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Nanostructuring Multilayer Hyperbolic Metamaterials
for Ultrafast and Bright Green InGaN Quantum Wells

Dylan Lu, Haoliang Qian, Kangwei Wang, Hao Shen, Feifei Wei, Yunfeng Jiang,

Eric E. Fullerton, Paul K. L. Yu, and Zhaowei Liu*

Semiconductor quantum well (QW) light-emitting diodes (LEDs) have limited
temporal modulation bandwidth of a few hundred MHz due to the long carrier
recombination lifetime. Material doping and structure engineering typically
leads to incremental change in the carrier recombination rate, whereas the
plasmonic-based Purcell effect enables dramatic improvement for modulation
frequency beyond the GHz limit. By stacking Ag-Si multilayers, the resulting
hyperbolic metamaterials (HMMs) have shown tunability in the plasmonic
density of states for enhancing light emission at various wavelengths. Here,
nanopatterned Ag-Si multilayer HMMs are utilized for enhancing spontaneous
carrier recombination rates in InGaN/GaN QWs. An enhancement of close to
160-fold is achieved in the spontaneous recombination rate across a broadband
of working wavelengths accompanied by over tenfold enhancement in the

QW peak emission intensity, thanks to the outcoupling of dominating HMM
modes. The integration of nanopatterned HMMs with InGaN QWs will lead

efficiency especially in the green wave-
length region.’! Besides, the intrinsic
long carrier recombination lifetime in the
QW heterostructures has also limited the
modulation bandwidth of LEDs to a few
hundred MHz, which can barely meet
today’s rapidly increasing requirement
for high-speed data transmission.?® In
order to improve the performance of QW
LEDs, significant effort has been made to
enhance the spontaneous carrier recom-
bination rate in IlI-nitride QWs and their
radiative efficiency by material doping and
lattice structure engineering yet resulted
in a low rate enhancement and a modula-
tion bandwidth below the GHz range./”*!
Higher dopant concentration in the active

to ultrafast and bright QW LEDs with a 3 dB modulation bandwidth beyond
100 GHz for applications in high-speed optoelectronic devices, optical wireless

communications, and light-fidelity networks.

Since the first demonstration decades ago, semiconductor-
based light-emitting diodes (LEDs) have shown superiority
in low energy consumption and environmental friendliness
for new light source, optical communication, and display.
With the introduction of Ill-nitride compound semiconduc-
tors,l quantum well (QW)-based LEDs nowadays cover var-
ious emission wavelengths from UV to infrared.! Despite
these advances, it has not completely fulfilled its promise as
an energy-saving alternative due to its relatively low quantum
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region generally leads to severe reduction
in the quantum efficiency.!

To achieve modulation frequency
beyond GHz, the Purcell effect has been
increasingly utilized through the interac-
tion between QW emitters and their local electromagnetic envi-
ronment.l”! By resonantly coupling to surface plasmons, spon-
taneous emission from III-nitride QWs is strongly modified in
the vicinity of plasmonic nanostructures due to local electric-
field enhancement.'%) However, since limited metals are avail-
able in nature, misalignment of the emission wavelengths with
plasmonic resonances results in low enhancement, giving rise
to a few narrow bands of working frequencies.'!l This limita-
tion in plasmonic materials has recently been overcome by the
emergence of metamaterials, which exhibit designable mate-
rial properties for imaging and device applications.[?l By real-
izing hyperbolic dispersion relation, hyperbolic metamaterials
(HMMs) made of alternating multilayers have shown the tun-
ability in plasmonic density of states!!3] and have already been
utilized for significantly advancing molecular emitters.[11¢
Assisted by the nanostructure outcoupling of dominating HMM
plasmonic modes, both spontaneous emission rate and far-field
radiative intensity in molecules have been improved.['>-7]

In this work, we experimentally demonstrate the ultrafast
InGaN/GaN QWs with strongly enhanced emission intensity
at the green emission wavelength region by utilizing broad-
band Purcell enhancement in nanopatterned Ag-Si multilayer
HMMs. With well-designed volumetric filling ratio of compo-
sitions, Ag-Si multilayer HMMs align the dominating HMM
plasmonic modes with the QW emission at green wavelength
which significantly enhances the QW recombination rate
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through the Purcell effect. Nanostructuring HMMs outcouples
the high-wavevector HMM modes to the far field for improved
emission intensity. A close to 160-fold spontaneous emission
rate enhancement has been achieved on the nanopatterned
HMM-enhanced InGaN QWs across a broadband working
wavelength corresponding to a 3 dB modulation speed of about
10.6 GHz. Simultaneously, over tenfold enhancement in QW
peak emission intensity was obtained by the nanopatterned
HMM. An ultrafast and bright QW LED with a 3 dB modula-
tion bandwidth beyond 100 GHz will be potentially achievable
by integrating QWs with such nanopatterned HMMs, leading
to new applications in high-speed optoelectronic devices, optical
wireless communications, and light-fidelity (Li-Fi) networks.
Figure 1 shows the schematic configuration of QW-based LED
enhanced by placing a 2D nanopatterned Ag-Si multilayer HMMs
close to the vicinity of the QW emitting layers. The QW LED
was grown on a double-side polished sapphire substrate (see the
Experimental Section and Figure S1, Supporting Information).
As indicated by the bright-field transmission electron microscopy
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(TEM) image, the active emitting layer consists of three InGaN/
GaN QWs with a total thickness of about 30 nm (Figure 1c,d).
Optical photoluminescence measurement on the as-grown QW
LEDs identifies a QW emission at the green wavelength of 520 nm
with a bandwidth of about 36 nm (see the Experimental Sec-
tion and Figure S2, Supporting Information). Multilayer HMMs
made of alternating layers of Ag and Si were sputtered onto the
top surface of QWs with well-controlled thickness and volumetric
filling ratio before nanopatterns were inscribed into the HMMs
by focused ion beam (FIB) milling (see the Experimental Sec-
tion). A spacer distance of about 8 nm was kept between the
plasmonic structures and the first layer of QWs. TEM images
show one HMM with a thickness period of about 15 nm
and Ag ratio =83%. Different ratios were also fabricated with
tunable working wavelength as confirmed by the transmission
measurement (see Figure S3, Supporting Information). Higher
Ag ratio results in blueshift in the plasmonic enhancement wave-
length as well as less transmission through the multilayer HMMs.
A square lattice was milled into the multilayer HMMs forming

Figure 1. Nanopatterned multilayer HMM enhanced InGaN QWs: a) Schematic configuration of a 2D nanopatterned Ag-Si multilayer HMM on top
of an InGaN QW LED. The multilayers consist of Ag-Si stacks with a thickness period of 15 nm and five periods in total in addition to the capping
5 nm Si layer. The volumetric filling ratio of Ag and Si is calibrated and controlled during the growth process. Nanocube array patterns are formed in the
multilayers by FIB milling with a period a and length L. The InGaN QW LED has three pairs of InGaN/GaN QWs with a total thickness of about 30 nm.
The top-capping GaN barrier layer (=8 nm) serves as the spacer. b) Perspective-view SEM image of one of the fabricated nanopatterned HMMs (period
a =200 nm; length L =120 nm). Inset: Top-view SEM image of the nanocube arrays. c) Bright-field TEM image of the cross-sections of Ag-Si multilayer
HMMs on InGaN QWs, showing well-formed periodic lattice structures. In the HMM, the white color corresponds to Si and the black color corresponds
to Ag. d) Zoom-in bright-field TEM image corresponding to the red dashed square in (c) with the color schematics mapping the material composi-
tion. The thickness for Ag and Si are =12.4 nm and =2.6 nm, respectively, forming a =83% volumetric filling ratio. The thick Pt forms a protection
layer for FIB cross-sectioning and TEM imaging.
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2D HMM nanocube arrays with a spatial period of 200 nm
right on the QWs as shown in the scanning electron microscopy
(SEM) image in Figure 1b.

The strong interaction between QW emission and nearby
nanopatterned HMMs is enabled as the emission wavelength
approaches the plasmonic resonance of the HMMs. Large plas-
monic density of states in HMMs induces dramatic Purcell
enhancement in the QW light emission process. To understand
such interaction, a theoretical calculation of the Purcell factor
based on the modified theory of dipole interaction with metallic
substrates was carried out for the QW system by modeling the
spontaneous emission from QWs as individual dipoles (see Sec-
tion S1, Supporting Information).l'¥! Figure 2a— shows the Pur-
cell interaction of a QW dipole emitter with a uniform Ag-Si
multilayer HMM separated at a distance d along z-axis. The multi-
layer HMMs consist of 11 alternating layers of Ag and Si with a
thickness period of 15 nm and the bottom Si layer near the QW
emitters. Compared to the fixed Purcell enhancement at 440 nm
using pure Ag, multilayer HMMs shift to longer wavelengths by
gradually decreasing the Ag volumetric filling ratio, which agree
well with the characterization of fabricated multilayer HMMs (see
Figure S3, Supporting Information). A 83% of Ag in the HMMs
was selected for the InGaN/GaN QWs as the resulting Purcell
enhancement aligns with the green QW emission wavelengths.

www.advmat.de

Such Purcell interaction also strongly depends on the distance d
between the QW emitters and the HMMs. Figure 2c indicates the
dramatically increased Purcell factor from ninefold to about 170-
fold as QW emitters approaches the HMM from 25 to 8 nm. Cor-
responding radiative enhancement stays moderate and decreases
slightly near the peak Purcell enhancement at 527 nm. A complete
study of Purcell interaction dependence on d further confirms the
exponential decay of the Purcell factor at d < 30 nm before con-
verging to negligible plasmonic interaction, whereas the radia-
tive enhancement is periodically oscillating in front of the HMM
surface with a maximum of 3.5-fold enhancement which reflects
the wave interference nature of the Purcell effect (see Figure S4,
Supporting Information).

The moderate radiative enhancement near the uniform multi-
layer HMMs can be improved by outcoupling the HMM plas-
monic modes.['>! An outcoupling nanopattern with a square lat-
tice of period a and HMM nanocube size L was designed into the
uniform multilayer HMMs near the QW emitters (Figure 2d).
The plasmonic modes supported by the uniform HMM typi-
cally have wavevectors much larger than that of free-space
photons, which prevents the propagation of such modes into
the far field. The lattice wavevectors of the HMM nanocube
array compensate such wavevector mismatch, resulting in effi-
cient outcoupling of the plasmonic modes to radiative photons.
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Figure 2. Theoretical study of Purcell enhancement of InGaN QW:s by uniform and nanopatterned multilayer HMMs: a) Schematics of a uniform Ag-Si
multilayer HMM on top of an InGaN QW substrate with a QW dipole emitter separated a distance of d from the HMM along z-axis. The multilayers
consist of five pairs of Ag-Si stacks with a thickness period of 15 nm plus a capping 5 nm Si layer. b) Tunable Purcell factor for an isotropically polarized
QW dipole emitter located d = 8 nm below the uniform Ag-Si multilayer HMM with different volumetric filling ratios of Ag and Si. The label provides
the filling ratios of Ag. c) Purcell factor (solid lines) and radiative enhancement (dashed lines) for an isotropic QW dipole emitter located at different
distances below the uniform Ag-Si multilayer HMM with an Ag filling ratio of 83%. d) Schematics of one unit cell of a nanopatterned Ag-Si multilayer
HMM on top of an InGaN QW substrate with a QW dipole emitter at a distance of d =8 nm. The nanopatterned HMM has an array period of a=200 nm
and length of L = 100 nm. Red dashed square shows dipole locations in the x—y plane viewed from the QW side. Coordinates for locations 1, 2, and 3
are (x, y) = (0 nm, 0 nm), (40 nm, 40 nm), and (50 nm, 0 nm), respectively. e,f) Purcell factor (e) and radiative enhancement (f) corresponding to the
isotropic QW dipoles at locations indicated in (d). Black dashed line corresponds to the uniform HMM case.
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The interaction between QW dipole emitters and HMM nano-
patterns with different periods was modeled and calculated
using 3D full-wave simulation (see Section S1 and Figure S5,
Supporting Information). While the Purcell factor keeps rela-
tively constant for different periods, the radiative enhance-
ment dramatically increases for smaller pattern periods and
reaches a maximum at 200 nm which provides the best out-
coupling efficiency and compatibility with practical fabrication.
For a period of 200 nm, the Purcell enhancement was further
mapped spatially in the x-y plane at d = 8 nm with peak per-
formance at three locations provided in Figure 2e,f. QW emit-
ters at location 1 have a similar wavelength-dependent Purcell
factor to uniform HMMs with a peak enhancement of about
170-fold at the wavelength of 527 nm. However, corresponding
radiative enhancement has been improved to sixfold thanks to
the outcoupling of HMM plasmonic modes. Supported by dif-
ferent plasmonic modes in the HMM nanocubes, Purcell fac-
tors at locations 2 and 3 get redshifted to the 550 and 600 nm
wavelengths, respectively, with preserved two orders of magni-
tude enhancement. Their radiative enhancement has also been
increased to more than tenfold. Incorporation of nanopatterns
into the HMMs dramatically broadens the working wavelength
of Purcell enhancement, resulting in an ultrafast and bright
QW across a broad visible wavelength range. These theoretical
results only account for the representative interaction of indi-
vidual QW dipole emitters with the HMMs, whereas in practical
samples such interaction includes a collective contribution from
dipole emitters in all three QWs at various
positions to the HMMs.

The dynamic interaction of InGaN QWs
with nanopatterned multilayer HMMs
was experimentally characterized by time-
resolved photoluminescence in a two-photon
microscope (see the Experimental Section
and Figure S6, Supporting Information).
Figure 3a shows the measured time-resolved
photoluminescence decay curves (open cir-
cles) at the wavelength of 527 nm, with peak
counts normalized to unity, corresponding to
the green InGaN QWs coated with uniform
or nanopatterned Ag-Si multilayer HMMs
whose morphology is given in Figure 1. As-
grown green InGaN QWs were found to have 1024
a lifetime of about 10.2 ns, which fits well °
with a single exponential decay (solid black o
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recombination for QWs near the uniform HMM was found to
have a fast and slow decay at 1/2.2 and 1/2.6 ns™}, respectively.
Thanks to the nanopattern outcoupling of high-wavevector
plasmonic modes, the nanopatterned HMM can further
enhance the QW recombination rate by totally 157-fold as com-
pared with only fivefold for the uniform HMM. Such nano-
structure outcoupling not only makes the fast-recombining
channel accessible in the far field but also leads to significantly
increased photoluminescence peak intensity (see Figure S7,
Supporting Information). Instead of merely 2.4-fold peak inten-
sity improvement in the uniform HMM, an about tenfold
enhancement in QW peak emission intensity was simultane-
ously achieved in the nanopatterned HMM. The incorporation
of nanopatterned HMMs with InGaN QWs realized an ultrafast
plasmonic enhanced QW LEDs for high-speed direct modu-
lation with a maximum 3 dB modulation frequency of about
10.6 GHz, which is greatly improved from the corresponding
68 MHz of an as-grown InGaN QW LED (see Section S2, Sup-
porting Information). High-speed modulation beyond 100 GHz
is achievable if combining such nanopatterned HMMs with as-
grown QW LEDs that have a modulation bandwidth larger than
700 MHz (see Section S2, Supporting Information).

The spatial dependence of time-resolved photoluminescence
of InGaN QWs has been mapped experimentally by scanning
the excitation laser spot across the area with uniform and nano-
patterned multilayer HMMs (see the Experimental Section).
Figure 3b-d shows the spatial mapping of recombination
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line). Compared to the slow single-exponen- 0
tial decay in as-grown QWs, the Purcell inter-
action with multilayer HMMs dramatically
enhances the QW recombination rate which
can be interpreted as the collective responses
of multi-QWs after a multiexponential decay
fitting.[>) For the nanopatterned HMM with
a period of 200 nm, the QW photolumines-
cence decays initially at a fast recombination
rate of 1/65 ps~!, which is dominated by the
QW closest and strongly coupled to the nano-
patterns, before reducing to 1/2.5 ns™! which
is mainly contributed by the QW farthest
from the HMM."! In comparison, carrier
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Figure 3. Experimental measurements of time-resolved photoluminescence for InGaN QWs
with different sample configurations: a) Time-resolved photoluminescence measurement for
as-grown InGaN QWs (black open circles), QWs with uniform Ag-Si multilayer HMMs (green
open circles), and with nanopatterned HMMs (red open circles) after being normalized to
the maximum of individual curves observed at an emission wavelength of 527 nm with a
bandwidth of 16 nm. Nanocube array period, 200 nm. Corresponding theoretical fit curves
in solid lines explain well the spontaneous photoluminescence behavior in the time domain.
b—d) Spatial mapping of spontaneous recombination lifetime (b), Purcell factor (c), and peak
emission intensity enhancement (d) of InGaN QWs with an Ag-Si multilayer HMM at the emis-
sion wavelength of 527 nm with a bandwidth of 16 nm. The white dashed square outlines the
nanopatterned region. Purcell factor and peak emission intensity enhancement are compared
with as-grown InGaN QWs.
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lifetime of InGaN QWs near the HMMs and its corresponding
Purcell factor and peak emission intensity enhancement at the
emission wavelength of 527 nm, where the dashed white line
separates the region with a nanopatterned HMM from the rest
uniform area. The nanopatterned HMM uniformly enhances
the QW recombination rate to about 1/65 ps™ whereas it stays
slow near a uniform HMM. The corresponding Purcell factor
reaches over two orders of magnitude in the nanopatterned
region with over tenfold peak emission intensity enhancement
compared to as-grown QWs, yet there are only a small improve-
ment in the uniform HMM region. The nanopatterned HMMs
makes the QWs much faster and brighter than the as-grown
QWs or those with uniform HMMs.

To better understand the dynamics of the Purcell interaction
between InGaN QWs and HMMs, wavelength-dependent time-
resolved photoluminescence measurement was carried out with
photon emissions selectively recorded over a range of specific
wavelengths with the aid of a monochromator (see the Experi-
mental Section). Figure 4a—c shows the wavelength scanning
for time-resolved photoluminescence across a broad range of
about 100 nm for as-grown InGaN QWs and those with uniform
and nanopatterned multilayer HMMs. The recombination rate
of InGaN QWs was strongly enhanced by the nanopatterned
HMM in a broad wavelength range with significantly improved
peak emission intensity. A quantitative comparison between
these three types of samples is provided in Figure 4d—f with
the extracted spectra of lifetime (Figure 4d) and corresponding
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peak emission intensity (Figure 4e). Unlike the constantly long
recombination lifetime near 10 ns for as-grown InGaN QWs,
nanopatterned HMMs have dramatically reduced lifetime to
<70 ps in a 100 nm wavelength range, which is far more effec-
tive than using uniform HMMs whose lifetime is only reduced
to a few ns. The Purcell factor obtained from this measurement
indicates more than 110-fold recombination rate enhancement
by the nanopatterning in the broad wavelength range as com-
pared to less than sevenfold by the uniform HMMs (Figure 4f).
Besides, peak emission intensity for the QWs with nanopat-
terned HMM has also been increased by one to two orders of
magnitude in the same detection wavelengths instead of less
than threefold enhancement in the uniform HMMs (Figure 4f).
Such broadband ultrafast and bright InGaN QWs have been
made possible by the multimode plasmonic responses from the
nanopatterned multilayer HMMs (see Figure 2).

In summary, we have demonstrated an ultrafast and bright
green InGaN QW LED enhanced by nanostructuring Ag-Si
multilayer HMMs. The nanopatterned HMMs support strong
Purcell enhancement near the QW emission wavelength and
outcouple multiple plasmonic modes, resulting in more than
two order-of-magnitude enhancement in the QW recombina-
tion rate across a broadband of wavelengths with simultane-
ously more than tenfold emission intensity improvement
when compared to only a few times change by HMMs alone.
A high-speed 3 dB modulation bandwidth beyond 100 GHz
will be possible by integrating such nanopatterned HMMs into

104
ao 2000 b o 5000 € O — ¥
1500 2 1000 o5 15
2 £y 3000 &
@ 1000 o o 1 1
= & 2000 £
500 1000 1.5 0.5
0 0 2 0
500 520 540 560 580 500 520 540 560 580 500 520 540 560 580
Wavelength (nm) Wavelength (nm) Wavelength (nm)
; ; . . 20— : ; : ; . : . 10°
d 0y — © 2004 ===QWSs / HMM uniform
=—QWSs / HMM nanopattern
15 1 <
160 - o)
? //’——_—_ < 5 10" 5
-~ [$]
o 14 { = & 1201 c
£ o 101 —aws 1 = < % <
B € —— QWSs / HMM uniform S - Phine 5}
= —Ws 8 = QWSs / HMM nanopattern a 80+ N o - L 10" _5
—— QWSs / HMM uniform 51 3
0.14 —— QWSs / HMM nanopattern | 40~ - _ . -O? - uEJ
=1 o . | ' . ,

520 540 560
Wavelength (nm)

500 580 500 520

Wavelength (nm)

T T T 10
520 540 560 580

Wavelength (nm)

540 560 580 500

Figure 4. Wavelength-dependent time-resolved photoluminescence for InGaN QWs with different sample configurations: a—c) Wavelength scanning for
time-resolved photoluminescence from the wavelength 485 to 580 nm for as-grown InGaN QWs (a), QWs with uniform (b) and nanopatterned Ag-Si
multilayer HMMs (c). The intensity corresponds to the photon counts. d,e) Wavelength-dependent recombination lifetime and photon counts at the
peak intensity extracted from results in (a)—(c). f) Wavelength spectra of Purcell factor (solid lines) and peak emission enhancement (dashed lines) for
QWSs with uniform (black lines) and nanopatterned (red lines) Ag-Si multilayer HMMs, as compared with as-grown InGaN QWs.
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QW LEDs. Combined with the nanopattern transfer technology
with further development in the control of unit cell size,'”! it is
promising to scale up the metamaterial-enabled ultrafast LEDs
for practical large-area device applications. This type of nano-
patterned HMMs can also be applied to LEDs emitting at other
wavelengths and with different emitting materials and dimen-
sionality, paving the way for the integration with electrically
injected LEDs in the future.

Experimental Section

Growth of InGaN QWs: InGaN/GaN multi-QW LED wafers were
grown using a metal organic chemical vapor deposition system
(Thomas Swan close-coupled showerhead 3 x 2”). 2-inch double-side
polished c-sapphire wafers were used as the substrates. Traditional low-
temperature (530 °C) GaN nucleation layer method was used followed
by high-temperature (HT, 1040 °C) GaN buffer layer for the material
growth.?% Subsequently a 1.1 um HT n*-GaN (n = 5 x 10'® cm™), and
three periods of InGaN/GaN multi-QWs were grown. The multi-QWs
were grown at temperatures of 675 and 840 °C for InGaN wells
(growth thickness 2 nm) and GaN barriers (growth thickness 10 nm),
respectively. The top-capping GaN barrier layer serves as the spacer.

Fabrication of Nanopatterned Multilaper HMMs: Ag-Si multilayers,
composed of five pairs of Ag and Si layers with a 5 nm thick capping Si
layer, were prepared by alternatively d.c. magnetron sputtering Si and Ag
layers onto the top surface of InGaN/GaN QW LED substrates at room
temperature. Sputtering rates for Ag and Si at 50 W (=2.5 W cm™2) were
1.6 and 0.3 A s, respectively, as determined by low-angle X-ray reflectivity
measurements of calibration sample film thicknesses. The 5 nm capping
layer helps prevent Ag oxidation. The base pressure of the chamber
was 5 x 1078 torr and the Ar pressure was fixed at 2.7 mtorr. The period
thickness of Ag and Si was fixed at 15 nm with different volumetric ratios
controlled by the growth times and sputtering rates. Nanoscale trenches
were inscribed into the multilayers by FIB milling to form nanocube arrays.

Measurement of Photoluminescence: Photoluminescence spectra
of the InGaN/GaN multi-QW LED samples were measured by a
microspectroscopic system. After excited by a 405 nm continuous-wave
laser, emission from the QWs was collected with an objective of 50x,
numerical aperture (NA) = 0.55 and a long-pass filter (409 nm) before
resolved by a Czerny—Turner spectrograph (Andor Shamrock 303i). The
spectrograph was equipped with a diffraction grating of 150 lines mm™"
and a blaze wavelength at 500 nm, and a charge coupled device (CCD)
camera (Andor Newton CCD). A dichroic beamsplitter (405 nm) was
also used to block the detection of laser light.

Measurement of Time-Resolved Photoluminescence: The recombination
rate and lifetime of the InGaN QWs with various HMM samples
were measured by time-resolved photoluminescence in a two-photon
microscopy system. A Ti:Sapphire laser system (Spectra-Physics Mai Tai)
with a pulse width of less than 100 fs and a repetition rate of 80 MHz
was applied to excite the QWs, from the sapphire substrate side of the
InGaN QW wafer, at an excitation wavelength of 800 nm. A dichroic
short-pass beamsplitter (690 nm) was used to block the laser light from
the detection. The photoluminescence signal was collected by a 20x
objective with 0.45 numerical aperture and filtered by a series of optical
components to improve the signal to noise ratio, including a short-pass
filter (690 nm), two BG39 glass windows (<600 nm pass), and a pinhole
before entering a monochromator. The monochromator selects the
output wavelength across the visible region with a switchable bandwidth
before the photos are recorded by a Horiba picosecond photon detection
module. A typical collection bandwidth of 16 nm was used for reasonable
photon signal. The spatial mapping of time-resolved photoluminescence
was enabled by scanning the laser spot across the QW sample using
a nanostage controlled by a two-axis electronic controller (Mad City
Labs Inc. Nano-Drive 85). A step size of 1 um was used with a 10 ms
delay and 10 s dwell time at each pixel.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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