
Nitride nanowire light emitting diodes: from 
single wire properties to device applications

M. Tchernycheva1, N. Amador, S. Vézian, B. Damilano, 
J. Bosch, B. Alloing, J. Eymery, C. Durand

1 C2N-CNRS, University Paris Saclay, 91120 Palaiseau, France



Outline

• Nitride thin film LEDs and open issues 

• Nanowires for LEDs

• From individual wires to array LEDs

• Flexible nanowire LEDs 

• UV nanowire LEDs

• Nanoporous LEDs

• Summary 



Nitride semiconductor family

3

Direct badgap covering NIR – visible – UV ranges
• InGaN/GaN – visible
• GaN/AlGaN – UV 



InGaN/GaN light emitting diodes

Nobel Prize in Physics 2014 (Akasaki, Amano, Nakamura) 

Blue GaN/InGaN
LED demonstrated 
in 1993

+ =

LED luminous efficacy >300 lm/W (incandescent lamp is ≈10-20 lm/W) 4



Applications of visible LEDs

Nitride white LED for lighting
• Rapidly growing (70 billion $ market 

for nitride devices)
• Additional functionality of color tuning
• Eco-friendly and huge energy saving

Street lighting

Automobiles Flexible displays

5

Augmented reality

LEDs and micro-LEDs for displays



Issues of thin film LEDs

• Green gap • Efficiency droop

• Light extraction
Green InGaN LED

• Internal electric field • Material quality

6



Nanowires as a way to boost the LED 
performance or to bring new functionalities

Nanowire LEDs 

Illustration from GLO-AB

Can we improve the performance using functional nanomaterials? 
7



Nanowires versus quantum wires

Not a quantum object 

In ambient environment

80 nm

Typical diameter 10 -- 1000 nm

Incorporation of confining heterostructures
(along the axis -- 0D, on the edges -- 1D, 
on the sidewalls -- 2D)

Bottom-up nanowires

Example : V-groove QWire

Presents 1D quantum confinement

Embedded in a crystalline matrix 

Quantum wires

Radial QWsQDisc

Kapon, EPFL, 1988
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Nanowires – new opportunities for material 
elaboration

Strain relaxation
• Strain relaxation by the free surface – nanowires 

have an excellent crystalline quality independently of 
the lattice mismatch or thermal coeff. mismatch 

• In thick NWs, if a dislocation is formed, it bends to join 
the lateral surface

New opportunities for synthesis

IBM Zurich

Sophia Univ, Tokyo 9

Defect-free growth on cheap substrates (including Si, metals and 
non-crystalline materials)

• New degrees of freedom (e.g. 
core/shell heterostructures –
reduction of Auger effect)

• Control of composition by local 
environment



• MOCVD growth on nanopatterned substrates to control the wire 
homogeneity

Organized LED nanowire arrays

MOCVD by GLO (O. Kryliouk, R. Ciechonski, G. Vescovi)
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LEDs from organized nanowire arrays

MOCVD by GLO (O. Kryliouk, R. Ciechonski, G. Vescovi)

Electrical inhomogeneity 
Strong intensity fluctuations

Optical inhomogeneity
Color changes with injection

H. Zhang, et al., Nanotechnology 2020; A. Kapoor et al, Appl Mat & Int 2020, J. Bosch et al., Crystal Growth & Design 2022

CL wavelength
SiGaN
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Nanowires covered with ITO I-V curve Electroluminescence spectra 
with injection current : 
Color changes with injection
-
cyan
-
becomes blue and then almost 
white

Electroluminescence maps : 
-
presence of “inactive” nanowires

“Bad” sample 
State
better homogeneity
But it is interesting for microscopy

Issues with NW LEDs



Cathodoluminescence and Electron beam induced 
current microscopy

from Gatan

2 µm2 µm 2 µm

CL EBICSEM
Nanowire LED

SEM-FEG

Signals generated during e-beam/matter interaction
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From 4 K  to 300 K
Acceleration voltage = 3-10 kV

Steady state and pulsed

(<10 ps) modes

1-100 electrons/pulse:

low excitation technique

Cathodoluminescence

SEM CL filtered maps

Nanopyramid LED

480-500 nm 550-570 nm
Steady state CL maps

Luminescence spectrum versus beam position map
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Electron beam induced current microscopy
Local 
source of 
excess  e-h 
pairs Ib

Diffusion
Drift

IccCurrent Signal

Internal field regionLeamy JAP 53 R51 (1982)

Hitachi SU8000
with Gatan control system
and Kleindiek 4 probes

Vacc=1-30 kV

Current versus beam position map of a nanowire LED from macro 
to nano scale
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Sample preparation for the cross-section 
EBIC and cathodoluminescence mapping

LED mesa device

b) c)

200 µm 500 nm1 µm

SEM image of the cleaved edge

Possible to cleave some nanowires along their axis while preserving the 
electrical connection with the substrate and with ITO

Current
amplifier

Cleaved
nanowire LED

15



Compositional variation in the NW QW

SEM

EDX

• Peak wavelength redshifts towards the top
• Green emission for excitation at the m-plane/semipolar plane junction
• In-rich region in the QW at the m-plane/semipolar plane junction

Cathodoluminescence maps

cleaved wire

In 13%

In 18%

EDX map STEM

10 nm

10 nm

In-rich region

1 µm

H. Zhang et al, Nanotechnology 2015 16



ü Decrease of the forward current 
(smaller injection surface)

ü Increase of the blue peak 
intensity after plasma treatment

ü Clear suppression of the green 
peak

Post-growth treatment to tune the emission color

• Conformal ITO 
contact 

ITO etch-back + 
CHF3 plasma 
treatment

ICP etching

!
!!

electrical power 
1.2 mW

It is possible to control the NW LED color by a post-growth treatment
The price to pay is loosing a part of the active area

H. Zhang et al, Nanotechnology 2015
17



Problem of the electroluminescence inhomogeneity :
correlation between EBIC and EL maps

SEM EBICEL

ü Abnormal EBIC signal: low intensity, circular shape with a smaller 
diameter 

ü Each NW presenting an “abnormal” EBIC signal shows no 
electroluminescence

ü Not each NW with a “normal” EBIC signal shows electroluminescence

Can it be due to problems with internal quantum efficiency (non-
radiative defects in InGaN) ? 18

SEM EL



Correlation between EBIC and cathodoluminescence
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Both CL intensity and spectra for “abnormal” NWs shows no anomalies
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Good wire-to-wire homogeneity of the 
cathodoluminescence

Cathodoluminescence is present in all NWs with almost constant intensity

SEM
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EL map (different region)

ü QE of the InGaN QW is not affected (no pronounced non-radiative defects)  

ü Electrical properties should be questioned
Electroluminescence is very spotty
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Abnormal EBIC signal in cross-sectional maps

Charge traps at the core/ underlayer
interface could lead to an 
inhomogeneous injection

Tentative explanation : formation of a 
discontinuous SiGaN layer due to high 
Si doping of the NW core

b)

0.3 µm 0.3 µm

0.3 µm

Signal is localized at the nanowire core

21
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Front contacting for direct electron injection in the 
underlayer

Inject electrons directly in the core avoiding the core/shell interface

22



Improved EL yield for front contacting process

a)
core e injection underlayer e injection

Direct electron injection in the underlayer allows to increase the yield of EL NWs 
from 19% to 65%

19% 65%

H. Zhang et al, Nanotechnology 2020 23



Surface NW treatment to improve the 
growth homogeneity 

Highly n-doped GaN
with a SiGaN
passivating shell

N.i.d. GaN

Previously adopted NW LED structure

Remove the SiGaN shell by a chemical 
treatment
Investigation of different chemistries + 
regrowth of the QWs
ü Best optical results for H3PO4 etching

CL maps

J. Bosch et al, Cryst. Growth Des. 22, 9, 5206 (2022)

PhD of Julien BoschRemove n.i.d. part, achieve 
homogeneous QWs by etching 
the SiGaN layer

24



Analyses of the surface SiGaN passivating layer

GaN coreSiGaNInGa
N

No etching H3PO4

HA
AD

F
ED

X 
(S

i)

TEM TEM confirms the removal of the 
passivation layer by the treatment
and a better crystalline quality in 
H3PO4 sample

SiGaN passivation layer: 
Constant thickness of 2 monolayers
Composition is close to Si3Ga5N9

H
A

A
D

F
In

te
ns

ity

HAADF EDX study

J. Bosch et al, Cryst. Growth Des. 22, 9, 5206 (2022)

Si/(Ga+Si) concentration of 1/3 SiGaN-vGa

25



Present status of rigid nanowire InGaN/GaN
LEDs

InGaN nanowire LEDs, GLO AB, 20 % WPE

Academic labs and start-ups are working hard to bring nanowire-based LEDs to 
maturity and make them enter the market

10 µm

1 µm

520 nm
465 nm
600 nm

P. Tchoulfian, Aledia, 30 % WPE 
Compound semiconductor 2023

• Promising technology, however the WPE (30%) is still not competitive for lighting
• No interest for lighting, but good for alternative applications :

µLEDs Li-Fi Flexible LEDs

Monemar et al. Semicond. & semimetals 2016; Nami, M. Sci. Rep. 2018

26UV LED



Flexible LEDs based on nanowire / polymer 
membranes

ü Flexibility of polymers and high efficiency and long lifetime of 
crystalline materials

ü Modularity – combination of “incompatible” materials
encapsulation, 

Replace organic semiconductor devices

Combine crystalline III-V materials with flexible polymers

27



Self-assembled nanowire LEDs

QWs on the lateral facets and on the NW top facet

30 nm30 nm 10 nm

Axial QW

Radial 
QW

30 nm

800 nm

Al2O3

n-GaN wire

Wire growth with n-doping

Al2O3

p-GaN

InGaN QW growth and 
p-GaN capping layer

Nitridation under NH3
and SiN deposition

AlN Al2O3

SiNx

MOCVD by C. Durand and J. Eymery (IRIG, Grenoble)

Cross-
section

Top view



Flexible blue LED

5 μm

• Ag NWs and carbon nano-tubes both form a reliable contact to nitride NWs –
no degradation after 10 bending cycles (Rbending ≈ 0.3 cm)

D. Xing, et al., Nano Letters, 15, 6958 (2015)
N. Amador et al, submitted

Peel off PDMS Deposit Ti/Au

Flip

Disperse Ag NWs

Flip

29

Ag NWs Carbon NTs

-4 -2 0 2 4
0

2

4

6

8

 

I (
µ

A
/N

W
)

V (V)

0

20

40

60

80

I (
m

A
/c

m
2 )

Top contact



400 500 600
40

50

60

70

80

90

 Ag NWs Without Annealing
 Ag NWs With Annealing
 Fully Transparent LED

 

 

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

Fully transparent LEDs

-4 -2 0 2 4 6

0

1

2

3

 
I (
µA

 p
er

 N
W

)

V (V)

I-V curve 

• Rectifying diode behavior 
• Electroluminescence (V>3 V)
• Transmittance 60 % @ 550 nm

Transmittance

EL spectrum

Transparent 
blue LED

D. Xing, et al., Nano Letters, 15, 6958 (2015)
30



Producing green emission:
In-rich radial quantum wells

HAADF-STEM EDX Photoluminescence

Green emission 
for QWs grown 
at 650 C 

Growth of the QWs at different temperatures

A. Kapoor et al, ACS Photonics (2018)QW th = 6.7 nm
23% of In in m-plane QWs
In-rich regions with 35%

Flexible green LED

A. Kapoor et al, Adv. Photonics Res. (2021)
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Two-layer green-blue flexible LED

• Demonstration of 2-color stacked NW flexible LED
• Emission in blue and green spectral regions
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 Top Layer
 Bottom Layer
 Two Layers

Arbitrary substrate

PDMS

Ti/Au

Ag NWs

V1

V2

V. Neplokh

•
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Flexible LED color quality

After color optimization
• CCT 4000 – 5000 K  warm white 
• Best CRI 84

Color optimization:
- Mass ratio of phosphor: PDMS increased from 
1:20 to 1:10
- 2 different PDMS thicknesses
- 5 phosphors (yellow, orange, mixture)

N. Guan et al, ACS Photonics (2016); N. Guan et al, Journal of Physics: Photonics (2019); 
M. Abraham et al., Dalton Transactions (2021); K. Thejas et al., Applied Mat Today (2021) 33

CCT 6306 K CRI  54 

YAG:Ce

CIE chromaticity coordinates



Stretchable LEDs
Nanomaterials 2021, 11, 1503 7 of 10

the stretched state, when the wrinkles are released, or could be attributed to the baseline
stabilization effect observed in a few dozen of the first film stretching cycles (training) [29].

3.3. Electroluminescence Measurements

Optoelectronic properties of InGaN/GaN MW arrays, including MW/PDMS mem-
brane configuration, were investigated in detail in our previously reported works includ-
ing [23,24,31,38,49], etc. Flexibility of InGaN/GaN MW/PDMS membrane LEDs and
SWCNT films were also thoroughly studied in [23,24,28,41,42], so it is not addressed in the
presented work. Therefore, in this section we focus on stretchability-related properties of
the fabricated stretchable LEDs.

EL spectra of a representative stretchable LED were measured at 10 V, 11 V, and
12 V bias applied in the relaxed and 20% stretched states. The relatively high functioning
voltage is a typical problem of MW/PDMS LEDs explained by parasitic electric barriers
and high series resistance discussed elsewhere [23,24]. As shown in Figure 5, the blue
line at 450–460 nm, which originates from MQWs, dominated over the defect yellow band
centered at 560 nm [39]. The EL spectra obtained at different biases are vertically shifted
for clarity in Figure 5. As the applied voltage increased in the EL experiment, almost no
blueshift was observed, which is indeed expected for m-plane QWs [31], which contrary to
c-plane QWs do not exhibit polarization internal field screening [50,51]. Under stretching,
the EL signal from the contacted area remained homogeneous, indicating stability of MW
contacting proven by the preserved blue line intensity.

Figure 5. EL spectra of a representative LED in relaxed (solid line) and stretched (dashed line) states
obtained under different applied voltages. The EL spectra are vertically shifted for clarity.

It should be stressed that stretching did not have any significant effect on the peak
positions and spectrum shapes, indicating a high stability of functioning stretchable LEDs.
Interestingly, the yellow band became less intense under stretching, especially at lower
voltages. This effect will be studied elsewhere.

4. Conclusions
In conclusion, we developed and demonstrated stretchable LEDs based on integration

of vertical nitride microwire arrays embedded in a PDMS membrane and transparent
strain-insensitive SWCNT electrodes. We show repeatable stretching with a minor decrease
of the EL signal: less than 15% after 20 cycles. The method for application of SWCNT pads
onto a pre-stretch PDMS/MW membrane provides stable stretchable electrical contact. This
technology opens new routes for efficient stretchable LED displays and other optoelectronic
devices based on inorganic light-emitting materials.

Nanomaterials 2021, 11, 1503 6 of 10

3.2. Electrical Characterization

The results of conductivity measurements of the test SWCNT stripes on blank PDMS
films demonstrated significantly different rates of degradation depending on the pre-
stretching. Specifically, the initially unstretched samples showed 40% of conductivity
reduction, while the pre-stretched samples were characterized by only 5% conductivity
decrease at 10% stretch (Figure S2). Other pre-stretched rates were thoroughly studied
in [29].

In order to prove that the stretchable LEDs keep their electrical properties during
stretching, the I–V curves were measured for the as-processed samples, and during stretch-
ing cycles and after releasing the strain. The measured I–V curves for a representative
device stretched by 20% are presented in Figure 4. A significant current reduction was
observed for the first stretching: the current for the relaxed LED is 0.25 mA, while for the
stretched LED the value dropped to 0.2 mA at the same voltage of 8 V (a rough estimation
of the current density derived from this value gives 10 A/cm2, which correlates with
the results reported in the literature for thin film InGaN LEDs [48,49]). However, for the
subsequent stretching cycles, no further current loss was observed. The knee voltage did
not change due to the stretching, indicating a stable SWCNT/MW contact interface. We
speculate that the significant decrease of the current at the first stretching can be explained
by an impairment of the weakest SWCNT/MW contacts, while the majority of the MWs
remained contacted after the initial and consequent stretching. One might suspect that the
rigid silver lacquer droplets may introduce local mechanical instability of the contacts at
stretching. However, the reference SWCNT contacts did not demonstrate any damages due
to the silver lacquer droplets (Figure S1), therefore we conclude that small silver lacquer
droplets did not significantly hamper the device stretchability.

  

(a) (b) 

Figure 4. (a) I–V curves of a representative stretchable LED in initial (red line), stretched by 20% for the first time (blue
line), and released (black line) states. (b) Working voltage during the stretching test of the LED for a constant injection
current. Inset in (a) demonstrates a photo of the functioning stretchable LED device.

Stretching tests confirmed electrical contact stability and the emissive membrane
integrity for 20 cycles of stretching (by 10%) and releasing (Figure 4). The voltage was
measured for each iteration at a constant LED injection current value of 0.4 mA. The value
of stretching was controlled by a vernier caliper with an accuracy of 0.05 mm (i.e., 2.5% of
the applied stretching). PDMS/MW membranes showed 15% resistivity increase (deduced
from the measured voltage) after 20 cycles under stretched conditions, while in the relaxed
state stretchable LED retained the initial value of resistivity. We associate the increase in
resistivity with a micro damage of the SWCNT films, which is insignificant at the relaxed
state due to wrinkles formation but leads to SWCNT network integrity impairment in

• Transparent contact using 
carbon nanotube mesh

• Transmittance 80% at 550 nm 
R☐ = 20 Ω/☐

• Membrane is pre-stretched 
prior to contact application

• 15% resistivity increase under 20% stretched conditions, no change in relaxed
• EL spectra show no significant change under stretching to 20%

ILED=0.4 mA

Collaboration with Alferov University

Kochetkov et al., Nanomaterials 11, 1503 (2021) 
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UV LEDs : material

35

Replace InGaN/GaN by GaN/AlGaN quantum wells 



UV LEDs : applications 

H. Hirayama 2018 10.5772/intechopen.79936

36



UV LEDs : present issues

10.1002/admt.202101502

Planar LEDs : 
• Threading dislocations
• Issues with light extraction 
• Doping

NW LEDs :
• No defects originating from the substare
• Easier light extraction
• Reports on higher doping

TEM : dislocations
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Applications of UV LEDs on non-planar surface
Æ Water/air disinfection processing in flexible 
tubes
Æ Medical applications (skin care, implants…)
Æ UV pump for visible emission in flexible 
LEDs/displays

172 I CHAP. 8 GAN/ALGAN NANOCOLUMN UV-LED ON DOUBLE-LAYER GRAPHENE

ABSTRACT

The many outstanding properties of graphene have impressed and intrigued
scientists for the last few decades. Its transparency to light of all wavelengths
combined with a low sheet resistance makes it a promising electrode material
for novel optoelectronics. So far, no one has utilized graphene as both the
substrate and transparent electrode of a functional optoelectronic device. Here,
we demonstrate the use of double-layer graphene as a growth substrate and
transparent conductive electrode for an ultraviolet light-emitting diode in a flip-
chip configuration, where GaN/AlGaN nanocolumns are grown as the light-
emitting structure using plasma-assisted molecular beam epitaxy. Although the
sheet resistance is increased after nanocolumn growth compared with pristine
double-layer graphene, our experiments show that the double-layer graphene
functions adequately as an electrode. The GaN/AlGaN nanocolumns are found
to exhibit a high crystal quality with no observable defects or stacking faults.
Room-temperature electroluminescence measurements show a GaN related
near bandgap emission peak at 365 nm and no defect-related yellow emission.

8.1 INTRODUCTION

With the emergence of new semiconductor nanomaterials and heterostructures,
new possibilities for optoelectronics arise. The semiconductor materials most
commonly used for optoelectronics today, such as Si1, GaAs, InAs2, ZnO3,
and GaN with its alloys2, exhibit structural imperfections when grown as
heteroepitaxial thin-films, for instance twinning defects, threading disloca-
tions and stacking faults. This is due to a large lattice mismatch between these

EU project « SteriLED » CrayoNano



MOVPE growth of core-shell UV nanowires
GaN nanowires as templates for core-shell UV multi-quantum wells

Step 1: Nanowire growth by silane assisted
method

3. MOVPE PROCESS OF III-NITRIDE SEMICONDUCTORS: A
CASE STUDY OF SELF-ASSEMBLED (SG) GROWTH OF GAN
NWS

Figure 3.12: A typical 45�-tilted SEM image of an array of as-grown MOVPE

SG GaN NWs on c-sapphire substrates [65]

process parameters study is now necessary to improve the control of the NW

morphology in terms of nucleation density, size and vertical growth rate. More-

over, for practical purpose, MOVPE technique is known to be a complex process

involving various critical parameters. Thus, the aim of this systematic study is

also to set some reference points to improve the control and the reliability of the

NW growth process.

For the simplicity and clarity of the study, the MOVPE process parameters

(growth temperature, percussor flow, V/III ratio, carrier gas flow and reactor

pressure) have been varied independently only during Step II and III for seed

nucleation and NW growth stage. The total gas flow provided to the reactor is

kept constant by balancing the carrier gas flow in the MO and HYD feed lines

(except in the study of the carrier gas flow influence) and the molar flow ratio

between TMGa and silane is fixed at 676.

3.3.2.1 The growth temperature

To evaluate the e↵ect of the growth temperature on the SG MOVPE NW growth

technique, a series of growths varying the reactor temperature from 850 to 1050
�C with a step of 50 �C was carried out as shown in Figure 3.13. This temperature

range is chosen to be in the mass transport limited regime with no dependence

of the growth rate on the growth temperature itself. It can be observed that the

morphology (diameter (D) and length (L)) and the density (⇢) of the NWs array

60

L= 10-25 µm 
∅ = 500 nm-2 µm

Step 2: Growth of core-shell
GaN/AlGaN MQWs

Koester et al. Nanotechnology, 21, 015602 (2010)
Kapoor et al. ACS Appl. Mater. Interfaces 12, 19092 
(2020)

Æ Smooth growth of GaN/AlGaN 
MQWs on upper part with the GaN 

spacer  

GaN/AlGaN MQWs
growth T=950°C

Grenier et al., ACS Appl. Mater. Interfaces 12, 44007 
(2020)

Degraded

growth

38



Structural analyses of core-shell GaN/AlGaN
multi-quantum wells for UV-A emission

corrected Titan Themis FEI microscope equipped with four
silicon drift detectors. Longitudinal cross sections are prepared
by focused Ga-ion beam (FIB) to get ∼150 nm thick slices.

Two samples have been processed and observed in this way: a
first structure containing thick QWs (growth time, 200 s)
shown in Figure 2a−d and a second sample with intermediate
QW thickness (growth time, 120 s) shown in Figure 2e−h. In
the STEM-HAADF mode, the GaN core, spacer, and QWs
appear with bright contrast and the AlGaN barriers are darker
because of the smaller atomic number of Al with respect to Ga.
The STEM images with low magnification (Figure 2a,e) show
the high uniformity of core−shell GaN/AlGaN heterostruc-
tures along the wire sidewalls and evidence a low density of
extended defects. Figure 2b,f presents the top part of the wires
with intermediate magnification showing the N-polar MQWs
on the top flat c-̅plane surface and semipolar MQWs on
inclined facets at the top edges of the wire. Figure 2c,g shows
the high-resolution TEM (HRTEM) off-axis images with a 10°
tilt along the [101̅0] direction from the [112̅0] zone axis. From
these images, the measured barrier thickness is 5.5 ± 1.5 nm
for a growth time of 76 s, and QW thicknesses of 2.5 ± 0.5 and
4.4 ± 2.4 nm correspond to growth times of 120 and 200 s.
Therefore, the QW and barrier growth rates are VQW = 1.3 ±
0.5 nm·min−1 and Vbarrier = 4.3 ± 1.2 nm.min−1. Note that the
QW interfaces are sharper and symmetric compared to the
core−shell InGaN/GaN MQWs grown by MOVPE.21 The
error bar of the QW thickness comes mainly from QW-to-QW
thickness variation. Especially, a variation as high as 50% is
observed for the thicker QW sample (Figure S1). However, no
significant fluctuation of the MQW thickness is observed along
the wire sidewalls for both samples at the observation scale of
Figure 2b,f. Considering this lateral growth rate, a linear
interpolation is used to determine the GaN QW thicknesses of
the sample series, obtaining 4.3, 3.3, 2.6, 2.2, 1.7, 1.4, 1.1, and
0.7 nm for the various QW growth times. The STEM
observations are completed with EDX analysis performed on
the same two samples containing thick and intermediate QW
thickness (i.e., 4.3 and 2.6 nm). Acquisition was performed at a

Figure 1. (a) 30°-Tilted SEM image of an assembly of c-̅oriented
GaN wires grown on c-sapphire substrate. (b) SEM image of a single
core−shell GaN wire dispersed on a Si substrate. Images (a) and (b)
are obtained with 3 kV electron beam acceleration voltage. (c)
Schematic of GaN wire showing the different doping regions and the
m-plane GaN/AlGaN MQWs core−shell heterostructure.

Figure 2. Images of longitudinal cross sections of GaN/AlGaN core−shell wires with 10 GaN QWs of 4.3 nm (a−d) and 2.6 nm (e−h)
thicknesses: HAADF-STEM images (a, b, e, f) at different magnifications and off-axis HRTEM images (c, g) with a 10° tilt from the [112̅0] zone
axis along [101̅0]. The HAADF-STEM images combine energy-dispersive X-ray (EDX) maps and Al-content profiles. The experimental data (blue
dots) are fitted (red line) to get the corrected effective Al profile (gray line) (d, h).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c08765
ACS Appl. Mater. Interfaces 2020, 12, 44007−44016

44009

Grenier et al., ACS Appl. Mater. Interfaces 12, 44007 
(2020)
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La	croissance	de	puits	quantiques	GaN/AlGaN	sur	 les	 fils	GaN	est	montré	sur	 la	Figure	
82	 à	 partir	 d’observations	 TEM	 en	 coupes	 longitudinales	 et	 transversales.	 Une	
croissance	GaN/AlGaN	en	géométrie	cœur-coquille	est	effectivement	observée	avec	une	
excellente	qualité	cristalline	sans	défaut	étendu,	sans	dislocation	et	avec	des	interfaces	
abruptes.	 Des	mesures	 EDX	 et	 la	 simulation	 du	 profil	 Al	 réalisées	 par	 E.	 Robin	 (CEA-
LEMMA)	 ont	montré	 une	 composition	 en	Al	 de	 60-70%	dans	 les	 barrières	d’AlGaN	 et	
une	absence	d’aluminium	résiduel	dans	les	puits	GaN	(Figure	82(b)).		

Sur	 la	 Figure	 82(a),	 une	 épaisseur	 des	 puits	 de	GaN	de	 4,4	 nm	 est	mesurée	 pour	 une	
épaisseur	de	barrière	de	4,5	nm.	Cependant,	sur	l’image	STEM	en	coupe	transversale	de	
la	 Figure	 82(c),	 des	 irrégularités	 importantes	 sur	 l’épaisseur	 des	 puits	 GaN	 sont	
observées	 d’une	 facette	 à	 l’autre	 (clairement	 visible	 sur	 le	 1er	 puits	 intérieur).	 Ces	
irrégularités	sont	aussi	visibles	sur	l’image	STEM	des	mesures	EDX	(Figure	82(b))	où	le	
8e	puits	est	très	fin	en	comparaison	des	autres.	Ces	disparités	d’épaisseur	entre	facettes	
n’ont	jamais	été	observées	avec	les	systèmes	cœurs-coquilles	InGaN/GaN	ou	GaN/InAlN.	
Par	contre,	ces	 irrégularités	d’épaisseurs	de	GaN	ont	été	précédemment	observées	sur	
des	 structures	 LED	 en	 cœur-coquille	 intégrant	 des	 EBL	 en	 AlGaN.263	 La	 plus	 faible	
longueur	 de	 diffusion	 des	 adatomes	 Al	 et	 les	 états	 de	 contraintes	 différents	 selon	 les	
facettes	pourraient	être	à	l’origine	des	variations	d’épaisseur	du	GaN	sur	les	différentes	
facettes.	Ainsi,	 la	croissance	sur	plan-m	en	cœur-coquille	de	GaN	sur	AlGaN	riche	en	Al	
peut	 présenter	 des	 variations	 significatives	 d’épaisseur.	 Pour	 tenir	 compte	 de	 ces	
irrégularités,	nous	 considérons	que	 l’épaisseur	des	puits	de	GaN	peut	varier	dans	une	
gamme	de	50%	pour	les	hétérostructures	GaN/AlGaN.		

	
	Figure	82	:	Croissance	de	puits	cœurs-coquilles	GaN/AlGaN	avec	des	puits	GaN	de	4	nm.	(a)	Observation	en	
coupe	longitudinale	(a)	en	mode	STEM-HAADF,	(b)	en	EDX	avec	cartographie	(Ga	:	vert	et	Al	:	bleu)	et	profil	

de	composition	Al,	(d)	en	mode	HRTEM.	(c)	Observation	STEM-HAADF	en	coupe	transversale.262		
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La	croissance	de	puits	quantiques	GaN/AlGaN	sur	 les	 fils	GaN	est	montré	sur	 la	Figure	
82	 à	 partir	 d’observations	 TEM	 en	 coupes	 longitudinales	 et	 transversales.	 Une	
croissance	GaN/AlGaN	en	géométrie	cœur-coquille	est	effectivement	observée	avec	une	
excellente	qualité	cristalline	sans	défaut	étendu,	sans	dislocation	et	avec	des	interfaces	
abruptes.	 Des	mesures	 EDX	 et	 la	 simulation	 du	 profil	 Al	 réalisées	 par	 E.	 Robin	 (CEA-
LEMMA)	 ont	montré	 une	 composition	 en	Al	 de	 60-70%	dans	 les	 barrières	d’AlGaN	 et	
une	absence	d’aluminium	résiduel	dans	les	puits	GaN	(Figure	82(b)).		

Sur	 la	 Figure	 82(a),	 une	 épaisseur	 des	 puits	 de	GaN	de	 4,4	 nm	 est	mesurée	 pour	 une	
épaisseur	de	barrière	de	4,5	nm.	Cependant,	sur	l’image	STEM	en	coupe	transversale	de	
la	 Figure	 82(c),	 des	 irrégularités	 importantes	 sur	 l’épaisseur	 des	 puits	 GaN	 sont	
observées	 d’une	 facette	 à	 l’autre	 (clairement	 visible	 sur	 le	 1er	 puits	 intérieur).	 Ces	
irrégularités	sont	aussi	visibles	sur	l’image	STEM	des	mesures	EDX	(Figure	82(b))	où	le	
8e	puits	est	très	fin	en	comparaison	des	autres.	Ces	disparités	d’épaisseur	entre	facettes	
n’ont	jamais	été	observées	avec	les	systèmes	cœurs-coquilles	InGaN/GaN	ou	GaN/InAlN.	
Par	contre,	ces	 irrégularités	d’épaisseurs	de	GaN	ont	été	précédemment	observées	sur	
des	 structures	 LED	 en	 cœur-coquille	 intégrant	 des	 EBL	 en	 AlGaN.263	 La	 plus	 faible	
longueur	 de	 diffusion	 des	 adatomes	 Al	 et	 les	 états	 de	 contraintes	 différents	 selon	 les	
facettes	pourraient	être	à	l’origine	des	variations	d’épaisseur	du	GaN	sur	les	différentes	
facettes.	Ainsi,	 la	croissance	sur	plan-m	en	cœur-coquille	de	GaN	sur	AlGaN	riche	en	Al	
peut	 présenter	 des	 variations	 significatives	 d’épaisseur.	 Pour	 tenir	 compte	 de	 ces	
irrégularités,	nous	 considérons	que	 l’épaisseur	des	puits	de	GaN	peut	varier	dans	une	
gamme	de	50%	pour	les	hétérostructures	GaN/AlGaN.		

	
	Figure	82	:	Croissance	de	puits	cœurs-coquilles	GaN/AlGaN	avec	des	puits	GaN	de	4	nm.	(a)	Observation	en	
coupe	longitudinale	(a)	en	mode	STEM-HAADF,	(b)	en	EDX	avec	cartographie	(Ga	:	vert	et	Al	:	bleu)	et	profil	

de	composition	Al,	(d)	en	mode	HRTEM.	(c)	Observation	STEM-HAADF	en	coupe	transversale.262		Æ Core-shell GaN/Al0.3Ga0.7N QWs
Æ High quality growth on m-plane 
sidewalls
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UV-A single NW LED

from the GaN MQWs with UV-A emission centered at 3.65 eV
(340nm) having a FWHM of !150meV. From the evolution of the
EL intensity as a function of the applied voltage, we observe that the
QW emission intensity significantly increases at high voltage until to
dominate the VB contribution. The room temperature CL spectrum of
the same wire is shown in the inset of Fig. 3(d). In contrast with EL
measurements, the main CL emission at 2 kV excitation comes from
the QW contribution localized at the same position than EL emission
at 3.65 eV (340nm), and the two peaks observed at 3.43 eV (362nm)
and 3.35 eV (370nm) attributed to the near band edge of n-doped
GaN and the VB emission are much weaker. This VB emission
becomes dominant in CL spectra for low acceleration voltages (below
1 kV). We suspect that the origin of VB emission comes from the
external shell layers and most probably from the donor/acceptor pairs
(DAPs) contribution in the p-GaN.31 The intense VB emission, as well
as the high voltages required for the QW emission, could be the sign
of a poor hole injection in the active region (with parasitic conduction
paths) combined with a poor electrical injection at the metallic contact
level. Moreover, a phenomenon of electron overflow is suspected: the
absence of EBL can involve a significant radiative recombination on
the p-side shell. The hole injection issue is expected to be amplified in
the case of a structure designed for deeper UV emission, including Al-
rich layers.

The active region of “structure B” detailed in Fig. 4(a) is now
designed for UV-B emission consisting of five periods of thinner GaN
QWs estimated at 0.9 nm embedded in a 3 nm-thick Al0.6Ga0.4N

barrier. (The QW growth time is three times shorter with doubled
TMAl flow in comparison with structure A.) This UV-B active region
is integrated in a p–n junction corresponding to the following core-
shell heterostructure n-GaN/n-Al0.3Ga0.7N/MQWs/20nm-thick
graded p-AlxGa1-xN (x¼ 60–30%)/p-Al0.3Ga0.7N/p-GaN junction. To
ensure quantum confinement, the GaN layers are separated by 3nm
Al0.6Ga0.4N barriers instead of Al0.3Ga0.7N used for the UV-A struc-
ture. It is important to note that for such ultrathin GaN layers grown
onm-plane Al0.6Ga0.4N, a quantum dot like regime is usually observed
with strong confinement and localization.14,15 To address the hole
injection issue, we incorporated a p-doped linear AlGaN gradient with
60–30% Al composition between the active part and the p-Al0.3Ga0.7N
layer, as already used in UV planar structures.32,33

Figure 4(b) shows the I–V measurements performed on several
UV-B core-shell wires. As expected, UV-B devices do not show as a
good rectifying behavior as the UV-A ones. The forward current of
10#1–10#2lA measured at 10V for UV-B devices is 3–4 orders of
magnitude lower than in UV-A devices. The log scale curves shown in
the inset exhibit leakage currents in the same order of magnitude as
for core-shell structures 2 and A, i.e., 10#2–10#5lA at -5V. Those val-
ues indicate that the leakage currents are not dependent on the quan-
tity of Al in the shell, which is in agreement with the assumption of a
parallel conduction path through the p-GaN shell presented in Fig.
2(c). Figure 4(c) shows a SEM image of an EBID contacted UV-B
core-shell wire and the corresponding EBIC signal mapping. As for
the UV-A structure, the EBIC signal is only measured on the nþ-GaN

FIG. 3. (a) Schematic of the core-shell structure for UV-A emission with 5% GaN (2.6 nm)/Al0.3Ga0.7N (3 nm) quantum wells integrated in a GaN/Al0.3Ga0.7N p–n junction. (b)
Room temperature I–V curves on several single wires with core-shell structure A, connected using the EBID method. (c) SEM image and EBIC mapping of a typical A-type
core-shell wire. (d) Electroluminescence spectra on single structure A wire obtained at room temperature with a pulsed voltage whose peak varies from 12 to 18 V. The inset
shows the CL spectrum of the same wire, acquired with a 2 kV acceleration voltage.
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from the GaN MQWs with UV-A emission centered at 3.65 eV
(340nm) having a FWHM of !150meV. From the evolution of the
EL intensity as a function of the applied voltage, we observe that the
QW emission intensity significantly increases at high voltage until to
dominate the VB contribution. The room temperature CL spectrum of
the same wire is shown in the inset of Fig. 3(d). In contrast with EL
measurements, the main CL emission at 2 kV excitation comes from
the QW contribution localized at the same position than EL emission
at 3.65 eV (340nm), and the two peaks observed at 3.43 eV (362nm)
and 3.35 eV (370nm) attributed to the near band edge of n-doped
GaN and the VB emission are much weaker. This VB emission
becomes dominant in CL spectra for low acceleration voltages (below
1 kV). We suspect that the origin of VB emission comes from the
external shell layers and most probably from the donor/acceptor pairs
(DAPs) contribution in the p-GaN.31 The intense VB emission, as well
as the high voltages required for the QW emission, could be the sign
of a poor hole injection in the active region (with parasitic conduction
paths) combined with a poor electrical injection at the metallic contact
level. Moreover, a phenomenon of electron overflow is suspected: the
absence of EBL can involve a significant radiative recombination on
the p-side shell. The hole injection issue is expected to be amplified in
the case of a structure designed for deeper UV emission, including Al-
rich layers.

The active region of “structure B” detailed in Fig. 4(a) is now
designed for UV-B emission consisting of five periods of thinner GaN
QWs estimated at 0.9 nm embedded in a 3 nm-thick Al0.6Ga0.4N

barrier. (The QW growth time is three times shorter with doubled
TMAl flow in comparison with structure A.) This UV-B active region
is integrated in a p–n junction corresponding to the following core-
shell heterostructure n-GaN/n-Al0.3Ga0.7N/MQWs/20nm-thick
graded p-AlxGa1-xN (x¼ 60–30%)/p-Al0.3Ga0.7N/p-GaN junction. To
ensure quantum confinement, the GaN layers are separated by 3nm
Al0.6Ga0.4N barriers instead of Al0.3Ga0.7N used for the UV-A struc-
ture. It is important to note that for such ultrathin GaN layers grown
onm-plane Al0.6Ga0.4N, a quantum dot like regime is usually observed
with strong confinement and localization.14,15 To address the hole
injection issue, we incorporated a p-doped linear AlGaN gradient with
60–30% Al composition between the active part and the p-Al0.3Ga0.7N
layer, as already used in UV planar structures.32,33

Figure 4(b) shows the I–V measurements performed on several
UV-B core-shell wires. As expected, UV-B devices do not show as a
good rectifying behavior as the UV-A ones. The forward current of
10#1–10#2lA measured at 10V for UV-B devices is 3–4 orders of
magnitude lower than in UV-A devices. The log scale curves shown in
the inset exhibit leakage currents in the same order of magnitude as
for core-shell structures 2 and A, i.e., 10#2–10#5lA at -5V. Those val-
ues indicate that the leakage currents are not dependent on the quan-
tity of Al in the shell, which is in agreement with the assumption of a
parallel conduction path through the p-GaN shell presented in Fig.
2(c). Figure 4(c) shows a SEM image of an EBID contacted UV-B
core-shell wire and the corresponding EBIC signal mapping. As for
the UV-A structure, the EBIC signal is only measured on the nþ-GaN

FIG. 3. (a) Schematic of the core-shell structure for UV-A emission with 5% GaN (2.6 nm)/Al0.3Ga0.7N (3 nm) quantum wells integrated in a GaN/Al0.3Ga0.7N p–n junction. (b)
Room temperature I–V curves on several single wires with core-shell structure A, connected using the EBID method. (c) SEM image and EBIC mapping of a typical A-type
core-shell wire. (d) Electroluminescence spectra on single structure A wire obtained at room temperature with a pulsed voltage whose peak varies from 12 to 18 V. The inset
shows the CL spectrum of the same wire, acquired with a 2 kV acceleration voltage.
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from the GaN MQWs with UV-A emission centered at 3.65 eV
(340nm) having a FWHM of !150meV. From the evolution of the
EL intensity as a function of the applied voltage, we observe that the
QW emission intensity significantly increases at high voltage until to
dominate the VB contribution. The room temperature CL spectrum of
the same wire is shown in the inset of Fig. 3(d). In contrast with EL
measurements, the main CL emission at 2 kV excitation comes from
the QW contribution localized at the same position than EL emission
at 3.65 eV (340nm), and the two peaks observed at 3.43 eV (362nm)
and 3.35 eV (370nm) attributed to the near band edge of n-doped
GaN and the VB emission are much weaker. This VB emission
becomes dominant in CL spectra for low acceleration voltages (below
1 kV). We suspect that the origin of VB emission comes from the
external shell layers and most probably from the donor/acceptor pairs
(DAPs) contribution in the p-GaN.31 The intense VB emission, as well
as the high voltages required for the QW emission, could be the sign
of a poor hole injection in the active region (with parasitic conduction
paths) combined with a poor electrical injection at the metallic contact
level. Moreover, a phenomenon of electron overflow is suspected: the
absence of EBL can involve a significant radiative recombination on
the p-side shell. The hole injection issue is expected to be amplified in
the case of a structure designed for deeper UV emission, including Al-
rich layers.

The active region of “structure B” detailed in Fig. 4(a) is now
designed for UV-B emission consisting of five periods of thinner GaN
QWs estimated at 0.9 nm embedded in a 3 nm-thick Al0.6Ga0.4N

barrier. (The QW growth time is three times shorter with doubled
TMAl flow in comparison with structure A.) This UV-B active region
is integrated in a p–n junction corresponding to the following core-
shell heterostructure n-GaN/n-Al0.3Ga0.7N/MQWs/20nm-thick
graded p-AlxGa1-xN (x¼ 60–30%)/p-Al0.3Ga0.7N/p-GaN junction. To
ensure quantum confinement, the GaN layers are separated by 3nm
Al0.6Ga0.4N barriers instead of Al0.3Ga0.7N used for the UV-A struc-
ture. It is important to note that for such ultrathin GaN layers grown
onm-plane Al0.6Ga0.4N, a quantum dot like regime is usually observed
with strong confinement and localization.14,15 To address the hole
injection issue, we incorporated a p-doped linear AlGaN gradient with
60–30% Al composition between the active part and the p-Al0.3Ga0.7N
layer, as already used in UV planar structures.32,33

Figure 4(b) shows the I–V measurements performed on several
UV-B core-shell wires. As expected, UV-B devices do not show as a
good rectifying behavior as the UV-A ones. The forward current of
10#1–10#2lA measured at 10V for UV-B devices is 3–4 orders of
magnitude lower than in UV-A devices. The log scale curves shown in
the inset exhibit leakage currents in the same order of magnitude as
for core-shell structures 2 and A, i.e., 10#2–10#5lA at -5V. Those val-
ues indicate that the leakage currents are not dependent on the quan-
tity of Al in the shell, which is in agreement with the assumption of a
parallel conduction path through the p-GaN shell presented in Fig.
2(c). Figure 4(c) shows a SEM image of an EBID contacted UV-B
core-shell wire and the corresponding EBIC signal mapping. As for
the UV-A structure, the EBIC signal is only measured on the nþ-GaN

FIG. 3. (a) Schematic of the core-shell structure for UV-A emission with 5% GaN (2.6 nm)/Al0.3Ga0.7N (3 nm) quantum wells integrated in a GaN/Al0.3Ga0.7N p–n junction. (b)
Room temperature I–V curves on several single wires with core-shell structure A, connected using the EBID method. (c) SEM image and EBIC mapping of a typical A-type
core-shell wire. (d) Electroluminescence spectra on single structure A wire obtained at room temperature with a pulsed voltage whose peak varies from 12 to 18 V. The inset
shows the CL spectrum of the same wire, acquired with a 2 kV acceleration voltage.
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Æ Core-shell n-p junction evidenced by 
EBIC
Æ EL emission at 340 nm at room 
temperature

SEM+EBIC map

V. Grenier et al., Appl. Phys. Lett. 121, 131102 (2022)
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Flexible macroscopic UV-A LEDs

Single walled carbon
nanotubes as electrodes

Æ Diode-like rectifying IV curve
Æ At low bias EL from VB, at high bias the dominant EL emission from MQWs at 345 nm

VB

YB

QWs

N. Amador et al., ACS Applied 
Materials & Interfaces, submitted 
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• BOTTOM-UP: Nanowires
• Relax by lateral surface
• Improved light extraction
• Increase of the emitting surface
• Lateral non-polar m-plane

• TOP DOWN: Etching structure
• Relax by lateral surface, after 

growth
• Improved light extraction
• Adapt thin film technology

Other ways to eliminate dislocations
Top down approach – nanoporous LEDs

Porosification by sublimation, B. Damilano 42“Napoli”



1. After the growth of the LED structure, in-situ partial coverage with an SiN
layer 

– SiN coverage of the surface protects the material beneath
– Self-organization: dislocations covered later than defect-free areas

2. Sublimation of unprotected regions
– UHV (MBE chamber)
– >1000 °C
– AlN as stopping layer

Selective area sublimation applied to nitride
LEDs

B. Damilano

43More than x1000 increase of PL intensity B. Damilano et al, JAP (2022) 



Porosified LED fabrication

SEM EBIC map• Electrical insulation of pores to avoid 
short-circuiting 

• Deposition of a 2 µm thick layer of 
parylene-C onto the top surface

• Plasma etching to uncover the p-
GaN top surface

• Lithography and ITO contacting

44N. Amador et al., ACS Photonics (2022), B. Damilano et al, JAP (2022) 



Nano-porous LED demonstration

• Diode-like I-V characteristic 
with low reverse leakage

• The EL is peaked at 2.635 
eV with a FWHM of 170 meV

• Low blueshift compared to 
standard non-porous LEDs is 
-- reduction of the internal 
electric field in the QWs 
thanks to porosification

• Intensity fluctuations 
attributed to electrical 
inhomogeneities of the top 
contact 

45N. Amador et al., ACS Photonics (2022) 



Summary

• Nanowires can potentially solve a number of thin film LED 
issues

• Variation of properties of individual NWs impacts the device 
properties on a macro scale (e.g. injection homogeneity)

• NW LEDs are still behind the mature thin film technology, 
but they have promise in niche applications

• NWs are good for mechanically flexible devices and can give 
new functionalities (e.g. stretchability)

• NWs have promise for UV emission 
• Other approaches to nanostructuration to eliminate 

defects: top-down porosification
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Flexible LEDs
Densely packed short NWs PDMS encapsulation Thin membrane manipulation

Flexible LED demonstrated 
and tested under 0.3 cm 
bending
Further optimization of
• Leakage
• Emission homogeneity
• Current injection

J. Bosch et al, in preparation
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S2. Comparison of the electroluminescence spectra in flat conditions 
and under bending

Preliminary bending characterizations were performed by bending 50 times the 
LED using tweezers to a radius of curvature (ROC) of approx. 1 cm (a photo of a bended 
LED is shown in Figure 4c of the manuscript). The current-voltage (I-V) characteristics 
and the EL spectra were compared before and after bending and no significant 
modifications were observed. To better characterize the impact of bending on the 
membrane LEDs, we performed more rigorous bending tests under a controllable ROC 
using a dedicated set-up shown in Figure S2. In this set-up, the LED is fixed on a cylinder 
having a given ROC of 3 mm and contacted with needle probes (Figure S2a). The EL is 
collected through an optical fiber of 300 µm radius. Due to size limitations of the bending 
set-up, a new fabrication was required to produce a membrane LED having a 5 mm x 7 
mm size. Figure S2b shows a photo of the LED mounted in the set-up. The EL 
measurements performed under 17 V applied bias in bended and flat conditions are shown 
in Figure S2c and d, respectively. For both measurements, the violet peak is observed 
around 385 nm, while the UV QW peak presents a slight blueshift. The UV peak from 
the QW exhibits a 6 nm spectral blueshift under bending. The shift is small compared to 
the peak broadening, it may be due to some strain induced by bending.

Figure S2. a) Schematic of the bending set-up. b) Photo of the LED mounted in the set-
up with contact micro-probes and the optical fiber for light collection. c) and d) EL spectra 
under 3 mm ROC bending and in flat conditions, respectively. 

Commented [1]: Let's add a section

Bending of UV LEDs



Nitride nanowires

Large surface but a small footprint

80 nm

Semiconductor nano-objects with a diameter < 1µm << length

Kouno, et al., Opt. Exp. 2009

selective area growth 
MBE 

2 µm

Tchernycheva et al. NanoLetters 2014M. Tchernycheva et al., Nanotech. 2007 

spontaneous growth 
MBE 

selective area growth 
MOVPE

Fundamental interest :

ü Study of quantum confinement in quantum discs

ü Study of quantum transport

Nano-scopic and macroscopic devices 

Bottom-up approach : self-assembled and organized 
nanowire arrays
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Potential benefits of nanowire-based LEDs
Efficient strain relaxation – defect-free nanocrystals, higher QE
Growth on low-cost substrates 

Dislocation free highly 
mismatched active region (e.g. 
In-rich InGaN/GaN QDiscs to 
cover the green gap )

Increase of the emitting surface - decrease 
of current density – reduction of droop
Lateral surface is non-polar – no field

Axial LEDs Radial LEDs

Substrate

n

p

active 
region

Substrate

p

ac
tiv

e 
re

gi
on

n
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Monolithic integration of two colors

• Blue and green emitting QWs are integrated within the same core/shell 
LED structure

QW 
number

Target In-
content

QW 
temperature

QB
temperature

3 15 % 720 °C 900°C 
7 20 % 680 °C 835 °C 

Core-shell wire growth with bleu and green QWs STEM-HAADF images

A. Kapoor et al, Adv. Photonics Res. (2021)
52



Flexible two color LED

• EL spectra present a broad emission dominated by the green color

• Blue emission around 445 nm appears at higher injection

Photoluminescence from 5K to RT

435 nm 34 %

485 nm 18 %

IQE

green 
QWsblue

QWs

Electroluminescence at RT

Blue

green

A. Kapoor et al, Adv. Photonics Res. (2021)
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Ag nanowire contact properties

500 nm

Silver NW mesh on PDMS Silver nanowire mesh fabrication :
• Spin coating of Ag nanowires
• Baking for 20 min @ 200 °C
Sheet resistance after bending: 
• Unbaked Ag NWs R☐ = 40 Ω/☐
• Baked Ag NWs R☐ = 18 Ω/☐
• ITO (no bending) R☐ = 5-100 Ω/☐
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Transmittance : 80-85%
2 µm Aging: 5% R☐ increase after 1 y. storage
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COMSOL simulation

• PDMS is a bad thermal 
conductor

• Device can operate for 
90 min at high injection 
without degradation

• NWs extract the heat 
to metal contact

Thermal studies: self-heating
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