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ABSTRACT. We report on the fabrication of ordered arrays of InGaN/GaN nanowire quantum
disks by a top-down selective-area sublimation method. Using a combination of two-dimensional
molecular beam epitaxy of InGaN/GaN quantum wells, electron-beam lithography and ultra-
high-vacuum sublimation techniques, we demonstrate that the position, geometry and
dimensions of nanowires can be finely controlled at nano-, micro- and macro-scales. Relying on

structural data, we evaluate in particular the relative sublimation rates of GaN crystal planes that



drive the nanowire formation, we assess the intrinsic limits of selective area sublimation for the
fabrication of NW arrays and we evaluate the homogeneity of the process across the wafer.
Because the sublimation method preserves the crystal quality of the NW material, we show that
InGaN/GaN NWs present good optical properties, which can be leveraged for photonic
applications in the ultraviolet and the visible range. In particular, we demonstrate that it is
possible to realize on the same wafer not only arrays of nanowires that individually support
room-temperature lasing based on Fabry-Pérot resonances, but also subwavelength nanowires

that we integrate in photonic crystals for the realization of nanowire-induced nanocavities.

KEYWORDS. Nanowire, GaN, InGaN, quantum disk, quantum dot, selective-area sublimation,

nanolaser, nanophotonics.

Group-III nitride nanowires (NWs) have recently emerged as candidates of choice for a large

range of optoelectronics and photonics applications such as visible light-emitting diodes,'
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. .7 . . 1 .
photodiodes,” photonic’™ and plasmonic nanolasers, polariton lasers,”” or even efficient

single photon sources operating at high temperatures.'*'> Despite such remarkable achievements,
the fabrication of high-quality group-IIl nitride NWs with a fine control of their position,

geometry and structural properties remains a challenge. Most of the literature on the topic has
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focused on bottom-up techniques based on molecular beam epitaxy (MBE) or metal-organic
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chemical vapor deposition. In order to maximize the structural quality of NWs, catalyst-free

self-assembly growth processes have been widely used but such processes are intrinsically
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stochastic and make it difficult to control the position and geometry of NWs. Using instead
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selective area growth on a patterned substrate allows to accurately position NWs. It also

gives more control over the NW diameter but because the overall geometry of NWs depends



directly on the kinetics of atoms adsorption and diffusion on existing surfaces, there remain
significant constrains in controlling the diameter, aspect ratio and density of NWs all at once.
Moreover, selective area growth is employed at the expense of the structural quality of NWs
since the patterning process and exposure to air leads to unavoidable surface contaminations that

are detrimental to the NW growth.

Instead of bottom-up growth processes, one can consider top-down fabrication techniques: there
exists a number of attempts to realize arrays of NWs by a combination of patterning and etching
processes on an epitaxially-grown stack®**** which allows the same kind of positioning control
as the selective area growth approach. Wet etching is however poorly adapted for a fine control
of the NW geometry because (i) aspect ratios are limited by the vertical to horizontal etching
selectivity and (ii) local etching kinetics will strongly depend on the stack morphology and
structural quality.”* Dry etching approaches based on ion plasmas are much more reliable
because they are less driven by chemical reactions and can be highly directional, allowing for a
good diameter control and large aspect ratios. The main issue with the dry etching approach is
that the ion plasma tends to damage the structural quality of the NW at etched surfaces, creating
centers of non-radiative recombinations that are detrimental to optoelectronic and photonic
applications. This drawback can be circumvented by wet etching of the damaged sidewalls in a
potassium-based solution. In a significant technological development, Behzadirad et al. have
recently shown that such a technique allows the realization of arrays of optically-pumped photon
nanolasers.® The downsides of this fabrication method are however twofold: (i) the surface
contamination and air exposure that occur during the NW processing limit the quality of any
subsequent epitaxial growth and thus prevent the realization of core-shell structures or radial

heterostructures with clean interfaces; (ii) the potassium-based wet etching rate depends on the



doping level, which inhibits the possibility to make NW p-n junctions with homogeneous

diameters.

Alternatively, Damilano er al.***” proposed a top-down technique based on the selective area
sublimation of GaN in an ultra-high-vacuum environment. The technique has multiple
advantages for the realization of group-III nitride NWs: (i) the sublimation of GaN is highly
anisotropic, (ii) as opposed to dry etching processes it does not damage the NW sidewalls and do
not require subsequent wet-etching cleaning, (iii) because the sublimation process is carried out
in an ultra-high vacuum environment, epitaxial regrowth can be readily performed without
exposure to air, enabling clean interfaces and high material quality. In their original paper,
Damilano et al. realized randomly positioned NWs and demonstrated a limited control over the
NW geometry and diameter. The technique was subsequently adapted to allow for NW
positioning using either displacement Talbot lithography*® or nanoimprint,” which respectively
led to the demonstration of room-temperature Fabry-Pérot nanolasers and metalenses operating
in the ultraviolet range. However there are significant limitations to the geometries, patterns and
resolution that can be achieved by both Talbot lithography and nanoimprint. In this Article, we
reveal that the sublimation technique can be significantly improved by using electron beam
lithography in order to realize ordered arrays of GaN NWs embedding InGaN quantum disks.
We first show that the technique leads to a high structural quality at a nano-scale, a good
homogeneity at a micro-scale and a high yield at a macro-scale. We also show that it is possible
to achieve a fine control of the position, geometry and diameter of NWs. This fine control allows
us to evaluate the relative sublimation rates of GaN crystal planes that drive the nanowire
formation and to assess the intrinsic limits of the selective-area sublimation process. We finally

show that the good optical properties of NWs can be leveraged for nanophotonic applications in



the ultraviolet and visible range. In particular, we demonstrate that it is possible to realize on the
same wafer not only arrays of NWs that can individually support room-temperature lasing based
on Fabry-Pérot resonances, but also subwavelength NWs that we integrate in photonic crystals

for the realization of nanowire-induced nanocavities.

RESULTS AND DISCUSSION

Fabrication Process. The NW fabrication process is schematically represented in Fig. la.
GaN/AlGaN/GaN epilayer stacks are first grown on a (0001) sapphire substrate by molecular
beam epitaxy. The lower GaN layer is 500 nm thick and constitutes the buffer layer. The 20 nm
thick AIGaN layer is used both as an “etch stop” layer during the sublimation process. The upper
GaN layer constitutes the material base for the NWs and includes a single InGaN quantum well
at its center with a 12% nominal indium content and a 1.5 nm nominal thickness. The upper GaN
thickness defines the final NW length and is set at Lxyw = 4 pm. A 65-nm SiN hard mask layer is
then deposited on top of the stack before spin-coating of a negative-tone resist. Arrays of
triangular and hexagonal mesas are then defined by electron beam lithography in the resist (Fig.
1b). The mesa diameter, defined hereon as the diameter of the inscribed circle, is varied between
200 nm and 340 nm and the mesa sides are aligned with the {1100} facets of GaN. The pitch of
the NW arrays is 10 um. The resist patterns are then transferred to the SiN hard mask by reactive
ion etching and the sample is moved back into the molecular beam epitaxy reactor for NW
formation by the selective-area sublimation of GaN. The sublimation process is carried out at
925°C in the ultrahigh vacuum environment of the reactor and the sample surface is monitored in
situ and in real-time with a reflection high-energy electron diffraction (RHEED) apparatus,
similarly to Reference 20. Because the sublimation rate of GaN depends on the crystallographic

axis and is faster by orders of magnitude along the [0001] axis, the SiN mesas are expected to



efficiently protect the decomposition of the underlying GaN and allows for the formation of
NWs with finely defined sections. During sublimation, the RHEED pattern shifts from streaky to
spotty lines indicating a rapid change of the GaN surface from a two-dimensional to a rough
three-dimensional surface. However, due to the low density of SiN mesas, vertical {1100} facets
evidencing the formation of NWs cannot be observed. The GaN is sublimated until the RHEED
pattern retrieves a well-defined streaky line pattern evidencing the smooth two-dimensional
surface of the “etch-stop” layer. Scanning electron microscope images (SEM) of the sample
confirms the formation of arrays of 4-um-long NWs (Fig. 1¢) with well-defined triangular and
hexagonal sections (Fig. 1d). Such fine features could not be achieved with previous masking

. 26-2
techniques®®™?

and highlight one of the advantages of using electron beam lithography for this
sublimation process. The SiN mask can be subsequently removed by hydrofluoric acid at room

temperature with no damage to the NWs, as indicated by the well-preserved triangular and

hexagonal sections shown in Fig. le.

Structural Properties. We first observe the effect of the sublimation process on the GaN crystal
quality by transmission electron microscopy (TEM). TEM images of a NW cross-section show
that the quality of the GaN single crystal is well preserved, even at the facets directly exposed to
the sublimation process where no amorphous material can be observed (Figure 1f), as opposed to
what is seen in plasma etching approaches®*°. Far from the sublimated facets we also observe the
GaN/InGaN/GaN heterostructure by annular bright field scanning TEM along the [1100]
direction (Figure 1g). The TEM image confirms the single crystal nature of the InGaN quantum
well and shows a fluctuating thickness with a 1.6 nm mean and a 0.2 nm standard deviation, i.e.

close to the nominal thickness.



Hereafter, we draw from SEM images further insight into the sublimation process at nano-,
micro- and macro-scales. We investigate 10x10 arrays of NWs and from the analysis of
individual NW images (see Figure S1 in Supporting Information) we extract various geometric
features: the SiN mesa diameter §,,.¢,, the mean of the NW diameter 6 along the NW axis, as
well as the diameter fluctuation along the NW axis v (Figure 2a). Owing to the reliability of the
electron beam lithography and SiN dry etching processes, the array of triangular NWs of Fig. le
stems from a very homogeneous set of mesas with a mean diameter value &,,,5, = 203 nm and

a standard deviation 0 (8,,.54) = 7 nm. The NWs however present a larger inhomogeneity with

a mean diameter § = 122 nm and a standard deviation o(8) = 29 nm. This shows that the
sublimation process induces some disorder most likely due to local disparities in the material
quality, i.e. the presence of impurities and threading dislocations. The impact of dislocations on
the geometric disorder of NWs may actually be limited considering the 5X10° cm™ dislocation
density estimated by TEM (Figure S2): depending on the NW diameter, this translates into only
1 to 3 dislocations per sublimated NW. Such disparities also induce fluctuations v in the
diameter of individual NWs along their axis: for the 100 NWs, we estimate the mean fluctuation
to be limited to v = 13 £ 6 nm over their 4-um length. Finally, we note that the NW diameter is
consistently smaller than the mesa diameter, which shows that the lateral facet sublimation is not
totally negligible. We thus infer the vertical to lateral sublimation ratio p for each NW and
estimate its mean p = 1 + 0.4%. We perform the same structural study for arrays presenting
mesa diameters ranging from 200 nm to 340 nm (See Figure S3 and S4 in Supporting
Information) and show that we can finely control the NW diameter through the initial mesa
diameter (Fig. 2b): the final mean NW diameter varies between 112nm and 260nm and

individual NWs between 50nm and 300 nm, a diameter range that could not be achieved with
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other masking techniques™ ", showing the benefits of using electron beam lithography prior to

the sublimation process. The NW and mesa diameters have a linear relationship of the form

Sl

= 8mesq — 2P Lyw with 2p. Lyy, = 80 + 12nm according to a linear fitting to the data. For a
NW length Lyy, = 4um, this confirms the value of the lateral to vertical sublimation ratio
p =1+ 0.15%. Such a small value is the reason why NWs with such high aspect ratios can be
formed, but it may still pose some constraint regarding NW array designs: in some extreme cases
it may necessitate a tradeoff between the filling factor of the array, the NW diameter and the NW
length. We finally estimate the macro-scale homogeneity of the sublimation process by
measuring the fabrication yield of 170 arrays of 30X30 NWs obtained from the smallest mesa
diameter 8,,,5,~200nm. They are arguably the most fragile NWs and the most sensitive to
material inhomogeneities and temperature variations. As can be seen in Fig. 2c, the fabrication
yield is very high on most of the samples with a 98% average yield. Let us note that the
fabrication yield tends to improve as the NW diameter increases. This high fabrication yield is a
proof of the high reliability of the selective-area sublimation method, which is made possible by
the homogeneous structural quality of the initial two-dimensional stack as well as the

temperature uniformity on the wafer scale.

Optical Properties. The optical properties of NW arrays are investigated at room and cryogenic
temperatures by microphotoluminescence (UPL). Room-temperature puPL measurements of
individual NWs show intense emission in both the ultraviolet and the blue-violet ranges where
GaN and InGaN are expected to emit (upper panel of Figure 3a). This intense room-temperature
emission confirms that the sublimation process, as opposed to plasma etching techniques®*,
does not significantly degrade the material quality and does not require an additional etching

process to clean the NW sidewalls and recover optoelectronic activity. The room-temperature



uPL mapping of a 3X3 NW array (Figure 3b) unambiguously shows that the localized blue-
violet emission emerges from the NWs embedding an InGaN quantum disk, whereas the
ultraviolet GaN emission arises from both NWs and the underlying bulk GaN on the whole
sample area. At room temperature, arrays of NWs are very homogeneous in terms of emission
wavelength A (see lower panel of Figure 3a, upper panel of Figure 3¢ and Figure S5 in
Supporting Information) and broadening (lower panel of Figure 3¢ and Figure S5 in Supporting
Information), showing both the homogeneity of the initial quantum well emission on a
microscale and the absence of lateral quantum confinement in this NW diameter range. The
InGaN quantum disk emission wavelength is also very similar to the InGaN quantum well
(Figure S6 in Supporting Information), confirming that the sublimation process does not modify
the properties of the active layer. As can be seen in the pPL map of Figure 3b, the intensity
however varies significantly from NW to NW, which constitutes the main flaw of the
investigated sample. This is due to the disparity of material quality at the microscale and more
specifically to the presence of threading dislocations that are known as non-radiative
recombination centers (Figure S2 in Supporting Information). It is thus expected that this
drawback is not intrinsic to the sublimation method but is rather dependent on the material
quality of the original epilayer. It could thus be addressed by using more advanced epistacks with

dislocation filtering designs or by growing the epilayers on a GaN homosubstrate.

Varying the sample temperature, we observe that individual NWs typically show a I;gﬁ =1.75

quenching of the InGaN quantum disks photoluminescence from T =4 K to T = 300 K (Figure
4a and b). The intensity quenching comes along with a drastic reduction in exciton lifetime in the
quantum disk from 74 = 0.90ns to 73995k = 0.22ns , as observed by time-resolution

microphotoluminescence (Figure 4c). This is consistent with an activation of faster non-radiative



recombination processes as temperature increases. The resulting quenching is actually smaller

than recently reported values obtained in self-assembled InGaN NW quantum disks ( I;‘;;(K >

10).*° This is not only due to the efficient confinement of carriers in InGaN heterostructures
brought about by the large band offset and the well-known localization effect of InGaN,*' but
also to the high NW crystal quality obtained by the selective-area sublimation method (Figures

Ifand 1g).

As often the case in InGaN heterostructures,”” the localization effects due to both the InGaN
thickness fluctuations (Figure 1g) and the InGaN alloying disorder lead to three-dimensional
quantum confinement. As a result, we can distinguish quantum-dot-like emission of discrete
states at low excitation density and low temperature (Figure 5a and b). Most of the quantum-dot-
like emission behaves as single excitons with a linear dependence of the emission intensity as a
function of the excitation density (Figure 5 c). At low excitation density, some quantum dot
peaks can be resolution-limited (Figure 5 b and d) with the narrowest peak linewidth equal to
750 peV, but a significant number of linewidths are actually larger than 1 meV (Figure 5 c).
They are thus broadened by spectral diffusion, i.e. by the influence of the electrostatic
environment fluctuations on the emission wavelength, as is often the case in polar group-III
nitride quantum dots.>*> Overall, the linewidths observed here are very similar to what has been
obtained in InGaN quantum dots embedded in NWs obtained through bottom-up approaches.'”*
On the second timescale (see Figure S7 in Supporting Information), time-dependence
measurements of the quantum dot peaks do not show the jittering that is sometimes observable in
GaN*** and InGaN>® quantum dots. It means that the carrier trapping/detrapping processes that

drive the electrostatic environment fluctuations only take place on shorter time scales, typically a

few hundreds of nanoseconds as previously reported in InGaN quantum dots.*®
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The time-resolved uPL of single quantum dots at low excitation and T = 4 K reveals single
exponential decays. The radiative lifetimes inferred from this exponential decay varies widely
between 0.98 ns and 9 ns with a mean value 7, = 4.5 + 3ns. Indeed, because electron-hole
overlap in polar Il-nitrides is greatly affected by small changes in geometry and confinement
potential, the radiative lifetime is particularly sensitive to the random nature of the InGaN
quantum dot formation. The radiative lifetimes observed here are however in line with
previously reported values for InGaN quantum dot.””*** One would also notice that quantum
dot lifetimes are consistently longer than the quantum disk lifetime measured in Figure 4: this is
because the built-in electric field taking place in the polar InGaN quantum disk is screened at the
high excitation density used to probe the quantum disk but not at the low excitation density used

to probe the quantum dots.

The quantum dot single exciton emission can be observed up to high temperatures (T = 133 K)
(Figure 5a) due to the efficient carrier confinement mentioned earlier. As the temperature
increases however, phonon coupling comes into play and the emission linewidth of single
excitons broadens with a typical E, = 34 meV activation energy (Figure 5e¢). As the temperature
increases another phenomenon occurs: carriers escape from the quantum dots and non-radiative
recombination processes are activated, so that the integrated intensity of the single exciton
emission quenches and finally disappears in the quantum disk emission background at T > 133
K (Figure 5f). Let us mention however that, as can readily be seen in Figure 5a, the activation
energy of the quenching (E, = 14 meV in Figure 5f) and the highest temperature at which the
exciton can be observed varies widely from quantum dot to quantum dot, depending on their

depths as well as their spectral and spatial density.
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In order to gain more insight into the single quantum dot optical properties, we finally perform
some polarization measurements on 39 single exciton peaks arising from various NWs. They
present wide variations in terms of both the orientation and degree of linear polarization (Figure
Sh and 1). This stems from the various shape anisotropy of the quantum dot brought about by the
random InGaN alloying disorder in the quantum disk.?’ Polarization measurements do not show
any clear signature of fine-structure splitting, which means that we observe either charged
excitons or neutral exciton exhibiting a splitting smaller than our setup resolution. The latter is
actually consistent with results obtained by Amloy ef al. showing fine-structure splitting smaller

than 400 peV in InGaN/GaN quantum dots.>’

Photonic Integration. The intense room-temperature luminescence of the GaN band-edge and
InGaN quantum disks, the signature of quantum dot emission at low excitation density and the
fine control of their geometry make such NWs exciting candidates for integration in photonic
platforms. First, by tuning the shape and diameter of NWs, we can obtain on the same wafer not
only so-called subwavelengths NWs, ie. NWs too thin to guide light (see Figure S8 in
Supporting Information), but also NWs thick enough to confine ultraviolet and visible photons
and to enable the formation of Fabry-Pérot modes. Owing to the poor index contrast between
GaN and AlGaN and to the limited thickness of the AlGaN layer, the reflection at the
AlGaN/GaN interface is negligible and cannot allow for the formation of NW Fabry-Pérot cavity
modes on the as-sublimated wafer. Interferences observed in the photoluminescence spectra of
Figure 3a are actually due to the reflection of light at the GaN/air and GaN/sapphire interfaces
and can already be observed in the as-grown substrate (Figure S6 in Supporting Information). To
evidence light confinement and the presence of intrinsic Fabry-Pérot modes in NWs, we transfer

them on a SiN on silicon substrate by dry contact (Figure 6a). In such a configuration, mode

12



calculations at A = 420 nm (see upper inset of Figure 6a and Figure S8 in Supporting
Information) show the existence of confined photonic modes for diameters larger than 103 nm
and 140 nm in triangular and hexagonal NWs respectively. Whereas subwavelength NWs
present uPL spectra devoid of cavity modes, thicker NWs such as the one shown in Figure 6a
(triangular section, § = 114nm, L = 4 um) present periodic peaks covering the whole blue-violet
emission range (Figure 6b), which is typical of Fabry-Pérot resonances. The experimentally
observed mode spacing A4.,,, = 8.5nm is actually in good agreement with the expected spacing

2
Ay, = /;—L (Mefr — Adr;%)‘l = 8.1nm derived from effective index calculations at A = 420 nm

(Figure S8 in Supporting Information). For an excitation laser spot focused at the center of the
NW, the NW exhibits not only an intense blue emission at the InGaN quantum disk position but
also at both end-facets of the NW (lower inset of Figure 6a). This confirms that the light emitted
from the quantum disk is allowed to propagate along the NW before to partially escape at the

end-facets.

If subwavelength NWs cannot intrinsically support photonic Fabry-Pérot modes, one can form

138-41 10-12

optical nanocavities by integrating them in either dielectric photonic crysta or plasmonic
platforms, thus obtaining even smaller cavity mode volumes. We here propose to realize
InGaN/GaN NW-induced nanocavities in slotted SiN photonic crystal waveguides, an approach
that has already been implemented in the near-ultraviolet range with ZnO NWs*’ but has yet to
be demonstrated with group-III nitrides. A fabricated NW-induced nanocavity is displayed in
Figure 6c after transfer to a SiN photonic crystal platform and insertion of the NW in the slot by
nanomanipulation: one can observe that the NW diameter is smaller than the photonic mode

cutoff (calculated in Figure S8) and its length is shorter than the initially fabricated NWs due to

unintentional cleaving during the transfer and nanomanipulation process. Such an InGaN/GaN

13



NW-induced nanocavities can support a fundamental mode presenting a quality factor as high as
Qum = 1.3X10° for a mode volume Vi = 1.8 (/1/nGaI\I)3 according to three-dimensional finite-
difference time-domain calculations (Figure 6d). The room temperature pPL spectra of such
nanocavities present sharp peaks in the visible range corresponding to the fundamental mode at A
= 432 nm and higher order modes at shorter wavelengths (Figure 6b). While a subwavelength
NW transferred on SiN presents an emission linearly polarized along the NW, the fundamental
cavity mode presents a cross-polarized behavior (see insets of Figure 6b). This confirms the
origin of the peak as it is in agreement with 3D-FDTD calculations showing that the electric field
component polarized perpendicular to the NW axis has the largest overlap with the NW.*' The
insertion of subwavelength NWs with lengths shorter than 2 microns into photonic crystals of
various lattice constants shows that nanocavity modes can be observed across the near-ultraviolet
and blue-violet range with experimental quality factors as high as Qex, = 1.2X10° (Figure 6e).
This extension of our NW-induced nanocavity design from ZnO*' to InGaN/GaN NWs
incidentally shows the versatility of this hybrid nanophotonic platform that can be used with

multiple NW materials across large wavelength ranges.

Lasing. If the gain of a single InGaN quantum disk is not sufficient to overcome optical losses in
Fabry-Pérot NWs and NW-induced nanocavities, we however demonstrate that it is possible to
reach room-temperature lasing in a Fabry-Pérot NW, using GaN as the gain medium. To that end,
we realize power-dependent uPL measurements (Fig. 7a) on a single NW with a hexagonal
cross-section, a diameter 6 = 119 nm and a length L = 4 pm. Similarly to what was observed
previously in the visible range (Fig. 6b), the spectra present periodic peaks attributed to Fabry-
Pérot resonances in the near-ultraviolet range close to the GaN band-edge. The observed peak

spacing Ad.,, = 2.5nm is once again in good agreement with the expected spacing Ady, =

14



2.35nm derived from effective index calculations at A = 370 nm (see Figure S8 in Supporting
Information). As power increases, the Fabry-Pérot resonance at A = 370 nm exhibits a superlinear
behavior highlighted by the S-shape of its light-light curve while other Fabry-Pérot modes
increase linearly up to threshold and flatten thereon (Fig. 7b). This behavior is indicative of
lasing action at A = 370 nm with a clear threshold at peak power P, = 3MW.cm™2 and a
clamping of spontaneous emission above threshold. Lasing action is further evidenced by the
wavelength blue-shift (Fig. 7c) as well as the drastic reduction of the lasing mode linewidth at
threshold (Fig. 7d). The lasing threshold P, = 3MW.cm™? is very similar to values obtained in
Fabry-Pérot NWs fabricated by plasma etching followed by chemical cleaning,® which confirms
the high quality of the sublimation process to realize optically active NWs. An analysis of the
light-light curve (see Methods) gives us an estimate of the coupling factor in this lasing NW
B = 6 x 1073, This value is in line with the coupling factor range B ~ 2 X 1073 to 1.5 x 1072

42,44

found in Fabry-Pérot NW lasers based on various material systems. It translates the

multimode nature of the Fabry-Pérot cavity as well as a rather large mode volume if compared to

10-12 138—41

plasmonic and photonic crysta nanocavities.

CONCLUSION. We have demonstrated that selective-area sublimation together with electron-
beam lithography can be a powerful and versatile method to realize precisely defined GaN-based
NW arrays in a top-down approach. We have shown that it not only allows for high yield and
homogeneity on a macroscale, but also for a fine nanoscale control in terms of position, shape
and dimensions. Despite this top-down approach, we have been able to demonstrate the high
material and optical quality of NWs, which is highlighted by (i) the intense room-temperature
luminescence of InGaN/GaN NW quantum disk arrays and (ii) the signature of quantum dots

matching state-of-the art InGaN quantum dots obtained through bottom-up methods.'>***® This

15



high optical quality is evidence of the clear advantage of selective-area sublimation over top-
down plasma etching techniques that induce significant material damage and require a slow and
burdensome post-processing treatment to recover optoelectronic quality.® Taking advantage of
the ultra-high vacuum environment in which the sublimation is carried out, it also means that the
sublimation method will allow for the realization of more complex NW designs, including core-
shell and hollow-core structures as well as radial heterostructures. The great potential of such a
strategy has just been highlighted by Sun et al.* who used GaN sublimation and regrowth to
adjust the diameter of InGaN quantum disks embedded in self-assembled GaN NWs and to tailor
the optical properties of single-photon sources. To further highlight the versatility of our
fabrication method and its potential for nanophotonic applications, we have shown that it is
possible to couple such NWs with optical cavities: we have demonstrated the existence of
intrinsic Fabry-Pérot resonances in thick NWs that lead to room-temperature lasing in the near-
ultraviolet range, and we have integrated subwavelength NWs into a hybrid nanophotonic
platform. Note that if the nanomanipulation approach used here to form NW-induced cavities in
photonic crystals is not the most efficient, there exists exciting perspectives with wafer-scale NW
assembly methods that allow deterministic positioning.*® It will also be possible to expand on
this work by forming intrinsic NW Fabry-Pérot cavities directly on the wafer without the need
for transfer: this can be done either by relying on the index contrast with the sapphire substrate,
similarly to Behzadirad et al.® and Damilano et al.,*® or by growing a bottom Bragg mirror, as
routinely done in vertical-cavity surface-emitting lasers and polariton lasers.*” This would open a
path to the realization of integrated arrays of NW-based photon and polariton nanolasers emitting

in the ultraviolet and visible ranges.

METHODS
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Nanowire fabrication. The initial InGaN/GaN stack is grown by molecular beam epitaxy on a
2-inch c-plane sapphire substrate. A 65-nm-thick SiN hard-mask is then deposited on the top-
surface by cathodic sputtering. A 120-nm-thick negative-tone resist is spin-coated on the SiN
layer and the mesas are defined by electron beam lithography, using a 100 kV acceleration
voltage. After development, the patterns are subsequently transferred to the SiN layer by reactive
ion etching using a SFe¢ plasma. The sample is then reintroduced into the ultra-high-vacuum
molecular beam epitaxy reactor and the sample is heated up to 925 °C in order to carry out the
sublimation process. The process is monitored in real-time with a reflection high-energy electron

diffraction apparatus.

TEM measurements. For TEM observations, the samples are prepared by focused ion beam
using a 30kV acceleration voltage and sliced into 100 nm thick lamella. The NW cross-section is
observed along the [0001] direction by conventional TEM in a field emission electron
microscope. The InGaN quantum well is observed along the [1100] direction by annular bright
field scanning TEM in an atomic resolution analytical electron microscope. Both microscopes

use a 200kV acceleration voltage.

Optical measurements. NWs are excited by a continuous-wave laser emitting at 320 nm for
steady-state measurements. For time-resolved measurements, we use a PicoQuant laser diode
emitting at 375 nm with a 40MHz repetition rate. NW lasing experiments are carried out using a
Teem Photonics pulsed laser emitting at 266 nm with a 1 kHz repetition rate and a 0.35 ns pulse
width. The lasers are focused with a Mitsutoyo microscope objective dedicated to the ultraviolet
range with a 50-fold magnification and a 0.42 numerical aperture. The emitted signal is collected
in a confocal configuration and focused on either a visible camera or a 1200 grooves/mm grating

through a 30-micron slit. After dispersion on the grating, the signal is directed to a charge-
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coupled device camera for time-integrated measurements. For time-resolved measurements, the
signal is instead coupled to a 50-micron large multimode fiber connected to a Hamamatsu photon
multiplier and a time-correlated photon counter. Polarization properties are investigated by
adding a polarization analyzer on the signal collection path, just after the microscope objective.
The spectral resolution in the considered wavelength range is 70 pm. The time resolution is
limited by both the PicoQuant diode laser pulse width (~40ps) and the photon multiplier

resolution (~210ps).

Mode calculations. The photonic modes guided in thick NWs are calculated with the Lumerical
Mode Solutions toolbox. Photonic crystal nanocavity calculations are carried out by 3D-FDTD
calculations using our home-built algorithm. The refractive indices used for GaN, SiN and Si in

the calculations are extracted from references 48 to 50.

Photonic platform fabrication. SiN wafers are grown by plasma-enhanced chemical vapor
deposition on silicon (100). The SiN thickness is 108nm. The photonic crystal platform is
realized in the SiN layer by successive electron beam lithography and plasma etching steps
successively for alignment markers, photonic crystals and grooves. The silicon substrate below
the photonic crystal slab is then etched in a KOH solution at 65°C. More details can be found in

reference 39.

Nanowire manipulation. NWs are transferred from their original substrate to the SiN platform
by dry contact under a 2 N.cm™ pressure. For the photonic crystal platform, the NWs need to be
manipulated and inserted into slots. This process is realized in an atomic force microscopy

apparatus using a silicon cantilever. The cantilever presents a tip with an 8 nm radius, a 42 N/m
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spring constant and is operated in contact mode at a 500 nm/s velocity. More details on the
nanomanipulation process can be found in references 39 and 40.
Light-Light curve analysis. The light-light curve analysis of the NW laser is based on the

following rate equation system:

dn

& p®) ~vygs(n—ne) —y,m—y,n (D)

d
d_i = Iywvggs(n —ng) + Blywy ,n—y pn’S 2)

_(t=to) . . ... .
with p(t) = pge 22 the pump density, s and n the photon and carrier densities, ny the carrier

density at transparency, g the differential gain, ¥, and y,,, the radiative and nonradiative decay
rates, Iy, the confinement factor of the mode into the NW, v, the group velocity of the mode,
Ypn the photon loss rate of the cavity mode and B the coupling factor. p, is the peak pump
density and At = 0.35ns the pulse width of the laser. g = 3.3 X 1071%cm? and n, = 8 X
10'8cm™3 are extracted from reference 51. Regarding the carrier decay rates, we consider the

52,53

decay lifetimes found in the literature i.e. T, = 1ns and 1, = 50ps. Iyy = 0.71 and

vy = 4.1 X 10'%cm/s are estimated directly from the photonic mode calculations detailed above.
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