak is isolated in the frequency domain using a Gaussian filter, and by taking the inverse
Fourier transforms the time decay have been calculated separately for each peak. The slope of
the time decay is used to calculate the Q-factor of each resonance. In the DTL fabricated
structures, the electromagnetic fields decay completely from the simulation in a time that can
be simulated reasonably by FDTD. Therefore, the resonant frequencies are found from the
time-monitors along with the full-width half-maximum (FWHM) of the corresponding peaks.
We can then use Q = fr/Af where fr is the resonant frequency and Af is the FWHM.
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