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ABSTRACT

In this work we demonstrate room temperature lasing from core-shell nanowires consisting of a radial InGaAs quantum well as the active
material. The nanowires with the GaAs/InGaAs/InGaP quantum well structures are arranged in a deformed honeycomb lattice, forming a
photonic crystal surface emitting laser (PCSEL). We demonstrate lasing from devices with three different nanowire diameters from unde-
formed, stretched, and compressed honeycomb lattices. Under optical pumping we show that the PCSEL lases at the wavelength of 966 nm
(stretched pattern), with the lasing threshold of 103 xJ/cm?. The lasing wavelength increases as the nanowire diameter increases. Combining
photoluminescence results and numerical simulations on the field profile and the quality factors of the devices, we establish that the lasing of
the device is from the radial quantum well structure.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0237589

Nanowires can be used to make efficient laser sources for pho-
tonic integrated circuits applications.'” Growing nanowires on silicon
avoids any threading dislocations,”” thanks to the lateral relaxation of
strain facilitated by reduced contact area between the nanowire and
the silicon substrate.”” Introducing quantum confinement in the
nanowires can enhance radiative recombination and make the result-
ing device even more energy efficient.” Quantum confinement in
nanowires can be achieved in either radial or axial direction. Using
vapor liquid solid (VLS) method,”"” multiple quantum disks in nano-
wires'"'* were used to achieve quantum confinement in the axial
direction where telecom band lasing was realized. Quantum confine-
ment in the radial direction was also demonstrated by using quantum
wells as the gain material, with the nanowires having a core-shell/core-
multi shell structure.'” ° However, the VLS method lacks precise con-
trol of the nanowire growth position and it is challenging to achieve
high yield necessary for photonic crystal lasers. Catalyst free selective
area epitaxy (SAE) via metal organic chemical vapor deposition
(MOCVD) can circumvent these issues and enable nanowire photonic
crystal arrays with versatile geometries."”** Using this method, band
edge photonic crystal lasers using the M point for emission were dem-
onstrated.””* Although nanowires grown by SAE often deploy a shell
for surface passivation purpose,” ~* achieving strained quantum wells
in the radial direction is very challenging. In this work, we demonstrate
photonic crystal surface emitting laser (PCSEL) using quantum well

nanowires grown by SAE MOCVD method. The nanowires have a
core-shell structure formed by a GaAs/InGaAs/InGaP radial quan-
tum well. Although some nanowire based PCSELs have already been
demonstrated,”” ™ to date there have been very few reports of nano-
wire PCSELs using radial quantum wells as the gain medium for
lasing.

The nanowires in this work are grown on (111) oriented silicon-
on-insulator (SOI) substrates using an AIXTRON close-coupled
showerhead MOCVD system. To fabricate the nanohole pattern for
subsequent SAE, a 20 nm layer of SiN mask was first deposited using
plasma enhanced chemical vapor deposition (PECVD). Electron beam
lithography and selective etching of the SiN mask was performed to
expose the silicon underneath the SiN mask as shown in Fig. 1(a).
Before growth, the patterned sample was cleaned using diluted hydro-
fluoric acid (HF) to remove any native oxide. The sample was then
immediately transferred to the reactor. The reactor temperature was
ramped up to 950 °C to remove any remaining oxide present on the
silicon surface. The growth precursors used were triethylgallium
(TEGa), trimethylindium (TMlIn), tertiarybutylarsine (TBAs), and ter-
tiarybutylphosphine (TBP). The reactor temperature was then reduced
to 794 °C with the V/III ratio of 80 to grow GaAs core to the height of
800 nm on the nanohole location as shown in Fig. 1(b). The growth
temperature was further reduced to 710°C with the V/III ratio of 40
and an In/IIl vapor supply of 40% to grow the InGaAs layer
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FIG. 1. Growth steps of the nanowires: (a)
Nanohole made by electron beam lithog-
raphy on SiN mask; (b) GaAs core grown
on the nanohole; (c) the growth of InGaAs
active material; (d) the growth of the
InGaP passivation shell. () Room tem-
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obtained when the same sample is
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plotted against nanowire diameters show-
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surrounding the GaAs core. The InGaAs grows simultaneously in both
the axial (111) direction and in the radial direction, however, with dif-
ferent indium incorporation efficiency, as shown in Fig. 1(c). Previous
TEM study’’ revealed a lower indium composition in the radial
InGaAs (shown in light green) compared to the axial InGaAs (dark
green). Finally, the reactor temperature was reduced to 660 °C to grow
a 15nm InGaP shell under a V/III ratio of 160 [see Fig. 1(d)]. The I
nGaP shell helps to prevent non radiative recombination on the sur-
face of the nanowire’ by confining the carriers within the active I
nGaAs layer.””*”

Figure 1(e) shows power dependent photoluminescence (PL)
taken at room temperature using a HeNe CW laser (solid lines) and a
pulsed laser (dashed line) as the pumping laser. Under the CW
laser pumping, emission peaks from both the radial and axial
InGaAs regions were observed. At a low pumping power of about
20.77 W/cm?, the stronger PL peak was at 1335nm presumably from
the axial InGaAs region with a smaller bandgap. With the pumping
power increased up to 2077 W/cm?, while the whole PL spectrum blue
shifted because of band filling effect, the PL peak at the shorter wave-
length of 1208 nm becomes more pronounced. This could be attrib-
uted to carrier outflow into the radial InGaAs region with a higher
bandgap. The PL peak wavelengths were therefore used to calculate
the respective indium composition in different regions without consid-
ering quantum well confinement and strain effects. The PL peak wave-
lengths for the axial InGaAs and radial InGaAs were plotted for
different nanowire diameters, as shown in Fig. 1(f). As the nanowire
diameter increases, while the axial InGaAs PL peak remains almost
unchanged, the radial InGaAs PL peak exhibits a red shift. The red
shift can be attributed to either a stronger quantum confinement in
the radial quantum wells or varied indium compositions as the diame-
ter increases. To determine the exact cause, however, further investiga-
tions using transmission electron microscope are needed. When the
same nanowire array which was initially pumped using HeNe CW
laser is pumped using a pulsed laser (repletion rate 1 MHz) whose
peak power is more than three orders of magnitude higher than the

175 180 185

Nanowire diameter (nm)

average power of the CW HeNe laser, a significant blue shift in the PL
is observed as shown in Fig. 1(e) using the dashed red line plot.

Figure 2(a) shows the top-down view SEM picture of GaAs core
nanowire array with an average diameter of 105 nm. The SEM picture
of the complete nanowire structure after growing the InGaAs as well
as the 15 nm InGaP shell is given in Fig. 2(b), showing increased diam-
eter to 168 nm. We therefore derived the InGaAs radial quantum well
thickness to be 16.5 nm, sandwiched between the 15 nm thick InGaP
shell and the GaAs core. The schematic of the cross section below the
nanowire height of 800 nm is shown in Fig. 2(c).

The nanowires are arranged into a honeycomb lattice with the
lattice constant a of 640 nm, diameter of 4, and a side length of the
hexagon R, as shown in Fig. 2(b). The pattern forms a photonic crystal
cavity in which the electromagnetic field oscillates horizontally, with
the wavelength selective optical feedback provided by the band edge at
[-point.”* At the band edge, the group velocity of the light becomes
zero and light is diffracted normal to the photonic crystal plane by first
order Bragg diffraction, leading to surface emission.” Choosing R = £,
the nanowires form a regular hexagon to get undeformed honeycomb
lattice as shown at the center of Fig. 2(e). If we choose R > ¢, the hon-
eycomb within the unit cell becomes stretched as shown on the left of
Fig. 2(e). When R < £, the honeycomb becomes compressed as shown
on the right of Fig. 2(e). To study how the lasing mode of the honey-
comb PCSEL changes when the pattern is deformed from its ideal pat-
tern, we design devices with side lengths of the hexagon R of 230, 200,
and 210nm for the stretched, compressed, and undeformed devices,
respectively. The fractional deformation factor, calculated as the ratio
of the difference between the side lengths of the deformed and unde-
formed lattices to the side length of undeformed lattice, is 9.5% and
4.7% for the stretched and compressed devices respectively.

To understand the nature of the lasing modes which is the
geometry-dependent, wavelength variation, quality factors, and electric
field profiles, numerical simulations were performed on the com-
pressed, stretched, and undeformed devices using the finite-difference
time-domain (FDTD) method with Asys Lumerical FDTD
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FIG. 2. Top view SEM images showing (a) GaAs core nanowire arrays, (b) a zoomed in view of the complete nanowire array after the InGaP shell was grown indicating the
design parameters of the honeycomb PCSEL including the lattice constant a, the diameter of the nanowires d, and the side length of the hexagon R. (c) The schematic of the
cross-section view of the nanowires showing the thickness of each layer and the quantum well structure formed. (d) The SEM picture of the honeycomb nanowire arrays
(PCSEL) used in this work. (e) The undeformed pattern with R = § and stretched (R > ) and compressed (R < §) patterns of the honeycomb PCSEL.

simulations*”*' and guided mode expansion (GME) methods with

Legume."” In addition to the device parameters mentioned earlier, the
simulated devices had the nanowire diameter and height of 168 and
1200 nm, respectively. The FDTD simulation results of the stretched
device show that the resonant mode with the highest quality factor
(Q=1.4 x 10°) is at the wavelength of 984 nm. The top-down view
of the electric field profile of the resonant mode is a hexapole as
shown in Fig. 3(a), which implies the mode could be a band edge
mode. Relating band edge modes in PCSELs with well-defined field
patterns including monopole, dipole, quadrupole, and hexapole field
profiles was also discussed in Ref. 43. The cross-sectional view of the
nanowire showing the field profile of the mode is given on Fig. 3(b).

The field is mostly confined within the GaAs core. For this reason, the
field interacts mostly with the radial InGaAs well surrounding the
core and hence it can use it as the gain material for lasing. The top-
down views of the field profile of the lasing modes for the compressed
and undeformed devices were also found to be hexapole.

The photonic band diagram of the device obtained using the
GME method is shown in Fig. 3(c) using the colors black, blue, and
orange for the stretched, compressed, and undeformed devices respec-
tively. For the stretched device, the lasing band edge has the wave-
length of 984 nm (shown in the inset), matching the wavelength of the
highest quality factor mode presented earlier using the FDTD method.
This mode whose field profile was also determined using the GME
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FIG. 3. (a) Top-down view of the electric
field profile of the highest quality factor
mode for TE polarization calculated by
FDTD simulations. (b) The cross-sectional
view of the nanowires showing the field
profile of the highest quality factor mode.
S (c) Photonic band diagram of the
stretched (black), compressed (blue), and
undeformed (orange) devices. The lasing

0.3f g band edges are the I'-point band edges
° q shown in the inset. (d) Plot of the confine-
0.2} 2 el ment factor for the 25 modes correspond-
o ° g ing to the different bands in the band
= 02 e® oo & oo diagram from the lowest frequency at
g 0 ° o 0.1p— Stretched & ﬂ I"-point
° ° g
O 01F ° oy —— Compresse ==
0.0 it ] leee | 0 Undeformed Wavevector
9% 1015 20 25 O& - M
Mode number Wavevector

Appl. Phys. Lett. 125, 223501 (2024); doi: 10.1063/5.0237589

© Author(s) 2024

125, 223501-3

€0 L€ | $20T 19qWaAON 92


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

pubs.aip.org/aip/apl

FIG. 4. () PL emission spectrum with
varied excitations. (b) The plot of light

Wavelength (nm)

~La | — 19uem?  — 95pd/cm? iy ! b
3 —— 114pdlem?  —— 93pJicm? g 3
St —— 105pdlcm?  —— 71pdicm? —f
2 x0.1 2
o F 2]
2 X 0.05 <k
L -}
CL % ol
1 1 1 1 L 1 1
900 1000 1100 1200 1300 _ 1400 60 80

Power Density (uJ/cm?)

intensity in log scale against pumping
power density (L-L curve). (c) Optical
image showing the light emission below

] !
100 120

g (lefty and above threshold (right). (d)
£ 1020} ¢ = Undeformed Comparison of the lasing wavelength for
= @ Compressed different nanowire diameters for the unde-
D @ Stretched formed, compressed, and stretched
& 1000} devices.
£
g 980 ° )
c ] . :

Below threshold [l Above threshold [EECEEEV S | | ;
= 168 173 177

Nanowire radius (nm)

method as a hexapole has a good field confinement within the nano-
wires, with a high confinement factor of about 40%, the second largest
of all the modes shown in Fig. 3(d). For each mode, the confinement
factor was calculated by taking the sum of the field within the nano-
wires divided by the sum of the field inside and outside the nanowires.
For compressed and undeformed devices, the lasing band edges corre-
spond to the wavelengths of 989 and 1000 nm, respectively.

The stretched honeycomb PCSEL was optically pumped using
the pulsed laser source with a beam spot size with a diameter of 12 um
and a pulse width of 100 ps. The wavelength and the repetition rate
were set to 633nm and 1 MHz, respectively. At low pumping powers
of 70-90 pJ/cm?, only spontaneous emission was observed as shown
in Fig. 4(a). When the pumping power was increased beyond 103 pJ/
cm?, a lasing peak appeared at the wavelength of 966 nm. As the
pumping power is increased beyond the threshold, the intensity of the
lasing peak increases. The full width at half maximum of the lasing
peak is about 3.7 nm. Figure 4(b) shows the light in vs light out (L-L)
curve in log scale. There is a clear threshold at approximately 103
W /cm?. The optical images of the light emission below and above
threshold are shown in Fig. 4(c). Figure 4(d) shows a comparison of
the lasing wavelength for undeformed, compressed, and stretched
devices with different nanowire diameters. For nanowire diameters of
168, 173, and 177 nm, the respective lasing wavelengths are 966, 969,
and 973 nm for stretched devices, 968, 974, and 978 nm for com-
pressed devices, and 1001, 1006, and 1008 nm for undeformed devices.
The undeformed, compressed, and stretched devices all show a linearly
increasing trend in lasing wavelengths with the nanowire diameters.
With a greater fractional deformation factor of 9.5%, the stretched
device exhibits a shorter lasing wavelength as compared to the com-
pressed one (with a fractional deformation factor of 4.7%). This is con-
sistent with theory in which the more the deformation, the lower the
resonance wavelength. The lasing wavelengths agree well with the

simulation results in the inset of the band diagram in Fig. 3(c) where
the compressed device lasing band edge lies in between that of the
stretched and undeformed devices.

In conclusion, we have demonstrated a device that uses radial
quantum well in nanowires as the gain material for lasing. The nano-
wires were grown by MOCVD SAE taking advantage of precise control
of nanowire growth position to achieve a nanowire based PCSEL. This
work thus demonstrates the potential of using the radially quantum
confined nanostructures for energy efficient laser sources integrated on
silicon platform.

This work was supported by Engineering and Physical Sciences
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