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Abstract: A novel photonic structure formed by the monolithic integration
of a vertical III-V nanowire on top of a L3 two-dimensional photonic
crystal microcavity is proposed to enhance light emission from the
nanowire. The impact on the nanowire spontaneous emission rate is
evaluated by calculating the spontaneous emission factor £, and the material
gain at threshold is used as a figure of merit of this vertical emitting
nanolaser. An optimal design is identified for a GaAs nanowire geometry
with r = 155 nm and L~1.1 pum, where minimum gain at threshold

(gn~13x10° cm’l) and large spontaneous emission factor ($~0.3) are
simultaneously achieved. Modification of the directivity of the L3 photonic
crystal cavity via the band-folding principle is employed to further optimize
the far-field radiation pattern and to increase the directivity of the device.
These results lay the foundation for a new approach toward large-scale
integration of vertical emitting nanolasers and may enable applications such
as intra-chip optical interconnects.
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1. Introduction

Quasi-1D semiconductor nanowires have recently aroused much interest as a route to develop
novel nanoscale electronic and photonic device concepts. The attention on this emerging class
of materials was driven in the early 2000s with the regain of interest in the Vapor-Liquid-
Solid (VLS) growth method, which revived the fabrication of 1D nanostructures through
different ways of bottom-up guided assembly. Now these methods offer a credible alternative
to the traditional top-down approaches for micro/nanofabrication, thanks to the fine control of
numerous degrees of freedom achievable during the synthesis, where key structural
parameters such as nanowire diameter, length, position, morphology and composition can be
adjusted precisely. Significant effort was spent to understand the nanowire growth
mechanisms and tune the nanowire optical properties during the synthesis [1,2]. In addition to
their excellent structural and optoelectronic properties, nanowires with small cross sectional
area allow accommodating lattice strain near the substrate interface, enabling heteroepitaxial
growth on highly lattice mismatched substrates [3-5]. Therefore nanowires are widely
considered for the design of integrated photonic devices, specifically for the generation and
the molding of light at sub-wavelength scales. In this context, single III-V nanowires are
particularly suited for the realization of integrated nanoscale light sources emitting in the near
or medium infrared spectral range.

Lasing from a single semiconductor nanowire was demonstrated from ultra violet to near
infrared wavelengths, under both optical and electrical pumping [6-11]. However, in most
cases, studies focused on the emission of single freestanding nanowires removed from their
original growth substrate and dispersed horizontally on a host substrate. In this configuration
the nanowire acts as the gain medium and, concurrently, its cleaved end facets behave as high
crystal quality end mirrors to form an efficient Fabry-Perot cavity. While these structures are
suitable for prototyping electrically pumped nanowire lasers, their random positioning on the
substrate is a major drawback for large-scale assembly and integration with optical functions.
In addition, tuning of the nanowire shape in unconventional geometries is required to achieve
single mode operation [10]. Conversely, vertical nanowires can be grown by bottom-up
methods at desired locations of the substrate through predefined patterning of the seed
catalyst or selective-area growth [5], and their vertical structure makes them natural
candidates for surface light emitters. Although in the vertical configuration optical feedback
from the facet is severely reduced at the interface with the substrate due to the low refractive
index contrast, lasing can still be achieved from nanopillars with sufficiently large diameter
[12].

To increase the performance of single nanowire lasers, both theoretical and experimental
works have suggested the incorporation of individual nanowires inside a more sophisticated
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and efficient optical microcavity to optimize light matter interaction [13,14]. Among the
various choices of monolithic optical resonator available, two dimensional photonic crystal
(PhC) microcavities with small volume (V) and high quality factor (Q) appear the most
suitable architectures to tailor the emission properties of a single emitter placed in the cavity.
Up to now, various kinds of low-dimensional nanostructures, such as quantum wells and
quantum dots, have been embedded into cavities based on a thin suspended semiconductor
membrane with high Q, allowing to access different coupling regimes between active emitters
and highly resonant cavity modes [15,16]. In the case of nanowires, the assembly of a single
GaN nanowire in a TiO, photonic crystal resonator was attempted and led to surface laser
emission [17]. Nevertheless, the proposed fabrication scheme is hardly compatible with large-
scale integration. Herein we propose to exploit the substantial resonant enhancement induced
by the photonic crystal cavity on a single vertical nanowire grown epitaxially on top of the
cavity. The ultimate aim is to achieve vertical emitting nanolasers by lowering the lasing
threshold through the enhancement of spontaneous emission rate while increasing lasing
efficiency by providing a good overlap between the cavity mode and the gain medium. The
proposed structure offers a flexible design platform in which the optically active nanomaterial
and the microresonator can be engineered independently. Moreover, this architecture is
suitable for on-chip, large-scale heterogeneous integration of vertical light sources and is
compatible with electrical pumping.

The paper is organized as follows: the properties of a single vertical III-V nanowire cavity
are recalled in Section 2, with emphasis on the nanowire geometry required for efficient
feedback when considering planar end mirrors. In Section 3, the coupling between a single
nanowire and a highly resonant mode of the photonic crystal cavity is described by the
spontaneous emission factor of the hybrid cavity mode and the material gain at threshold is
introduced as a figure of merit for vertical light emission. The coupling of nanowires with L3
cavities is then discussed in Section 4, and finally in Section 5 the far-field radiation pattern
of the coupled microcavity-nanowire structure is considered and optimized by engineering the
directivity of the microcavity.

2. The vertical nanowire cavity

For sufficiently large diameters individual freestanding III-V semiconductor nanowires
present Fabry-Perot characteristics in micro-photoluminescence experiments [18]. To achieve
a vertical nanowire laser, the sub-wavelength waveguide formed by the nanowire body and
the end facets must provide an efficient mean to guide and confine photons to form a standing
wave in the cavity. The key physical parameters of such resonator are the effective index of
guided modes, amplitude reflectivity of the top and bottom mirrors, and indirectly the length
of the cavity [19].

The high aspect ratio of III-V nanowires combined with their large refractive index
contrast with air allow the existence of guided modes that overlap with the gain medium, a
requirement to achieve stimulated emission. The existence of such modes greatly depends on
the diameter of the nanowire at the wavelength considered. Optical properties such as
reflection coefficient at the facets, confinement and quality factors have been extensively
investigated, especially in wide band gap materials since strong confinement of guided modes
can be achieved for small diameter nanowires [20-23]. In this work, the focus is on GaAs
nanowires and their lower order modes.
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Fig. 1. Effective index of the HE;; and TE,, propagating modes in an infinitely long GaAs
nanowire with hexagonal cross section as a function of the nanowire diameter. The grayed area
represents the single-mode guiding regime. The inset shows a schematic of the infinite
waveguide.

Figure 1 shows the dispersion relation calculated for the first two guided modes (the
fundamental HE |, and the first transverse mode TE,,) of an infinitely long GaAs nanowire (n
= 3.59, A = 870 nm) as a function of the inner diameter D. Hexagonal cross section is
assumed for the waveguide since GaAs nanowires typically crystallize in the zinc blende

phase on (111)B oriented surfaces, with hexagonal (111) or (115) side facets [1]. The

hexagonal cross section breaks the cylindrical symmetry of the wire and removes the HE;;
mode degeneracy.

Two distinct regions can be distinguished in Fig. 1. For large diameters (D/A>0.21), the
sub-wavelength waveguide supports multiple modes: fundamental HE;; modes as well as
higher order transverse modes (for instance TEy;). In this case, guided modes are strongly
confined inside the wire, thus reducing the propagation losses throughout the cavity and
ensuring an efficient overlap with the gain material. Although it is usually better to work with
fundamental modes with uniform spatial distribution within the gain material, higher order
modes occurring at larger diameters exhibit an electric field profile similar to whispering
gallery modes. Such “helicoidally” propagating modes are particularly interesting for vertical
nanowire cavities since they are less affected by the low index contrast with the substrate at
the bottom mirror, and stimulated emission from these modes has been successfully
demonstrated under optical pumping [12].

The second guiding regime occurs at small diameters (D/A<0.21) where only the quasi-
degenerate fundamental HE,; modes exist. In this regime guided modes follow closely the
light line and start being confined in the wire when D/A>0.16, however their electric field
spreads in the surrounding air. Hence this weak guiding regime imposes stringent constraints
on the bottom mirrors to compensate the inherent propagation losses of the mode during a
round trip in the cavity. We illustrate this situation by discussing a realistic case. Three
dimensional finite-difference time-domain (FDTD) simulations have been carried out to
model a vertical GaAs nanowire grown on a non-absorbing substrate at its emission
wavelength. Nanowire length of 3 um, diameter of D = 165 nm and InGaP (n = 3.3) substrate
were considered. The low refractive index contrast between the nanowire and the substrate
considerably affects reflectance of the bottom mirror (Fig. 2(a)) and, consequently, lowers the
quality factor of the resonant mode (Q~50). Design strategies involving metallic and Bragg
mirrors were proposed in the literature to increase the reflectivity at the interface with the
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substrate [24,25]; in our case the addition of a metallic bottom mirror increases the quality
factor of the resonant mode up to Q~150 (Fig. 2(b)). Nevertheless, these strategies require
fabrication intensive top-down techniques such as wafer bonding and dry etching and
drastically complicate fabrication. More importantly, the approach consisting in the use of a
single vertical nanowire as a resonator depends critically on the amount of feedback provided
by the nanowire Fabry-Perot cavity, so that performance is limited by intrinsic parameters
like nanowire geometry and its refractive index contrast with the surrounding medium
(usually air). Thus, thin nanowires with extremely small cross section are unsuitable for the
design of a self-consistent cavity.

To reduce the dimensions further and to take full advantage of the controlled synthesis of
complex III-V nanowire architectures by bottom-up methods, strategies to increase light-
matter interaction with plasmonic resonances or optical microcavities must be employed.
Here we consider the assembly of nanowires with high Q photonic crystal cavities.

a) b)

Mk
Mastallic mirmor I”,
B
Substrate

Substrato Me

Fig. 2. Electric field intensity of resonant mode in a Fabry-Perot cavity formed by a GaAs
nanowire with an InGaP substrate (a) or a 100 nm metallic layer (b) as the bottom mirrors. The
nanowire length is L = 3 pum and its inner diameter D = 165 nm.

3. Coupling of a vertical nanowire with a photonic crystal microcavity

One of the consequences of assembling a vertical nanowire on top of a photonic crystal cavity
is the modification of its spontaneous emission due to the coupling with a small-volume and
high-Q cavity mode. This is an attractive perspective for the realization of nanolasers with
low threshold, large modulation bandwidth and low-power consumption. The redistribution of
the spontaneous emission rate is quantified by the spontaneous emission factor S, which
defines the ratio between the spontaneous emission rate of the resonant mode and the
spontaneous emission rate into all the other modes. In waveguide laser diodes f typically
ranges from ~107 to 107* [26]; §8 factors approaching unity were obtained at low temperature
in small volume photonic crystal microcavities embedding InAs quantum dots [27,28], while
p as large as 0.1 were demonstrated at room temperature in microdisks with quantum well
active media or photonic crystal lasers with InAsP quantum dots [29,30]. The enhancement of
the spontaneous emission (Purcell effect) is also related to the spontaneous emission factor.
Although in semiconductors the Purcell effect is well understood for point-like emitters with
narrow spectral linewidth, e.g. quantum dots at low temperature [31,32], the interaction of a
microcavity with any light emitting material is expected to induce a modification of its
spontaneous emission. A model for the calculation of the Purcell enhancement in the general
case of spectrally broad emitters was proposed by Suhr et al. [33]. In general f=F/(F+y),

where y is the ratio of the emission into all the modes but the cavity mode of interest,
normalized to the emission without the cavity (the ‘“natural” radiative lifetime) [34].
Therefore the spontaneous emission factor is a good gauge for the dynamics of the nanowire-
PhC structure. For an active material with Lorentzian spectral broadening, f is given by
[35,36]:
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3
p=tt L M)
4z°n, V. AL
where the cavity volume has been replaced by the mode volume V.4, p is a factor denoting the
polarization anisotropy of the spontaneous emission of the dipole emitter, I', the relative
confinement factor, n,, the equivalent refractive index of the laser mode, and 4 and 44 are the
central wavelength and width of the spontaneous emission spectrum. Notice that in this
expression it is assumed that the total emission energy equals that in free space; although this
assumption is appropriate for the nanowires considered in this study, it may not hold for
emission spectra with narrow linewidth [37]. The relative confinement factor I’; is related to
the optical confinement factor I by [35]:
n.,V,
[=—"tr, 2)
nqueﬁ‘

Here n,, and V,, represent the refractive index and the volume of the nanowire active

material. In our geometry, light matter interaction occurs in the region where the electric field
of the optical mode supported by the coupled cavity system overlaps with the nanowire gain
medium. Therefore, the optical confinement factor I' is expressed by the overlap integral:

] ol
I]. &) ‘EG)‘Z dr’

3)

Substituting I', in Eq. (1), the spontaneous emission factor of the coupled nanowire-PhC
structure becomes:

B pra’ A
4z’n, n, Vi AL

Note that f is inversely proportional to the mode volume V. =V, /T of the coupled

“)

system. Hereafter the GaAs nanowire will be considered as a gain medium with spectrally
broad photoluminescence. At cryogenic temperature, the spectral broadening of its
spontaneous emission is approximately 4E = 6 meV (the photon energy being E = 1.51 eV),
which corresponds to 4/44~250 [38]. Since nanowires with wurtzite crystallographic phase
display a strong emission anisotropy and the relative small aspect ratio (L<1.2 um) limits the
form birefringence [2], one can assume p = 1 for the polarization anisotropy. Moreover, the
equivalent refractive index of the lasing mode is close to the refractive index of the nanowire

. . 2 . . 3
gain medium, and n,, n,, can be numerically approximated by n,, .

While f describes the spontaneous emission rate redistribution into the laser mode,
stimulated emission is characterized by the modal gain. The gain that the material has to
provide to compensate the optical losses of the cavity, or material gain at threshold (g;,), can

be derived equating the rate of stimulated emission 7,'=glc/n to the cavity
lifetime @, / O , where g is the material gain, c the speed of light, n the refractive index of the

gain medium, w, the resonant frequency of the mode, and Q the quality factor of the overall
structure entailing the photonic crystal cavity and the vertical nanowire [39]:

nw, 1
c TQ
In the next section we consider a well-known L3 photonic crystal coupled to a vertical

GaAs nanowire and evaluate the dependence of the spontaneous emission factor and the
material gain at threshold on nanowire geometry.

8 = ®)
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4. Vertical GaAs nanowire coupled to the L3 PhC microcavity

Two-dimensional photonic crystal cavities are known for their ability to confine light into a
very small volume. This unique feature allows tailoring the emission properties of solid-state
emitters located inside the cavity, which can ultimately lead to the development of ultra-low
threshold lasers and quantum cavity electrodynamics [16,40,41]. Here we focus on the well-
characterized L3 cavity, which consists of a small line defect cavity formed by the omission
of three-in-line holes in the I'K direction of an hexagonal photonic crystal lattice with lattice
constant a and hole radius r = 0.29a. The photonic crystal slab comprises of an InGaP film (n
= 3.3) with a thickness of h = 0.64a, and the two holes terminating the cavity in the 'K
direction are shifted by a displacement s = 0.18a. This results in a quality factor of ~40000 for
the TE-like fundamental resonant mode (Fig. 3) [42]. The choice of the L3 design is
motivated by the spatial distribution of the cavity mode with a maximum of intensity in the
center of the resonator, which favors the coupling with the nanowire by mode matching
selection. In addition the L3 cavity offers high discrimination between the resonant modes
due to optical losses [43]. Adding a nanowire on top of the air-bridged PhC at an anti-node of
the electric field intensity is expected to break the symmetry of the slab structure and to lower
the quality factor of the fundamental mode by increasing out of plane losses.
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Fig. 3. (Left) Schematic of the modified L3 photonic crystal cavity. The dashed red hexagon
illustrates the position of the vertical nanowire on top of the photonic crystal slab. (Right)
Electric field intensity distribution of the fundamental resonant mode of the bare L3 cavity.

FDTD simulations are carried out to determine the resonant mode properties (5 and g;,) of
the nanowire-PhC structure by evaluating the overall quality factor Q and the overlap integral
I' as a function of nanowire radius and length. The results of these calculations, where a mesh
of 20 points per lattice constant a was used to discretize the calculation domain and the
boundary conditions were perfectly matched layers, are shown in Fig. 4. Depending on the
nanowire diameter, two regimes are clearly distinguished. In general, the presence of the
vertical nanowire perturbs the resonant mode of the PhC and degrades its quality factor (Fig.
4(a)). However, for very thin nanowires (i.e. for radii r<0.25a), the Q factor decreases
monotonically with the increase of nanowire radius but remains larger than ~1000 (with the
exception of specific lengths that are discussed below). For large nanowire radii (i.e.
r>0.25a), the generalized quality factor drops to values below 1000. On the other hand, the
overlap integral T is small for thin nanowires (I'~0.5x107) and increases by two orders of
magnitude for the largest nanowire radii (Fig. 4(b)). The spontaneous emission factor S
results from the balance between the overlap integral and the volume of the gain medium: in
the small radii regime, f ranges from 0.007 to 0.09 as a function of nanowire length, while for
large radii values as high as 0.3 can be achieved (Fig. 4(c)). In general, the nanowire length
has limited effect on the quality factor and the overlap integral, with the exception of specific
lengths that correspond to multiples of the half wavelength of the guided mode with effective
index ngy (L = A/2n.y) in the Fabry-Perot nanowire cavity. When the PhC and the native
nanowire cavity modes are in resonance out of plane losses increase and the overall quality
factor is substantially reduced. The gain at threshold presents local maxima for the resonance
lengths due to the simultaneous reduction of Q and I' (Fig. 4(d)). These lengths should then
be avoided for optimal laser operation, hence precise control of nanowire length during the
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synthesis is quite critical. The gain at threshold ranges between ~13x10° and 80x10° cm™';
due to the large overlap with active medium the minimum value of g, is achieved for the
larger nanowire volume. Although these values seem rather high, an optical gain of

g=13x10" cm™" has already been reported for a GaN nanowire coupled to a TiO, PhC cavity
under optical pumping [17].

Fig. 4. Dependence of the overall quality factor Q (a), the overlap integral I" of the cavity mode
with the nanowire (b), the spontaneous emission factor § (c), and the gain at threshold g, (d)
on nanowire radius and length.

The representative coupling regimes between the vertical nanowire and the PhC
membrane are illustrated in Fig. 5. The intensity distribution of the near-field shows that at
small radii (Figs. 5(a) and 5(b)), the electric field of the cavity mode is mainly confined in the
slab and spreads weakly into the nanowire, while at optimum coupling (Fig. 5(c)) guided
modes are allowed to propagate and the nanowire acts as a funnel for photons extracting light
vertically. In k-space, the nanowire modifies the electric field profile of the resonant mode by
increasing the overlap with the light cone region (Figs. 5(d)-5(f)). Consequently, the high Q
mode is more vulnerable to the coupling with radiative modes and its Q factor decreases.

Based on the above discussion, the optimal design of the coupled structure consists of a
nanowire with L = 5a and r = 0.35a¢ where large spontaneous emission factor ($~0.3) and

minimum gain at threshold (gg, ~ 13x10° cm™) are simultaneously achieved. This regime is
particularly interesting for lasing since the electric field is not only localized at the base of the
nanowire but propagates in the gain region with a shape similar to longitudinal modes of the
nanowire Fabry-Perot cavity. Compared to a single vertical nanowire standing on the
substrate, this configuration presents a double advantage. First, the photonic crystal cavity
prevents photons from escaping at the bottom, recycling them inside the gain region. The
efficiency of this process is superior to a standard nanowire cavity (the overall quality factor
is Q ~200, larger than in the structure displayed in Fig. 2(a)) and the photonic crystal cavity
acts as a reservoir for photons. More importantly, the PhC forces single-mode selection.
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Fig. 5. Side view of the electric field intensity ([E]*) distribution and Fourier transform of the
electric field just above the photonic crystal membrane. The nanowire dimensions are r =
0.10a and L = 5a (a,d), r = 0.20a and L = 5a (b,e), r = 0.35a and L = 5a (c,f). The dashed green
circles in (d-f) represent the cross section of the light cone.

5. Directivity of the nanowire-PhC system

In view of all optical signal processing, a key feature of vertical emitting light sources is
directivity. Indeed, it is highly desirable to control the shape of the vertical beam to optimize
collection efficiency of the emitted light within objective lenses or single-mode optical fibers,
or to collimate the optical signal on photoreceivers in optical interconnects. Nanowire-PhC
structures offer several degrees of freedom for engineering the far field distribution compared
to individual vertical nanowires. Maslov et al. have demonstrated that the emission
distribution of a single vertical nanowire is highly dependent on guided mode geometries and
optimal directionality can be achieved only for HE;; modes [44]. Moreover, for small
diameters the emission properties of individual nanowires are complicated by the anisotropy
induced by dielectric effects and light diffraction [2]. To elucidate these issues, we have
calculated the far-field distribution patterns for the nanowire-PhC structure with the smallest
volume nanowire (r = 0.1a, L = a), a nanowire with average dynamic characteristics (r = 0.2a,
L = a), and the optimal nanowire (r = 0.35a, L = 5a) and the results are shown in Fig. 6
[45,46]. The addition of nanowires perturbs the angular distribution of the far-field emission
of the bare L3 cavity (Fig. 6(a)). As the diameter of the nanowire increases, the divergence of
the beam decreases (Fig. 6(b)-6(d)). The best directivity is obtained for the optimized coupled
structure (r = 0.35a L = 5a, Fig. 6(d)), where the overlap of the bare L3 cavity mode with the
HE,; nanowire mode is maximum. As a result, ~66% of the total emission from the lasing
mode of the nanowire PhC structure could be collected with an objective lens with numerical
aperture of NA = 0.4.

Of further fundamental interest would be taking advantage of site-controlled nanowire
growth to implement a self-aligned quantum dot inside the wire, whereby single photon
sources could be developed by growing the quantum dot in a small volume nanowire and in
the proximity of the PhC membrane [47,48]. In this configuration, the relevant parameters
that characterize the interaction of the cavity mode with the quantum dot are the Purcell and
quality factors of the coupled system. For example, for a nanowire with r = 10a and L = a
with an ideal GaAs quantum dot embedded 80 nm above the PhC membrane (e.g. a small
nanowire region surrounded by axial AlGaAs barriers), the Purcell factor would be F,~2. This
configuration, however, would suffer from poor directivity (Fig. 6(b)). Fortunately this issue
can be overcome using the strategy proposed in refs [45,49], where “band folding” is induced
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by a subharmonic modulation of the air-holes size around the cavity. This modification
affects the electric field distribution of the resonant mode in the reciprocal space and folds a
fraction of the field to the center of the first Brillouin zone, thus improving directionality of
the emission. Figure 7 shows the effects of this modification on the far-field distribution of
the nanowire-PhC structure where the air hole size around the L3 cavity is modulated
periodically by Ar = + 0.01a, while the two terminal holes in the I'K direction are still shifted
by a displacement s = 0.18a.
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Fig. 6. Far-field radiation pattern of the bare L3 cavity (a), and the L3 cavity with a nanowire
on top (c-d). The corresponding nanowire dimensions are: r = 0.10a and L = a (b), r = 0.20a
and L = a (c), and r = 0.35a and L = 5a (d). The solid blue circle represents the ideal collection
angle of an objective with numerical aperture of 0.4.

The far-field distribution pattern of the modified L3 cavity (Fig. 7(a)) and the nanowire-
PhC structures with small nanowire volume (Figs. 7(b)-7(c)) change radically compared to
the unmodified cavity design and their vertical directivity is significantly improved. For
coupled structures with nanowire dimensions of r = 0.10a, L = @ and r = 0.20a, L = a the
collection efficiency of the mode of interest (i.e. the fraction of light emitted from this mode
collected with an objective with numerical aperture NA = 0.4) increases from 16% to 74%
and from 32% to 56%, respectively. Such improvement is due to the modification of the
spatial profile of the electric field in the vicinity of the PhC which spreads weakly into the
nanowire. In these cases, the main contribution in the calculation of the retarded potential is
given by the cavity and the nanowire can be considered as a weak perturbation. Nevertheless,
the improvement in directivity is associated to an increase of out of plane losses that degrades
the quality factor. For the nanowire with the smallest volume, Q drops from 35800 to 28000
and consequently the Purcell factor decreases slightly to F,~1.5. For the optimal geometry (r
= 0.35a, L = 5a) the far-field radiation pattern does not change significantly upon
modification of the L3 cavity (Fig. 7(b)). This is not surprising since emission depends
primarily on the electromagnetic field components of the mode guided into the nanowire.
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Fig. 7. Far Field radiation pattern of the bare modified L3 cavity alone (a), and the modified L3
cavity with a nanowire on top (c-d). The corresponding nanowire dimensions are: r = 0.10a
and L = a (b) r = 0.20a and L = a(c) and r = 0.35a and L = 5a (d). The solid blue circle
represents the ideal collection angle of an objective with numerical aperture of 0.4.

Conclusions

An original architecture consisting of a vertical III-V nanowire grown in the antinode of a
resonant photonic crystal cavity mode is proposed to realize vertical emitting nanolasers with
high efficiency and low lasing threshold. The coupling regimes of this coupled structure were
characterized by mapping the overall quality factor and the overlap integral as a function of
nanowire diameter and length. These quantities allow evaluating the spontaneous emission
factor of the resonant mode of the nanowire-PhC structure and estimating the gain at
threshold: the former quantifies the redistribution of the spontaneous emission rate into the
lasing mode, while the latter is used as a figure of merit for stimulated emission. Table 1
summarizes the characteristics of the coupled systems investigated. For the nanowire-PhC
structures based on the L3 cavity, the optimal nanowire geometry corresponds to r = 0.35a
and L = 5a (for GaAs r = 155 nm and L~1.1 pm) where a minimum gain at threshold

(gn~13x10° cm'l) and large spontaneous emission factor (f~0.3) are simultaneously
achieved. Modification of the L3 photonic crystal cavity based on the band folding principle
can be used to increase the overall directivity of the vertical emitting coupled system with
small diameter nanowires. Compared to photonic crystal lasers incorporating quantum dots as
active material in the PhC membrane and depending on the coupling regime exploited, the
proposed architecture allows taking advantage of the larger gain volume of the active material
or to enhance the spontaneous emission rate and improve light extraction of a quantum dot
grown within a small nanowire. Moreover, these structures offer greater flexibility in
controlling light-matter interaction, and are compatible with large scale integration and
electrical pumping schemes, thus could enable new approaches for the realization of
nanoscale light sources and optical interconnects.
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Table 1. Characteristics of the nanowire-PhC structure

Nanowire dimensions in _y B F Collection Beam
the coupled structure g (em™) P efficiency* directivity
Standard L3 PhC cavity
r=0.10a,L=a 37x10° 0.03 2 16% Low
r=0.20a,L=a 30x10° 0.08 - 32% Low
r=0.35a,L=>5a 13x10° 0.30 - 66% High
Optimized L3 PhC cavity
r=0.10a,L=a 48x10° 0.03 1.5 74% High
r=020a,L=a 32x10° 0.08 - 56% Medium
r=0.35a,L=>5a 13x10° 0.32 - 63% High

*The collection efficiency is defined as the percentage of emission from the nanowire-PhC structure lasing mode
collected with an ideal objective with a numerical aperture of NA = 0.4.
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