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Abstract: Semiconductor nanowire (NW) lasers have attracted considerable research effort given their
excellent promise for nanoscale photonic sources. However, NW lasers currently exhibit poor
directionality and high threshold gain, issues critically limiting their prospects for on-chip light sources
with extremely reduced footprint and efficient power consumption. Here, we propose a new design and
experimentally demonstrate a vertically emitting indium phosphide (InP) NW laser structure showing high
emission directionality and reduced energy requirements for operation. The structure of the laser combines
an InP NW integrated in a cat’s eye (CE) antenna. Thanks to the antenna guidance with broken asymmetry,
strong focusing ability and high-Q factor, the designed InP CE-NW lasers exhibit a higher degree of
polarization, narrower emission angle, enhanced internal quantum efficiency and reduced lasing threshold.
Hence, this NW laser-antenna system provides a very promising approach towards the achievement of
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high-performance nanoscale lasers, with excellent prospects for use as highly localized light sources in
present and future integrated nanophotonics systems for applications in advanced sensing, high-resolution
imaging and quantum communications.
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Semiconductor nanowires (NWs) have emerged as potential building blocks in advanced optical and
nanophotonic devices and compact integrated circuits given their ultra-small dimensions and remarkable
performance [1-6]. To date, intensive research has been conducted on the use of semiconducting NWs as
gain media for smaller and faster lasers, critically important aspects for optical data transmission, sensing
and imaging applications [7-10]. In order to demonstrate lasing from semiconductor NWs, these have
usually been transferred from their growth substrate onto another secondary surface to ensure a large
refractive index contrast between the NWs and their surrounding media [3,8]. Above lasing threshold,
characteristic interference fringes can be observed from the NW lasers, similar to interference patterns
generated by two coherent dipole emitters separated by the NW’s length [3], indicative of spatially
coherent light emission from the NW’s end facets. However, in spite of the high promise of these nanoscale
lasers for breakthroughs in nanophotonics, their light emission has a poor directionality with a diffracted
beam resulting from the sub-wavelength size of NWs [11-14]. This leads to high coupling losses between
NW lasers and optical fibers or waveguides. It currently limits their integration into three-dimensional onchip devices, which indeed requires a small vertical divergence of the emission angle.
On the other hand, enhancing the emission intensity of NW lasers whilst simultaneously miniaturizing
their footprint remains a challenging issue. There are minimum diameter and length requirements for NWs
to support lasing action at threshold powers below the thermal vaporization limit of the semiconducting
material [3]. Moreover, the directionality of NW lasers worsens as their size reduces. Therefore, the
peripheral antenna design proposed in this work becomes an efficient solution to enhance their quantum
efficiency. Additionally, to further downscale the physical device size beyond the diffraction limit,
plasmonic lasers have been recently proposed [10,14-18] relying on NWs (functioning as gain medium)
coupled to external metallic plasmonic structures. The latter allow storage of most of the energy in surface
plasmons with a coherent excitation of the electrons on the metallic surface. As a result, lasing operation
can be obtained with reduced optical mode volume below the diffraction limit [10,14-15,17-19]. However,
the threshold powers in plasmonic nanolasers are much larger than in their photonic counterparts, given
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the high propagation losses in metals [14-17]. Therefore, the development of efficient nanolasers with
ideal directionality, reduced foot-print and low-threshold remains a fundamental challenge.
This work focuses on these challenges, proposing and demonstrating a vertically emitting InP NW
laser with low lasing threshold, high directionality and reduced foot-print. This is based on a rational
design combining an aluminum (Al) cat’s eye (CE) antenna (also known as split bull’s eye antenna [20])
with an InP NW, simultaneously allowing tailoring of its emission profile and efficiency. InP NWs have
already proven to be attractive candidates for compact light sources in miniaturized optical applications
[8,21], whilst CE antennas have shown excellent performance in near- and mid-infrared photodetectors
with high concentration ability and sensitive polarization dependence [20,22-23]. Additionally, the
focusing ability [24,25], high reflectivity, coupling capability of surface plasmons, and symmetry breaking
of the CE antenna also reveals its lens-like properties and beaming effect of the NW far-field emission.
Hence, the proposed design merging an InP NW with an Al CE antenna offers a tailored emission profile
and enhanced efficiency enabling the fabrication of vertically emitting InP NW lasers with performance
unseen to date including higher degree of polarization, greatly improved emission directionality and ultralow lasing threshold power requirements.
Figure 1a shows the structure of the proposed InP NW CE laser (Sample A) comprising an ultra-small
InP NW integrated with an Al CE antenna on a quartz substrate. The NW’s geometry, i.e. diameter w =
290 nm and length L = 900 nm (Figure 1b), has been optimized to support the TE11 and TE01 guided optical
modes at the wavelengths of ~750 and 870 nm, these being the near-band emissions of InP NWs at
cryogenic (~7 K) and room temperature (RT), respectively (see Supporting Information, Figure S1). Here,
the TE and TM modes correspond to the excitation cases with light polarized along Ex and Ey respectively.
It should be noted that the required minimum threshold gain for an InP NW with w = 290 nm and L = 900
nm is calculated to be 2400 cm-1 (see Supporting Information, Figure S4). This high level indicates that
no lasing action would be obtained from a bare InP NW (Sample B) below the material thermal
vaporization limit.
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Figure 1. Structure of the vertically emitting InP NW CE laser (Sample A). (a) Full device layout showing the
CE laser structure consisting of a single InP NW embedded in the CE antenna. (b) Geometry of the InP NW.
(c,d) Top-view and cross-section schematics of the CE laser showing the various dimensions. (e) Oblique SEM
image of the CE laser before Al deposition. Inset: SEM image of an InP NW (w = 290 nm and L= 900 nm)
transferred onto a quartz substrate. (f) Oblique SEM image of the cross-section of the fabricated device after
Al deposition.

The design of the CE antenna was divided into two steps. First, the inner circular grating, located at
a distance s from the antenna’s center (Figure 1c,d), was designed to form an enhanced Q-factor metal
resonant cavity for the NW’s guided modes. The calculated intensity spectra for both TE and TM modes
are given in the Supporting Information (Figure S2a,b). Under Ex incidence (i.e. TE mode), due to FabryPerot resonances the intensity reaches a maximum at λ = 870 nm when s ≈ 650, 900, 1200, 1500 nm, etc.
Also, since the Q-factor compares the cavity’s gain and loss ratio, a higher Q-factor indicates lower lasing
threshold requirements. Here, s ≈ 900 nm was chosen to ensure a higher Q-factor compared to that
obtained for an infinite value of s (see Supporting Information, Figure S2c). Additionally, this distance
allowed the creation of a gap between the NW and CE antenna, needed to avoid etching damage on the
InP NW during the focused ion beam (FIB) fabrication process. The second step was to optimize the
periodical circular grating to create surface corrugations surrounding the NW to guarantee efficient surface
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plasmon (SP) coupling at λ = 870 nm. A 300-nm thick SiO2 low-index cladding layer was deposited on
top of the NW to ensure high refractive index contrast between the NW and its surrounding medium. This
SiO2 cladding layer was taken into account in the Q-factor calculations and in the momentum conservation
law for SP-grating coupling [20]. Based on simulations carried out with the commercial software tool
FDTD Solutions (Lumerical Corp.), the optimal design parameters were: grating period, p = 650 nm,
metallic concentric grating width b = 200 nm and depth d = 300 nm, split-gap width g = 200 nm, and inner
circular grating distance, s = 900 nm, considering both the SP excitation and maximum far-field beaming
effect (see Supporting Information, Part I). We also fabricated two additional reference Samples B and C.
Sample B consisted of an InP NW laying horizontally on a bare quartz substrate, whilst Sample C was
formed by an InP NW coated with a 1 μm-thick Al film on a 300-nm thick un-patterned SiO2 cladding
layer. Due to the strong Al reflection in Samples A and C, the optical measurements for these two samples
were performed using back illumination and light collection. Alternatively, Sample B was characterized
using a typical front-illumination configuration.
The fabrication procedures of the InP NW CE lasers and reference samples and the growth details of
the InP NWs, are described in the Methods section. Positioning ultra-small NWs (w = 290 nm, L = 900
nm) on the center of a CE antenna with controlled orientation is a difficult task. To overcome this issue,
we developed an in-situ fabrication procedure with excellent alignment and repeatability based on device
growth and etching techniques. Figure 1e shows a scanning electron microscopy (SEM) image of the
fabricated concentric grating pattern on a 300 nm-thick dielectric SiO2 layer with an integrated InP NW
underneath. The inset shows the top view of an InP NW transferred onto a quartz substrate before the
deposition of SiO2. The Al antenna was fabricated by FIB and selective etching processes (see SEM image
in Figure 1f). It is worth noting that the surrounding metal structure provides extra confinement for the
hybrid optical modes guided in the NW due to the improved overlap between optical field distribution and
gain medium (InP) which enhances the internal quantum efficiency considerably. This fabrication process
permitted lasing to be successfully achieved (at ~7 K) from Sample A with ultra-small size.
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Figure 2. Polarization dependence and directionality characterization of light emission from Samples A-C. (a)
Measured TE and TM polarization light emission spectra from Samples A-C where the NW geometry is shown
inset. (b) Emitted light angular distribution profiles of Samples A-C used to investigate their far-field emission
characteristics. A pumping fluence of 0.8 mJ/cm2 per pulse was used at RT. (c) Simulated electric field
distribution along the propagating direction on both x-z and y-z planes for Samples A and B. The colour bar
shows normalized intensity (dark blue = 0, red = 1).

Complementarily, we also demonstrate room-temperature (RT) lasing emission from InP NW CE
lasers, fabricated using InP NWs with larger dimensions by means of a newly developed hybrid
nanofabrication technique. The latter is referred to as nanoscale transfer printing (nano-TP) [26,27] and
utilizes the adhesive properties of elastomeric stamps to enable the simple, precise, and efficient
positioning of semiconductor NWs at targeted locations onto diverse substrates. Using this simple hybrid
approach we produced InP NW CE structures (Samples D and E) by integrating InP NWs (w = 435 nm, L
= 5 μm) onto pre-fabricated CE antennas, lasing at RT at λ ~860 nm. Larger NWs with lower RT threshold
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gain for lasing were used here, as compared to those utilized in Samples A-C for low temperature analysis.
Controllable light emission directionality and polarization are highly desirable features for future onchip light sources. Hence, we have focused on investigating these important aspects. Figure 2a illustrates
the polarization characteristics of our InP NW CE structure. As numerically predicted (see Supporting
Information, Figure S2), the InP NW emission under excitation with light polarized along Ex (TE mode)
can be significantly improved by the Al antenna (when compared to the TM mode). This results in an
enhanced degree of polarization (DOP) of 0.7 at the wavelength of 870 nm for an InP NW with a CE
antenna (Sample A, Figure 2a), where DOP = (Ix-Iy)/(Ix+Iy) [28-29]. This is higher than the DOP of 0.5
obtained for a bare NW (Sample B, Figure 2a). To exclude the possibility this DOP enhancement in Sample
A arises from reflections at the Al layer, we have also measured the polarization-dependent emission
spectrum from a device with an Al layer but without the concentric grating pattern (Sample C). Figure 2a
shows that no distinct DOP enhancement can be observed for sample C as compared to sample B. We
therefore conclude that the improved DOP of Sample A is a direct result of the polarization sensitivity of
the integrated split-gap CE antenna.
We have also analyzed the light emission directionality of the InP NW CE structure. This was
characterized using far-field imaging to examine the angular distribution of the emitted light when a
pumping fluence of 0.8 mJ/cm2 was utilized at RT (see Figure 2b). Comparing the results obtained from
Samples B and C, Figure 2b shows that the emission intensity is considerably enhanced in Sample C due
to the addition of the Al coating reflection. However, the directionality still remains poor for Samples B
and C. Significantly, a much better vertical light emission directionality is observed from the InP NW CE
structure (Sample A), together with a higher emission intensity. Similar features were observed in the
angle-resolved far-field lasing radiation patterns (see Supporting Information, Figure S7) thus clearly
indicating that the integrated CE nanoantenna strongly governs the propagation direction of the NW’s
emission. To better illustrate the physical mechanism of the CE nanoantenna light-focusing functionality,
we calculated the electric field distribution in the x-z and y-z planes for Samples A and B (see Figure 2c).
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Two distinct features are observed for Sample A: (i) coherent interference is obtained with a focusing spot
at z = 1 μm, as the phase distribution has a parabolic curve below the Al grating, which enables the CE
structure to act as a near-field focusing lens to concentrate more emission in the vertical direction and
consequently an excellent far-field directionality (see Supporting Information, Figure S8); (ii) highly
localized emission can also be found inside the NW, as a result of the enhanced Q-factor due to the
combination of the NW cavity and the inner circular grating.
Lasing characterization measurements were performed on Samples A (InP NW CE laser) and B (bare
NW) using a micro-photoluminescence (micro-PL) setup. The samples were optically pumped using a
pulsed laser (λ = 522 nm) at low-temperature (LT, ~7 K). Figure 3a shows the micro-PL spectra obtained
from Samples A and B under different pumping fluences from 1.0 to 18.0 mJ/cm2. At low pumping
fluences, a single broad peak around 840 nm appears in both samples. With increasing fluence up to 18.0
mJ/cm2 (limit of our micro-PL system), the luminescent intensity increases almost linearly but lasing is
not observed for the bare InP NW (Sample B). On the other hand, for Sample A, upon exceeding a lasing
threshold of only 5.8 mJ/cm2, an additional peak emerges at λ = 775 nm showing a dramatic increase of
output intensity and a sudden linewidth narrowing. The observed spectral clamping indicates transition
from spontaneous (spectrally broad emission) to amplified spontaneous emission (multiple peaks in the
envelope of the broad emission spectrum) and finally reaching lasing (single narrow peak). Figure 3b plots
the LT lasing output intensity versus pumping fluence. The standard “S” shape behavior on the log-log
scale can be observed for Sample A, together with a sharp cutoff of the peak’s full width half maximum
(FWHM) at threshold (inset in Figure 3b). All these features verified the occurrence of low-threshold
lasing in the InP NW CE structure. Additionally, RT time-resolved PL measurements (see Figure 3c),
revealed a carrier lifetime for Sample A of 540 ps, shorter than the 760 ps for Sample B. The lifetime
reduction is mainly attributed to the combination of high cavity quality (i.e. high Q-factor) and strong
confinement, which enhances light-matter interaction and increases the radiative spontaneous emission
rate in terms of the Purcell effect. The RT internal quantum efficiency (IQE) (in Figure 3d) were measured
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and extracted from the variation in the integrated PL intensity as a function of excitation power density
and based on rate-equations analyses following the approach described in [30]. Clear improvement in IQE
has been obtained from Sample A (with the CE antenna), as compared to Samples B and C, which further
verifies the distinct localization of optical energy densities in the NW cavity. The error bars in Figure 3d
indicate the variation in IQE arising from measurements on at least five different samples under the same
experimental conditions.
As discussed in Supporting Information (Section IV), the achievement of room-temperature (RT)
lasing requires the use of larger NWs exhibiting lower lasing thresholds. For ease of fabrication, we
employed a hybrid nanoscale Transfer Printing (nano-TP) fabrication technique [26,27] to integrate largersized InP NWs onto pre-fabricated Al CE nanoantennas (as described in the Methods section). The inset
in Figure 4a shows an SEM image of the InP NW CE laser (Sample D) fabricated by heterogeneously
integrating an InP NW (w = 435 nm, L = 5 μm) using nano-TP onto a CE nanoantenna with the following
structural parameters: p = 900 nm, b = 650 nm, d = 200 nm, g = 600 nm and s = 600 nm. We should note
that the SEM image in Figure 4a reveals the presence of another smaller InP NW in the CE antenna (in its
outer ring), accidentally located there but which does not affect the lasing properties of the primary larger
NW. We also characterized the RT light emission from this hybrid InP NW CE laser using the micro-PL
setup described in [26,27] where optical pumping was carried out with a (λ = 532 nm) pulsed laser (1.6 ns
long pulses at 10 kHz repetition rate). Figure 4a plots the threshold curve of Sample D, showing the onset
of RT lasing at a low pumping fluence of ~ 2 mJ/cm2. Figure 4b shows the achievement of narrow spectral
emission at RT when the device is pumped with a fluence of 4.68 mJ/cm2. The inset in Figure 4b shows a
micrograph of the lasing emission from Sample D at that fluence. Moreover, to clearly demonstrate the
contribution of the CE nanoantenna, we have also fabricated for comparison purposes Sample E, formed
simply by a bare InP NW laser (w = 435 nm, L = 5 μm) placed on an SiO2 substrate. Figure 4c shows the
RT threshold curve of Sample E which has a higher lasing threshold (~10 mJ/cm2), while Figure 4d shows
its lasing spectrum and a micrograph of the NW at a fluence of 32.01 mJ/cm2. The higher lasing threshold
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for Sample E under similar pumping conditions clearly demonstrates the contribution of the integrated CE
nanoantenna in reducing the lasing threshold for the InP NW. Additionally, a further comparison between
the lasing thresholds achieved in an InP NW CE laser and a bare NW laser onto a planar Al surface, also
showing reduced lasing threshold achievement for the coupled nanowire-nanoantenna laser system is
included in the Supporting Information (Section VI).
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In summary, we report a novel design capable of tailoring and enhancing the light emission properties
of ultra-small-size InP nanowire (NW) lasers. By integrating an InP NW with an Al cat’s eye (CE)
nanoantenna we demonstrate lasing and vertical emission with enhanced performance from InP NWs with
very small dimensions (w = 290 nm, L = 900 nm) at low temperatures. Also, using larger InP NWs (w =
435 nm, L = 5 μm) in the NW-CE antenna configuration, we demonstrate room temperature lasing with
reduced lasing threshold. Moreover, we reveal that this InP NW CE laser design provides a highly-
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improved light emission performance in multiple ways including: (i) enhanced directionality/focused farfield distribution, attributed to the presence of surface waves and their constructive interference with the
emitted light; (ii) a higher degree of polarization (DOP), arising from the cylindrical symmetry breaking
in the CE’s nanoantenna structure; (iii) increased internal quantum efficiency and reduced pumping power
requirements for the onset of lasing operation, as a result of Purcell enhancement. Furthermore, we report
two fabrication approaches for the InP NW CE lasers using either direct patterning or a hybrid nanoscale
Transfer Printing technique to precisely place the NW onto a pre-fabricated CE antenna. Finally, this InP
NW CE laser design could also be applicable to other types of semiconductor NWs based on different
material systems and structural composition, thus offering excellent promise for the development of
nanoscopic light sources with dramatically-enhanced performance for use in future integrated
nanophotonics systems and applications.

Methods. Nanowire (NW) growth. As described in our previous work [8], the InP NWs were grown
on (111)A InP substrates by selective area epitaxy (SAE). The SEM images of the top section and tilted
views included in Supporting Information (Figure S5) show that the NWs have excellent uniformity. The
average width of the NWs (i.e., the diameter), w, was 290 nm. After transferring the NWs onto a quartz
substrate, the average length, L, was measured to be 900 nm. Similar growth processes have been used to
fabricate the larger and longer nanowires (w = 435 nm, L = 5 μm) used in the RT lasing experiments. The
main difference lies in the hole pitch and size in the SiO2 mask layer [8].
Device fabrication. (i) Fabrication for Sample A (w = 290 nm, L = 900 nm) began by first transferring
the NWs from the growth substrate onto a quartz substrate. Then a layer of 300 nm-thick SiO2 was
deposited by plasma enhanced chemical vapor deposition (PECVD), followed by a 30 nm Al deposition
via e-beam evaporation. The Al layer also functioned as the conducting layer in the following focused ion
beam (FIB) etching steps. For the FIB etching process, a NW was firstly located in the middle of SEM
view field, with its axial direction aligned to the y-axis. The antenna design was then imported by intaglio
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printing into the SiO2/Al structure around the InP NW with depth of ~330 nm, as can be seen in Figure 1e.
Finally, another 1 μm-thick Al layer was deposited to form the CE antenna. Given that the FIB system has
very small system error in alignment, ~0.1° in angle and 20 nm in-plane, near ideal alignment could be
obtained between the antenna pattern and the InP NW even with ultra-small geometries. This in-situ
fabrication method is therefore very promising for future hybrid NW-nanoantenna constructions. (ii) A
nanoscale Transfer-Printing (nano-TP) technique was used for the fabrication of Samples D and E with
relatively larger InP NWs (w = 435 nm, L = 5 μm). First, the Al antenna was produced on a quartz substrate
with standard e-beam evaporation for metal layer and FIB etching for the patterning of the CE antenna.
After this, using a bespoke polydimethyl sulfoxide (PDMS) μ-stamp, an individual InP NW was ‘captured’
from a carrying substrate (Si) and printed on the central gap of the fabricated CE nanoantenna. For full
details on this nano-TP technique see [26,27].
Optical measurements. (i) Samples A, B and C (w = 290 nm, L = 900 nm) were optically excited using
a Yb:YAG laser with a pulse duration of 300 fs and 20.8 MHz repetition rate, frequency-doubled to a
wavelength of 522 nm using an LBO crystal. The laser beam was focused through a 60x microscope
objective lens, resulting in a spot size of ~ 0.5 m as estimated by vector diffraction calculation. The
emission was collected by the same objective lens and detected by a single photon avalanche diode, which
was connected to a Picoharp 300 time-correlated single photon counting (TCSPC) system. (ii) Samples D
and E (w = 435 nm, L = 5 μm) were optically measured at room temperature using a 532 nm frequencydoubled Nd:YAG pulsed laser with a pulse width of 1.6 ns and a repetition rate of 10 kHz. Full details on
the setup used to characterize Samples D and E are given in [26,27].
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room temperature radiation patterns of InP NW CE lasers. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/acs.nanolett. XXXXXXX.
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