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36 A three-dimensional ordered and self-organized semiconductor system emitting highly-
polarized light in the yellow-orange visible range (580-650 nm) is presented, comprising self-
assembled in-plane AlInP wires vertically stacked in regularly-spaced columns. More than
43 200 wires per column without detectable defect formation could be stacked. Theoretical
45 simulations and temperature-dependent photoluminescence provided a benchmark to
47 engineer multilayered structures showing internal quantum efficiency at room temperature
49 larger than comparable quantum wells emitting at similar wavelengths. Finally, proof-of-
concept light emitting diodes (LED) showed a high degree of light polarization and lower
surface parasitic currents than comparable quantum well LEDs, providing an interesting

56 perspective for high-efficiency polarized yellow-orange light emitting devices.
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Light emitting diodes (LEDs) are currently driving innovation in many technological areas,
such as displays for TV/monitors, mobiles and laptops, lighting and automotive, optical
interconnections, logic and sensing.l'4 A key factor for success is the ability to produce light
with high efficiency and with a very small footprint, i.e. fundamental properties compatible
with the demanding requirements of compactness and integrability. As a consequence,
considerable effort has been dedicated to the investigation of novel materials and designs for
LED devices, aiming to improve efficiency, spectral properties and to add integrated

. . 514
functionalities.

However, some fundamental issues in light emitting diode technology are still outstanding.
For instance, semiconductor-based III-V LEDs show a well-known drop in efficiency at
wavelengths in the range of 550-640 nm (yellow-red optical band of the spectrum) in both
nitride-based and phosphorus-based compounds." In III-P compounds this is linked to poor
electron confinement (related to the direct-to-indirect bandgap transition for Al:Ga ratio
above ~53:47% in AlGalnP lattice-matched to GaAs,'® which result in a severe reduction in
the radiative recombination efficiency), while in InGaN materials the increasing In content,
required to shift the emission from blue towards the yellow, introduces a larger number of
structural defects, segregation and strong quantum mechanical Stark effects that seem
unavoidable detrimental factors for optical properties.'®' Moreover, traditional quantum
well LEDs can show a strong reduction in current-to-light conversion efficiency due to non-
radiative recombination paths created by surface states (particularly relevant in LEDs in the
micron size range), a very relevant limiting factor for truly microLED technology
implementation. It should also be added that polarized light emission, critically required in a

22

variety of applications such as LCD screens and environmental lighting,”** is presently

achieved only by additional structures such as gratings, filters and plasmonic nanostructures
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that increase the complexity of the device fabrication and reduce the external quantum

efficiency. "

A viable approach able to mitigate these outstanding issues could be the exploitation of
carrier confinement in low dimensional nanostructures. For instance, epitaxial growth has
been used to self-assemble high density and high crystal quality quantum dots (QDs)
providing high temperature stability and low threshold currents in lasers and LEDs.*'™
Nevertheless this is a paradigm that critically requires no (defect-related) lattice relaxation.
AlGalnP alloys for red emitters do not offer issues in terms of lattice relaxation, as lattice-
matching to GaAs can be constantly maintained while varying the Al content to shift the
emission from red (650 nm for simple InGaP lattice-matched to GaAs) to yellow, maintaining
high crystal quality without any polar crystallographic direction. We observe, on the other
hand, that although the quasi 0-dimensionality of QDs allows maximizing the carrier
quantum confinement, polarized light for surface emission cannot be directly produced due to

a generally high symmetry of the crystallographic structures, as it is also the case in the

traditionally exploited quantum wells.

In this regard, the one-dimensionality of wire-like nanostructures would allow the unique
coexistence of better carrier confinement and spontaneous polarized emission.’* However,
reliable and scalable methods to grow embedded self-assembled wires without pre-patterned

35, 36

templates (such as V-grooves), and with a design optimized for yellow-orange light

emission are, to date, missing.

Here we present a reproducible growth process to realize ordered self-assembled
multilayered in-plane AlInP/AlGalnP quantum wires (SMWRs) grown on a GaAs substrate.
The wires, with lateral size of ~10-25 nm, center-to-center spacing in the growth plane of ~50

nm and a few microns in length, can be organized in vertical columns of up to 200 wires per
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column, and show light emission in the yellow-orange visible range (580-650 nm).
Temperature-dependent photoluminescence spectroscopy alongside a 8-band k-p model
simulations were exploited to unveil the fundamental physical processes in light production,
including the influence of escape processes and band alignments, and to estimate the internal

quantum efficiency (IQE).

We also show that the IQE of a 100 layer SMWR structure can be critically improved by
adding a quantum well (QW) coupled to the SMWR system (QW-SMWR), functioning as a
carrier injector. When compared to a (comparable, but by no means optimized) AlGalnP five
QW structure, the IQE of the QW-SMWR hybrid system outperformed the QW structure in
the entire range of temperature explored (4-300 K), exhibiting up to one order of magnitude
higher internal quantum efficiency (at 100 K). Finally, prototype LED devices were
characterized showing low turn-on voltage, lower surface recombination currents compared
to QW LEDs and highly polarized in-plane light emission. The results obtained from the
QW-SMWR system show great potential in terms of design flexibility and emission
efficiency, opening up interesting perspectives towards development of cryogenic and room

temperature optoelectronic devices.

37-39 .
E commercial

All epitaxial samples discussed were grown in a high purity MOVP
horizontal reactor (AIX 200) at low pressure (80 mbar) with purified N, as carrier gas. The
precursors were trimethylindium (TMIn), trimethylgallium (TMGa), trimethylaluminium
(TMALI), diethylzinc (DEZn) arsine (AsHs), phosphine (PHs3) and disilane (Si;Hg). The
samples’ designs consisted in 100 nm Alg75GagasAs, 100 nm (AlysGag)o.s2Ing 4P followed
by alternating layers of (Alg¢Gaga)os2IngssP barrier and of AliIn; <P (0.15<x<0.30) with

nominal thickness of 3 nm and 0.4 nm respectively. Variation to this design will be described

in the text. All growth temperatures (T) quoted have been estimated by emissivity corrected
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pyrometry. All samples had a homoepitaxial GaAs 100 nm thick buffer grown prior to the
described structure and were capped with 200 nm of (Al sGag2)o.52In0.4sP. Growth conditions
for the AlGalnP layers were: V/III ratio ~630, growth rate ~0.4 nm/s; growth conditions for
the AllnP layers were: V/III ratio 290, growth rate 0.3 nm/s; samples were grown at growth T
of 720 °C on semi-insulating (100) 6° = 0.02° off towards [111] A (unless stated otherwise).
The LED devices were grown on a n-doped GaAs substrate 6° + 0.02° off towards (111) A.
The structure consisted in 100 nm Aly75GagosAs:Si (n~10180m'3), 100 nm
(Alp.sGag2)o.52In9 4P:Si (n~1018cm'3 ) followed by alternating layers of AliIn; 4P and of
(Alp6Gaga)os2Ing4sP, as previously described. All samples had a homoepitaxial GaAs:Si
(n~10"*cm™) 100 nm thick buffer grown prior to the described structure and were finalized
with 100 nm of (AlysGag2)os2Ing4sP, 100 nm of (AlgsGag2)os2lngssP:Zn (n~10"*cm™), 100
nm AllnP:Zn (n~10"%cm™), 10 nm InGaP:Zn (n~10'%cm™) and 10 nm of GaAs:Zn (n~10"%cm’
%). Standard optical lithography, dry-etch and deposition of Ti/Pt/Au (20/30/200 nm) metal
contact on the p-side were used to fabricate the LED devices (further details in the

Supporting Information (SI)).
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Figure 1: AFM images (a) signal amplitude and (b) reconstructed 3D height image of a
single un-capped layer of 0.4 nm (nominal) of Aly,IngsP grown on a 6° off GaAs substrate.
(c) photoluminescence spectra (at 8K) of single capped Alg2InggP/(Aly.6Gaga)o.52In0.45P layer
grown at 620 (light blue dots), 670 (blue dots), 720 (dark blue dots) °C, respectively,
compared to a sample in which (Aly¢Gag4)e.52Inp 43P layers were grown at 720 °C and AllnP
layers at 620 °C (red line). (d) Cross-section TEM of a SMWR with 8 Alg,InggP layers

separated by 10 nm (Aly Gag.4)o.s2Ing 4sP barriers.

Deposition of lattice-mismatched AliIn; P (0.15<x<0.30) on (AlyGaj.y)o.s52In0 43P
(0.3<y<0.90) lattice-matched to GaAs led to spontaneous self-assembled nanostructures via
Stranski—Krastanov growth.40 Although 3 monolayers (ML) of InP on (AlysGag.4)o.s2Ing4sP
deposited at 620 °C resulted in well-defined semi-spherical dots, typically emitting around

~700 nm (see figure S1 in SI), a significant blue-shifted emission can be achieved by Al
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incorporation and reduction of the number of monolayers down to 1-2. Figure 1a-b shows the
surface morphology of a single uncapped layer of 0.4 nm (nominal) of Alg;InggP (grown on
(Alp.6Gag.a)o.s2Ing 4sP) on a 6° off GaAs substrate). The thin layer of material deposited, while
developing elongated features on the surface, did not allow to distinguish between quantum
dot- or dash-like structures or what could be a simple step bunched surface organization as
typically found for MOVPE grown III-V alloys; we note that AlGalnP alloys grown by
MOVPE tend to show only very short range surface organization, unlikely their arsenide and

38,41, 42
InP counterparts.”™ ™

Photoluminescence investigations of samples capped with 200 nm of (Aly¢Gag 4)o.52Ing 4sP
showed that the InP “dot-like” emission was shifted towards shorter wavelengths, around 600
nm. Figure lc shows the PL spectra of three representative samples in which both the
AlgoInggP (0.4 nm) and (AlysGag4)os2Ing4sP layers were grown at the same temperature
(620, 670 and 720 °C, respectively) compared to a reference sample where the Alg,IngsP
layers were grown at 620 °C and the (Aly¢Gaga)osaIngsgP layers at 720 °C. The
(Alp6Gag.4)o.s2Ing 4sP emission showed a blue-shift with increasing growth temperature, as
expected from the reduction of CuPt ordering43 and also a reduction in intensity, possibly
related to closer proximity to the direct-to-indirect bandgap transition. The increasing
temperature also resulted in the Alg,IngsP emission blue-shifting. The broad peak around 630
nm at 620 °C became a narrow emission around 590 nm, suggesting reduced lateral

dimensions and possibly more uniform sizes of the Al ,InggP nanostructures.

The TEM cross section in figure 1d of a multilayer structure including 8
AlgIng gP/(Alg6Gaga)osaIngssP layers (AlGalnP barriers were 10 nm thick) highlights
additional morphological details. The Aly,IngsP layer appears to be not homogeneous in

thickness, showing a tendency to accumulate in specific areas, with some hints of vertical
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coupling of fluctuations, although without a regular organization, either in-plane or out-of-
plane. Nevertheless, the PL spectra acquired in samples with AlgIng gP/(Aly¢Gag.4)o.52In0.45P
layer numbers ( /) ranging from 1 to 8 were all comparable in their emission characteristics
(within our setup reproducibility), thus excluding significant coupling effects in the AllnP
nanostructure morphology and between carrier wavefunctions in different layers (see figure

S1 in SI).
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Figure 2: (a) AFM reconstructed 3D height image of an uncapped SMWR with 20 layers of
0.4 nm (nominal) of Aly,IngsP separated by 3 nm (nominal) of (AlysGag.4)o.s2Ing4sP grown
on a 6° off GaAs substrate. The surface appeared to have RMS below 1 nm and height
variations in range of few hundreds of picometers along the wire. (b) Cross section TEM of a
SMWR with 60 layers, including an (AlysGags)os2IngssP QW on top of the SMWR (wire

direction is perpendicular to the plane). (c) Enlargement of the pedestal of a SMWR column.

The system morphology showed an interesting evolution with increasing number of layers /
when the (AlgGag.a)o.s2Ing4sP barrier was decreased down to 3 nm and / increased to more
than ~20. The surface morphology of the un-capped sample (figure 2a), where 20 Al Ing sP
layers were stacked, and growth finished with the deposition of the last one (without capping
layer), indicated the presence of wire-like ordering with length between 0.5-2 pm and width
around 25 nm elongated orthogonally to the substrate tilt direction. The corresponding TEM
cross section perpendicular to the wire long axis in figures 2b-c shows a highly ordered
system with vertical columns of Aly,InggP wires having a periodicity of around 25 nm.
Notably, the self-organization in columns shows a long-range ordering of microns length
(along the substrate tilt direction), as demonstrated by the low magnification TEM and SEM
pictures showing column arrays without any observable structural defect (see figure S2 in SI).
Moreover, focusing at the bottom of each column, one can observe a pedestal-like structure at
the beginning of the column formation process. Indeed, the first stacked layers are much
more disordered, in agreement with the AFM scan of a single layer, as shown in figure 1a-b.
From the cross-section TEM picture, it can be inferred that the system takes around 20 layers
in order to self-organize in regular spaced columns arising from the vertical correlation of the
in-plane wire formation. We speculate that this organization is fundamentally driven by strain

forces related to the large lattice mismatch between the (AlysGag4)o.s2Ing4gP layer, which is
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lattice-matched to GaAs, and the strained thin Alg,Ing gP layers.40 It is also worth to note that
after the required ~20 layers to reach an organized morphology, the resultant system is very
stable for a further increase of /, allowing growth of samples with up to /=200. We also
observed that multilayered structures resulted in very different morphologies on perfectly
oriented GaAs substrates, and, in general, it was not possible to grow 20 or more layers
without the appearance of evident structural relaxation and a resulting red-shift of the
emission above 700 nm. Accordingly, we speculate that the surface step (bunched)
organization in a 6° off GaAs substrate affects the Alj,IngsP ad-atom incorporation and in-
plane ad-atom mobility and constitutes a key factor for the long-range self-organization of the

AlInP wires (see SI).

We finally observe that while the growth organization here seems unique to this material
system and has no obvious equivalent in the literature, vertical nanostructure organization has

been indeed reported several times in other systems. For early examples see references 44-46.
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Figure 3: (a) 8 K photoluminescence spectrum of a SMWR with 60 layers, peaked at 580
nm. Insert highlights the weak (AlysGag4)os2Ing4sP barrier emission around 545 nm. (b)
Comparison between the photoluminescence spectra at room temperature of SMWRs with 8
(light blue line), 20 (blue line) and 60 (red line) layers. Notably, the 8 layer SMWR did not

show any detectable emission at room temperature.

Figure 3a shows the photoluminescence spectrum at 8 K of a representative sample with
[=60. The small peak around 545 nm can reasonably be attributed to the (Alyp.sGag.4)o s2In9 43P
barrier emission. The weak intensity of this peak was expected due to the indirect nature of
the (AlpsGaga)oszIngssP bandgap ((AlxGajx)oaslngs,P should show a direct-to-indirect
transition at x~0.53). Interestingly, a further increase of the Al content, i.e. further increase of
the indirect bandgap, decreased the Alj,IngsP wire emission (see figure S3 in SI). Such a

photoluminescence quenching was previously reported in AlGaAs and AlGalnP systems and

ACS Paragon Plus Environment
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attributed to an increase of point defects with the Al content in AlGaInP.* On the other
hand, the stronger peak at 580 nm, tunable by varying the Al content in the AlInP compound,
is attributed to the “wire” emission. Moving from 8 K to room temperature the wire emission
was red-shifted by roughly 10-20 nm, comparable to the bandgap renormalization described

by the Varshni equation, and dropped by more than 2 orders of magnitude in intensity.

Figure 3b compares the RT emission of three structures having 8, 20 and 60
AlgaIng sP/(Alp4Gagg)o.s2Ing 4sP layers respectively. Although the SMWR with /=8 did not
show any detectable emission at RT, a drastic increase in intensity by at least two orders of
magnitudes was observed when / was increased from 8 to 20, while a linear trend with the
layer number was found for / >20. This is in agreement with the morphology evolution
described in figure 2, in which around 20 periods were required for self-assembled ordering
in the columnar nanowires to become established. We also noticed, since the morphology of a
multilayer structure with / >20 was very stable, that the room temperature intensity can be
improved by a simple proportional increase of the number / (this has been experimentally

verified up to / =200).
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Figure 4: (a) Temperature dependent normalized integrated intensity. Blue line indicates the
data fit obtained with eq. 1. (b) Theoretical simulation of the expected band alignment in the
growth plane in a 15 nm thick and 2.2 nm tall AlyyInggP wire surrounded by
(Alp6Gaga)os2Ing4sP at 300 K, plotted along a line through the center of the wire, and
perpendicular to the wire axis, and (c) plotted through the center of the wire along the growth
direction. The solid lines depict the bulk band edges, and the dashed lines correspond to the

ground confined states. The vertical and horizontal separation between wires is 1.2 nm and 25

ACS Paragon Plus Environment

13



oNOYTULT D WN =

ACS Photonics

nm, respectively.

The evolution of the IQE with temperature of a SMWR with /=60 is presented in figure 4a.
The overall trend expected for an AlGalnP system is a decrease in emission intensity with
increasing temperature, attributed to thermally activated escape of excitons from the (poorly)
confined regions (wires here, wells in conventional red emitters) to the barriers and to
subsequently non-radiative recombination processes.47’ * However, we observe that before
the drop in intensity for T>100 K the integrated intensity showed an anomalous increase,
reaching its maximum around 50-60 K.*’ Moreover, a model based on a single escape process

was not able to reproduce the data trend above that temperature (see SI).*

In order to understand this behavior and get more insights into the system dynamics, we
simulated the expected band structure of the Alg,IngsP/(AlysGag.a)o.s2Ing4sP SMWR system
(figure 4b-c), using an 8-band k-p model for the zone-center I" states, a one-band model for
each of the three X states, and ignoring the effects of substrate tilt on the calculated states.
Details of the wire structure considered, and of further variations on wire structure are given
in SI. The conduction band minimum in the (AlysGaga)os2Ing4sP barrier is located, as
expected, in the X valley. The 2.2% lattice mismatch between the Aly,IngsP SMWR and the
GaAs substrate results in a strain distribution across the SMWR and the surrounding barrier
layers, causing a further reduction of the indirect band gap in the barrier by splitting the X
states into X, and X (see SI), where X are the two X states in the growth plane, while X is
the X state along the growth direction. The band alignment for /=60 in figure 4b-c shows that
the X states in the quantum wires act as a potential barrier, with the lowest X states in the
barrier material. For the SMWR structure considered here, the lowest confined X state is in
the X, valley, although it is possible, e.g. by assuming a wider vertical separation between

wires, to have the lowest confined X state in the X, valley. In either case, however, the X

ACS Paragon Plus Environment
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states have larger electron effective mass compared to the I' valley. Assuming the transition
of the I'-like electrons in the quantum wire into the barrier X valley is the likely thermally
activated non-radiative pathway in this structure, we find that the potential barrier for direct
gap electrons is 10 — 40 meV, depending on exact structure assumed (40 meV in figure 4b-c).
On the other hand, heavy holes are confined much deeper in the wire, with the potential
barrier between 120 — 195 meV (53 and 178 meV in figure 4b-c respectively to the barrier
heavy-hole band edge). Our calculations also show that the variation of wire geometry, which
can be seen in figure 2, does not change the (ground state) transition energy significantly
enough to reproduce the width of the PL spectra, and it is likely that interdiffusion of Al and

Ga occurs between the wire and barrier during growth (see SI).

Building on this analysis, we have used a simple model to describe the temperature
dependence of the emission intensity observed in figure 4a. Since the conduction band
minimum in AlGalnP is at the X point in reciprocal space, the carrier migration rate from the
barriers into the wires is reduced at low temperature, due to the low number of phonons
available. However, the electron-phonon scattering probability increases approximately
quadratically with temperature, thus allowing excited carriers in the barriers to diffuse into
the wires and enhance the wire emission intensity. For temperatures higher than 50-60 K,
confined carriers can leak out from the wire. In particular, electrons should be the first to
have enough thermal energy to escape, based on the asymmetric carrier confinement energies
derived from theory. This process should be followed by a similar thermally activated
emission of holes at higher temperatures. If so, the thermally activated migration of carriers
from the wire to the barriers and the availability of non-radiative recombination paths outside
the wire should be considered the dominant mechanism behind the loss of intensity at room

temperature.
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According to this, we can estimate the formal behavior of temperature dependency of the

integrated intensity /(7) as (see SI)

1

1 1 1 )

I(T) x
147D (rss GRETGEETG)

where 7, is the radiative lifetime, T& and T/ the escape time constant for electron and holes

respectively and t;;, the time constant for carrier injection from the barriers to the wires. The
variation of the radiative lifetime with temperature can be described as 7,-(T) ~+T for a wire

(t,(T)~T in a well), with 7%/ (T)~eEact/KT and 1, (T)~T 2.5

The data fit showed in figure 4a reproduces well the data across the whole range of
temperature. In particular the fit provides ~20 meV and ~120 meV as activation energies for
electrons and holes respectively, in reasonable agreement with the theory. It should be noted
that according to theoretical predictions electron confinement in (Aly3Gag7)o.s2Ing4sP QWs
(emitting at the same wavelength) is expected to be larger, potentially leading to a higher IQE

at high temperatures.
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Figure 5: (a) Comparison between the temperature dependent normalized integrated
intensities of a SMWR with 60 layers (light blue), a SMWR with 100 layers (blue), a QW-
SMWR with 60 layers (dark blue) and a 5 QW (Al 3Gag7)o.s52In0.45P/(Alp4Gag 6)o.52In0 43P
structure (red). (b) Schematic illustration of the band alignment in the hybrid QW-SMWR

system in which the QW is used to inject carriers into the SMWR system.

In order to investigate this aspect, figure 5a compares the temperature-dependent IQE of

SMWRs with =60 and =100, respectively, and a 5QW
(Alp3Gag 7)0.52In9 43P/ (Aly 4Gag6)o.s2Ing 4sP  structure emitting at similar wavelength (the
number of QWs and their thickness has been designed to sum up to give approximately the
same amount of active material deposited as in our wire structures with 100 layers, i.e. with a
comparable overall nominal thickness of the emitting layers). We assume the ~0 K IQE to be
near unity as is custom in these cases. While for T<150 K the SMWR IQE is larger than the
that of the QW structure up to 1 order of magnitude (at T=100 K), at RT the QW structure

IQE exceeds that of the beats SMWRs by more than a factor of 2.
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However, a much larger improvement in the room-temperature efficiency of our structures
can be obtained in a hybrid system in which a single quantum well is coupled to the SMWR
system. In this scheme of work, depicted in figure 5b, the additional (AlysGags)osz2IngasP
quantum well, having a bandgap slightly larger than the wires (i.e. not contributing to the
wire emission photoluminescence), can be used as a reservoir to inject carriers into the wires,
and partially compensate the thermally activated quenching of the emission.” The IQE of the
resultant hybrid device, containing just 60 layers (just over half that of the SMWRs shown by
the dark blue dots in figure 5a), showed more than one order of magnitude higher efficiency
compared to the system without a QW, and exceeds the efficiency of the 5QW
(Aly3Gag 7)o.52Ing 48P/ (Alg 6Gag.4)o.52Ing 4sP structure over the full temperature range. We also
noticed that a minor improvement in the overall efficiency was obtained by increasing Al
content in AlGalnP Dbarriers before and after the multilayer structure from
(Alp.6Gag2)o.52Ing 48P to (AlgsGago)os2IngssP  and by adding some strain to these barriers (see
SI). This result demonstrates that the SMWR structure can be engineered not only to achieve

a specific target wavelength, but also to improve red emitter efficiency by structural design.

ACS Paragon Plus Environment

18

Page 18 of 27



Page 19 of 27

oNOYTULT D WN =

ACS Photonics

Q
-

Current: 4.2 mA .
Voltage : 26V [
T=RT [

5u

Intensity (a.u.)

500 550 600 650 700 750 800
Wavelength (nm)

(=2
~—

T 20um size LED
NE10_ 20um size LELC ‘
< J N =13% 7 i
no 84 | /u/ /I/
50um size LED 4 »
= ' 4 ; A o
> 61 7
= l=30% 4 -
7] ‘ L7
C 44 ‘ Pl
0 ‘ ¥ ”
] y s A
- - = SMWR LED @ 1.64V
c 24 ,a — — Data fit
o L " QWLED @ 1.64V
= i — Data fit
S0 T T — T
O o 1 2 3 4 5
. 5 -1
P/A ratio (10°m™)
c) 110 100 90 80 4,
1.0 120 Ly 60
;: 08 130/ \\ 50
S o6 150 L7 \30
— 04 160 L \ 20
Z 02 170 ‘ 10
0.0 180
= SMWR LED
~—QWs LED

Figure 6: (a) Electroluminescence spectrum of a representative SMWR LED. Inset shows
an optical image of the measured device. (b) Plot of current density versus Perimeter/Area
(P/A) ratio, demonstrating a larger contribution of the surface current to the total current in a
SQW (Aly3Gag7)o.52In0.48P/(Aly ¢Gag 4)0.50Inp 4P LED then in a SMWR LED. No significant
spectral shift was observed in these current intervals (c) A normalized polar plot of the
integrated intensity of linearly polarized light as a function of analyzer’s angle. The light was

collected from top-view from both LED devices.
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To test the feasibility of higher efficiency light emitting electrical devices, a prototype
SMWR microLED device (structure details in SI), was compared to a similarly processed
SQW (Alg3Gag7)o.52In0.48P/(AlgsGag 4)0.52In0.4sP LED. A representative electroluminescence
spectrum of a SMWR LED device indicated an optical emission peaked at 610 nm (at room
temperature), in agreement with the photoluminescence spectrum of the equivalent SMWR
structure and showed a turn on voltage of ~1.6 V corresponding to a current density of ~0.1
A/em’. Similar values were observed for the QW LED, indicating that the low current density
required should be ascribed to the current-spreading layer design rather than the material
structure. Investigation of LED devices with comparable surface area but different perimeters
unveiled important differences in the surface current contribution for the two types of LEDs.

In a first approximation, the total current density injected into the LED can be described by’

Jror = Jpuik + Osurf Z

where Jpy 1s the current density flowing through the bulk of the material, o, r (A/m) the
surface current per unit length of perimeter P and A the area of the LED, respectively.
Assuming that the carriers flowing through the surface do not recombine radiatively, and the
emission intensity is only proportional to [k, the percentage of the injected current
Jvui/Jror that contributes to the radiative emission can be inferred from the linear fit of the
data. In particular, two different trends for the QWs and the SMWRs LEDs were observed. In
both devices only a small fraction of the injected current was actually passing through the

bulk of the material. In the 50x50 um> QW LED only 4.4 % of the total current is

contributing to the emission, with this value decreasing to 1.9 % in a 20x20 umz device. On
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the other hand, the value of [y, /Jror in the SMWR LED was found to be 30 % and 13 %
for the 50x50 pum” and 20x20 pm? device, respectively, almost one order of magnitude larger.
The reduction of the surface leakage current was further supported by a reduction in the
current spreading (see SI) in the SMWR LED. In fact, the higher degree of space
confinement and potential fluctuations experienced by carriers in the wires, compared to that
in the QWs, reduces the carrier diffusion towards the LED surface before recombination.
This therefore suggests that higher current-to-light conversion efficiency and a LED size

reduction without any loss in efficiency are achievable in QW-SMWRs.

An important additional benefit of SMWR LEDs is that their spontaneous light emission is
polarized predominantly along the wire main axis. Figure 6¢ shows the normalized integrated
intensity (NII) of linearly polarized light (filtered for polarization as described in SI) versus
the sample rotation angle for the SMWR and QW LEDs. The QW LED showed only a weak
sign (around 30 %, for definition see SI) of polarization along the substrate tilt direction,
indicating that the tilted GaAs substrate might affect the QW morphology or introduce
residual strain, resulting in a low degree of polarization. On the other hand, the wires
possessed strong emission anisotropy, with almost 80 % of the emitted light polarized along
the wire main axis, i.e. perpendicular to the substrate tilt direction, making them extremely
interesting for modern display/augmented reality (and similar) applications. It should be
noted also that the presence of a large metal contact covering more than 50 % of the LED top
surface reduced the amount of direct light that could be collected by the optical setup;
therefore we expect that the degree of polarization could have been reduced in our

measurements by scattered light from the sidewalls of the LED.

In conclusion, we presented a novel multilayer structure comprising self-assembled

columns of AlInP wires with tunable emission between 580 and 650 nm. The growth
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condition and morphology was investigated and optimized, resulting in a reliable method to
growth a large number of Aly,IngsP/(AlysGag4)os2Ing4sP layers at high temperature (720
°C). The structure design was engineered to maximize the efficiency by optimizing AlInP and
AlGalnP layer thicknesses, growth temperatures and Al content in the barriers. A qualitative
physical model based on theoretical simulations was proposed and demonstrated capable to
describe satisfactorily the SMWR temperature-dependent photoluminescence. The IQE was
investigated and compared to a SQW AlGalnP sample and to a QW-SMWR sample,
demonstrating that adding a QW coupled to the SMWR system boosts by more than one
order of magnitude the IQE, outperforming the AlGalnP QWs. Finally, investigation of the
QW-SMWR microLED prototype indicated further advantages over the traditional QW LED

in the reduced surface parasitic current and in the emission of strongly polarized light.

These results provide an interesting perspective for SMWR structures for polarized high-

efficiency yellow/amber/red light emitting diodes.
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