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Abstract: Catalyst-free, selective nano-epitaxy of III-V nanowires provides an excellent mate-
rials platform for designing and fabricating ultra-compact, bottom-up photonic crystal lasers.
In this work, we propose a new type of photonic crystal laser with a curved cavity formed by
InGaAs nanowires grown directly on silicon-on-insulator. This paper investigates the effect
of the radius of the curved cavity on the emission wavelength, quality factor as well as laser
beam emission angle. We find that the introduction of curvature does not degrade the quality
factor of the cavity, thereby offering another degree of freedom when designing low-footprint
multiwavelength photonic crystal nanowire lasers. The experimentally demonstrated device
shows a lasing threshold of 157 µJ/cm2 at room temperature at telecom O-band wavelengths.
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1. Introduction

III-V photonic crystal (PhC) lasers have been widely studied due to their very high quality
factors (Q factors) and low thresholds [1–6]. The ultra-low energy consumption and small device
footprint make them highly attractive for Si based on-chip optical interconnects where achieving
low energies per bit is of paramount importance [7]. Current high-performance air-hole based
PhC lasers require wafer bonding or layer transfer process to be integrated onto a Si chip [8–11].
Epitaxial growth of III-V PhC laser cavities directly on Si is desirable for large scale monolithic
integration with improved scalability, reliability, and reduced cost. However, this is prohibited
by the material dissimilarities including lattice mismatch between III-V semiconductors and
Si which give rise to high densities of threading dislocations diminishing device lifetimes [12].
Recently, optically pumped PhC lasers directly grown on CMOS-compatible Si substrate were
demonstrated using conventional thin film heteroepitaxy [13]. However, a-few-micron thick
buffer layers are needed to reduce the threading dislocation density and it is still challenging to
couple light into Si waveguides. An attractive solution to bypass the constraints from lattice
mismatch is growing nanowires. Epitaxial nanowire growth significantly reduces the contact
area between the III-V nanowires and Si substrate and thus provides an efficient way to avoid
the formation of threading dislocations by relaxing elastic strain towards the nanowire sidewalls
[14,15]. Catalyst-free, selective area metal-organic chemical vapor deposition (MOCVD) allows
the arrangement of nanowires into arbitrary shapes. This has previously been exploited to create
2D PhC band edge cavities and 1D PhC nanobeam cavities [16–20]. This technique can realize
optically pumped lasers with low threshold at room temperature [17,18]. Light coupling from
nanowire PhC array to Si passive waveguides was also achieved, demonstrating the potential of
using nanowires as building blocks for on-chip optical links [17]. Due to the high Q factor, tunable
resonance wavelength and slow-light effect of photonic crystals, other possible applications
include spectrometry, photodetection, biosensing.
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Previously, curved cavity PhCs such as micro-disk lasers and PhC micro-ring lasers have been
proposed and demonstrated using top-down fabricated air-holes PhC structures [21–25]. This
type of curved circular structures takes advantage of high Q factor whispering gallery modes
and gain enhancing PhC slow light effects to achieve high efficiency devices, such as lasers,
modulators, filters and sensors. However, due to the geometry and material mismatch of these
devices, it can be difficult to monolithically integrate gain material into a SiPh circuit. Such
designs have not been realized in the bottom-up nanowire platform yet. Here, we demonstrate a
novel type of curved nanowire array laser by arranging nanowires into a circular arc geometry
using site-controlled selective area nano-epitaxy [26]. The vertical and atomically flat nanowire
sidewall surfaces, and the ability to form in-situ passivation layers in nanowire growth makes
them less susceptible to propagation losses induced by waveguide sidewall roughness encountered
in top-down fabricated devices [27]. Finite-difference time-domain (FDTD) simulations were
carried out to study the resonant modes, Q factors, and emission direction of our devices. Curved
nanowire arrays with varied radius and cavity length were fabricated. Under room-temperature
pulsed excitation, we demonstrate multiwavelength lasing from 1290 to 1330 nm.

2. Methods

The nanowires were grown on a SOI substrate with a 52 nm (111) Si top layer and a 2-µm
thick buried oxide layer. A 20 nm SiN layer was deposited and patterned using electron beam
lithography and etched to expose the (111) Si surface underneath in small circular nanoholes
of 30 nm in diameter. Prior to nanowire growth, the sample was dipped in a dilute 2.5% HF
solution for 10 min to remove the native silicon oxide. The growth was carried out in an
Aixtron Close Coupled Showerhead MOCVD reactor. The precursors used were triethylgallium
(TEGa), trimethylindium (TMIn), tertiarybutyl arsine (TBAs) and tertiarybutyl phosphine (TBP).
Hydrogen was used as the carrier gas with a reactor pressure of 50 mbar. A thermal desorption
step was done at 850 °C for 20 min under hydrogen flow to remove any remaining traces of native
oxide. The temperature was then lowered to 670 °C and a GaAs seeding layer was grown with a
V/III ratio of 80. The InGaAs core layer was grown at a lower temperature of 610 °C to facilitate
indium incorporation. Finally, a 15 nm InGaP shell layer was grown at a temperature of 570 °C
for surface passivation. The resulting structure can be seen in Fig. 1 (a).

Fig. 1. (a) Cross section diagram of a single nanowire, (b) Schematic of the curved
nanobeam arrays. (c) The relevant dimensions of a single nanobeam arc. (d) SEM images of
the curved array nanowire device.

As shown in Fig. 1 (b), the curved nanowire array consists of six circular arcs with a central
angle θ of 140° and increasing radius R and pitch size r. The relevant dimensions of the curved
nanobeam arcs are defined in Fig. 1 (c). The height of the nanowires is around 730 nm and the
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diameter d is 220 nm, as measured from SEM images in Fig. 1 (d). Nanowire height is reasonably
uniform, however the diameter exhibits non-uniformity with a distribution width of 11%. The
arcs are positioned very close together to showcase the potential of using nanowire photonic
crystals for high-density integration of multiwavelength telecom lasers.

3. Simulation results

To study the resonant properties of curved nanowire cavities, 3D FDTD simulations were
performed using the Ansys Lumerical software. The nanowire array was meshed using a
conformal mesh method with a minimum accuracy of 18 mesh points per wavelength. This is
sufficient resolution, as increasing the mesh accuracy further does not change the results. The
simulation region boundaries used PML boundary conditions on all sides, which were placed far
enough away from the structure to not couple to the resonant cavity. To calculate the Q factors,
we used the slope of the envelope of the decaying signal, computed using the high-Q monitor
provided by Lumerical FDTD.

First, we simulated the full nanowire array structure corresponding to our fabricated structure
(Fig. 1). Figure 2(a) shows the electric field profile of resonant modes taken at the plane half the
height of the nanowires, indicating increasing resonant wavelength from arc 2 (1295 nm) to arc 6
(1340 nm). Here, the increase of resonant wavelength is due to the increase of both the spacing
between nanowires and the cavity size defined by their arc length.

Fig. 2. FDTD simulation results showing (a) the electric field magnitude taken at a cross
section through the middle of the nanowires at the resonant frequencies, (b) the normalized
resonances of each individual nanowire arc, (c) the relationship between Q factor and the
radius of curvature of an arc along with representative E-field mode profiles and a dashed
line indicating the Q factor value of a straight nanobeam, and (d) an inset showing Q factor
oscillations in greater detail.

To understand the origin of the resonances, additional 3D FDTD simulations were carried out
for each individual arc separately and the simulated spectra are shown in Fig. 2(b). Interestingly,
the resonant wavelengths from arc 1 to arc 6 shows excellent agreement with the resonance
frequencies of the full array structure in Fig. 2(a). This suggests that the interactions between
resonant modes in arcs are very small and the radiation from non-active arcs can be negligible
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Fig. 3. Far field emission simulations of the full structure at a representative wavelength of
1318 nm. (a) diagram showing the free space emission of the structure, (b) Poynting vector
map overlayed over the |E| field showing the emission direction, (c) polar plot of the far field
emission in the vertical (+z) direction and (d) polar plot of the far field emission in-plane
(+y).

when one of the modes is lasing. This can be understood from the weak electric field profiles in
non-active arcs in Fig. 2(a). Note that arc 1 could not form a visible resonant mode in the full
array structure because it has very low Q factor, as manifested by the broad peak, due to its short
cavity length. While arcs 2, 3 and 4 show single mode resonances, arcs 5 and 6 show multimode
resonances due to their larger arc length.

Next, we look at the effect of the radius of curvature on the Q factor by simulating a single
curved array with different radius of curvature values. We keep all other parameters the same
including nanowire number, nanowire dimension, spacing and cavity length. Note that for the
data set shown in Fig. 2(c), all simulations were done in two dimensions due to computational
constraints. Although this 2D FDTD simulation setup eliminates the vertical loss both into
the substrate and the air leading to a constant increase in the Q factor for all radius values, the
couplings between the nanowires are well described. As one can expect, the curvature of the
array has negligible impact on the lateral losses at large bending radii resulting in the Q factor
very close to that of a straight array. Interestingly, in the opposite limit when value of bending
radius is very small, the Q factor increases significantly due to the coupling between the fields at
both ends of the array. The curved array eventually bends into a full circle which acts similarly to
a micro-ring leading to very large Q factors. The oscillating behavior at small bending radius
around 1-3 µm, shown in Fig. 2(d), can be correlated to distance between the two ends of the
array. The coherent laser light exits the structure through the ends of the arrays, as shown in
Fig. 3 (b). At smaller values of radius of curvature, the two ends will be close enough to each
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other to be coupled together. Light exiting one end of the array can then be absorbed by the other
end and recycled. As the emitted light is coherent, the distance between the two ends determines
whether the absorbing end lies at a node or antinode of the emitted wave. If the absorbing end is
placed at an antinode, the coupling strength between the ends of the array will be higher. If the
absorbing end is placed at a node, the coupling strength will be lower. As the distance between
the ends changes due to the change in radius in curvature, the ends go through peaks and troughs,
causing the coupling, and thus the Q factor to oscillate.

A complete nanowire microring circle has been simulated to have a Q factor on the order of
105. This resistance to bending losses showcases the ability of nanowire arrays to be bent into
shapes similar to their hole-based PhC counterparts for applications such as microring lasers
[21–25]. Although the Q factors for curved arrays are low compared to a full circle, they could
be greatly improved by including nanowire-based reflectors at the two ends of the beam, tailoring
the spacing between nanowires or decreasing the thickness of Si layer [16–18].

To predict the emission profile of the nanowire array lasers, the free space far field pattern of
the resonant modes was calculated using the 3D FDTD method. First, we can expect the most
of light is emitted from the ends of the nanowire arrays in the lateral direction (XY plane in
Fig. 3(a)) similar to straight nanobeam lasers [17,18]. This can be seen from the Poynting vector
plot in Fig. 3(b) which shows the power flux of the electromagnetic field is strongest at the ends
of the array. The Poynting vector points tangentially away from the array showing the light is
emitted towards the back of the array, in the+Y direction. There is no field flow towards the
front of the array in the -Y direction, indicating that bending losses are negligible for this radius
of curvature.

Because of the small cavity size, the two output beams have relatively large divergence. In the
far field, the emission from the two ends will overlap and interfere. This is shown in Fig. 3(c)
and (d), where multiple lobes can be seen. Figure 3(c) shows the far field emission as seen from
the top of the array, confirming the preferentially directional emission towards the back of the
array. The in-plane emission is shown in Fig. 3(d) where the same interference pattern can be
seen again. The interference pattern azimuthal divergence angle is approximately 100° and the
polar divergence angle is approximately 20°. Since the two ends of the array are not parallel to
each other, the azimuthal divergence is large. This can be improved by aligning the ends of the
array to point in the same direction, ensuring the emitted beams propagate parallel to each other.
The radius of curvature was found to have a small impact on the polar divergence angle, giving a
tuneability range of between 10°-30°.

4. Experimental results

The optical properties of the curved nanowire array structure have been experimentally measured
using room temperature micro-photoluminescence. Optical excitation was provided by a pulsed
laser (YSL SC-PRO 7 supercontinuum source and AOTF-Pro tunable wavelength filter) with a
100 ps pulse width with a 1 MHz repetition rate at a wavelength of 633 nm. The laser beam was
focused on a 6 µm diameter spot normally incident to the sample using a 50× infinity corrected
objective lens (50X Mitutoyo Plan Apo NIR). The infrared light emitted by the sample was
collected through the same lens and measured using an Acton SpectraPro SP-2750 spectrometer
and a NIRvana 640 InGaAs focal plane array detector. A diagram of the micro-PL setup is shown
in Fig. 4.

To verify the modes we observed match the simulated resonant modes shown in Fig. 2 (a), we
selectively pump the array and measure the lasing threshold. A lower threshold signifies a higher
overlap between the pumping spot and the resonant mode. The results are shown in Fig. 5 (a).
When pumping on the side of the array the threshold is significantly higher, implying that the
resonant mode is confined mainly to the center of the array, as expected from the simulation.
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Fig. 4. Micro-PL experimental setup. The black line represents infrared emission from the
sample. The dotted red line shows the residual pumping laser light that passes through the
dichroic mirror.

Fig. 5. (a) LL curves of the array pumped selectively in the center and on the side of the
cavity, along with images showing the two pumping positions. (b) Lasing spectra of a few
nominally identical nanowire arrays showing common lasing wavelengths.

We have measured eight nominally identical nanowire arrays on the same sample, with their
lasing spectra shown in Fig. 5 (b). Although no device showed lasing from all curved arrays,
five common lasing wavelengths can be identified, suggesting that the lasing mechanism is that
described by simulations. We assign the lasing lines at 1288 nm, 1297 nm, 1305 nm, 1324 nm and
1328 nm to arcs 2, 3, 4, 5 and 6 respectively. Arc 1 is unlikely to lase due to its very low Q factor.
Some lasing lines appear outside of the five common wavelengths. These can be attributed to
other resonant modes introduced by the nanowire nonuniformity.

There is a slight discrepancy between the measured and simulated lasing wavelengths which
can be attributed to experimental factors such as the change in local effective refractive index
due to nonuniformity in nanowire size or in the InGaAs composition, and to simulation related
factors such as imperfect meshing. The jump in wavelength from the first four arcs to the last two
can be explained by the nanowire diameter being slightly larger on the outside of the array. This
is due to the larger diffusion area available for the nanowires to draw precursors from.

The previous simulations have shown arc 1 to be very lossy due to its short cavity length. For
the other arcs, a major factor that can impede lasing is the nonuniformity in the nanowire size
which leads to a decrease of Q factor and increase of the lasing threshold. It’s possible that the
pumping power was not high enough to cause lasing in the less uniform arcs. Moreover, the
position of the outlier nanowire is important, as the impact of the NW on the mode increases
with mode overlap. A single nonuniform nanowire in the center of the array will cause much
more scattering than one placed at the ends.

We continue by analyzing the lasing properties of one representative array in more detail. The
measured emission spectrum from the full nanowire array structure is shown in Fig. 6(a). At low
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pumping powers, the lasing spectrum is single mode around 1305 nm. At increased pumping
power, multiple lasing modes emerge at different lasing thresholds and slope efficiencies. This
difference is likely due to the difference in their Q factors caused by the nonuniform nanowire
diameters. The nanowires show a reasonably uniform gain spectrum around 1300-1330 nm,
which is unlikely to have a noticeable effect on the lasing threshold. The gain spectrum is
broadened by InGaAs compositional changes at the edges of the nanowire [28].

Fig. 6. Optical characterization of a representative nanowire array structure. (a) Power
dependent PL emission showing the evolution of the lasing spectrum. (b) L-L curves of
the three lasing peaks along with linear fits in the above threshold regions. (c) Near field
emission of the array before and after the lasing threshold, showing characteristic interference
patterns, along with a transparent SEM overlay of the array structure. (d) Peak wavelength
as a function of pumping power along with fits in the above threshold region. The hollow
markers represent data points below the threshold.

The L-L curves of the three lasing peaks are shown in Fig. 6(b). A threshold power density
of 157 µJ/cm2 is extracted for arc 4. Arcs 5 and 6 show thresholds of 347 and 238 µJ/cm2

respectively. These values are in line with other thresholds of III-V nanowire photonic crystal
lasers at room temperature [16,19,26,20]. The Q factor can be approximated using the full
width at half maximum of the lasing peaks immediately after the threshold. This method
overestimates the Q factor, however the comparison between different arc is still meaningful.
From the measurement, arcs 4, 5 and 6 have Q factors of 2311, 1114 and 1407 respectively. The
Q factor is well correlated with the lasing threshold for each arc, showing the importance of
nanowire uniformity.

Figure 6(c) shows the near field emission images captured by the InGaAs focal plane array
detector at below and above lasing thresholds. We observe that the speckle pattern is oriented
towards the back of the array, indicating that light is preferentially emitted towards the back
of the array. This agrees with the results of the simulations presented in Fig. 3. The lasers
show good wavelength stability with no mode hopping at increased pumping powers as seen in
Fig. 6(d). The slight redshift can be attributed to the self-heating of the laser causing a change
in the effective refractive index of the cavity. Both the refractive index of the nanowire, and
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the nanowire diameter increase with temperature, leading to an increase in wavelength. The
refractive index dependence on temperature is two orders of magnitude higher than the thermal
expansion index, indicating that refractive index change is the main redshift mechanism.

5. Conclusion

In conclusion, we have presented both simulation and experimental studies of curved nanowire
array lasers made of InGaAs nanowires directly grown on silicon-on-insulator substrates. The
FDTD simulations show minimal change of the Q factor due to cavity bending, which paves the
way for arbitrary cavity shapes with high Q factors. The properties of the emitted beam were
simulated, showing an interference pattern in the far field due to the high divergence. With the
curved cavity, we have demonstrated room-temperature lasing at telecom O-band wavelengths
with a laser threshold of 157µJ/cm2. For future development of such lasers, improvements in the
epitaxy procedure are needed to increase nanowire uniformity. These results thus highlight the
potential of using nanowires for ultra-compact photonic crystal lasers with novel geometries.
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