
HAL Id: hal-03864353
https://hal.science/hal-03864353

Submitted on 21 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Porous Nitride Light-Emitting Diodes
Nuño Amador-Mendez, Tiphaine Mathieu-Pennober, Stéphane Vézian,

Marie-Pierre Chauvat, Magali Morales, Pierre Ruterana, Andrey Babichev,
Fabien Bayle, François Julien, Sophie Bouchoule, et al.

To cite this version:
Nuño Amador-Mendez, Tiphaine Mathieu-Pennober, Stéphane Vézian, Marie-Pierre Chauvat, Magali
Morales, et al.. Porous Nitride Light-Emitting Diodes. ACS photonics, 2022, 9 (4), pp.1256-1263.
�10.1021/acsphotonics.1c01729�. �hal-03864353�

https://hal.science/hal-03864353
https://hal.archives-ouvertes.fr


This document is confidential and is proprietary to the American Chemical Society and its authors. Do not 
copy or disclose without written permission. If you have received this item in error, notify the sender and 
delete all copies.

Porous nitride light emitting diodes

Journal: ACS Photonics

Manuscript ID ph-2021-01729c

Manuscript Type: Article

Date Submitted by the 
Author: 10-Nov-2021

Complete List of Authors: Amador, Nuño; Centre de Nanosciences et de Nanotechnologies (C2N), 
Univ. Paris-Saclay
Mathieu , Tiphaine ; Centre de Nanosciences et de Nanotechnologies 
(C2N), Univ. Paris-Saclay
Vézian, Stéphane; Université Côte d’Azur
Chauvat , Marie-Pierre ; Centre de Recherche sur les Ions les Matériaux 
et la Photonique
Morales, Magali; Centre de Recherche sur les Ions les Matériaux et la 
Photonique
Ruterana, Pierre; Centre de Recherche sur les Ions les Matériaux et la 
Photonique, SIFCOM, UMR6176
Babichev, Andrey; Saint Petersburg Electrotechnical University “LETI”; 
ITMO University
Bayle, Fabien; Centre de Nanosciences et de Nanotechnologies (C2N), 
Univ. Paris-Saclay
Julien, François H.; Centre de Nanosciences et de Nanotechnologies 
(C2N), Univ. Paris-Saclay
Bouchoule, Sophie ; Centre de Nanosciences et de Nanotechnologies 
(C2N), Univ. Paris-Saclay
Collin, Stéphane; Centre de Nanosciences et de Nanotechnologies (C2N), 
Univ. Paris-Saclay
Gil, Bernard; Universite de Montpellier, Laboratoire Charles Coulomb
Tappy, Nicolas ; Ecole Polytechnique Federale de Lausanne, Laboratory 
of Semiconductor Materials, Institute of Materials, Faculty of Engineering
Fontcuberta i Morral, Anna; Ecole Polytechnique Federale de Lausanne 
Institut des neurosciences, Laboratoire des Matériaux Semiconducteurs
Damilano, Benjamin; Université Côte d’Azur
Tchernycheva, Maria; Centre de Nanosciences et de Nanotechnologies 
(C2N), Univ. Paris-Saclay

 

ACS Paragon Plus Environment

ACS Photonics



Porous nitride light emitting diodes 

Nuño Amador-Mendez1, Tiphaine Mathieu-Pennober1, Stéphane Vézian2, Marie-Pierre Chauvat3, 
Magali Morales3, Pierre Ruterana3, Andrey V. Babichev4,5, Fabien Bayle1, François H. Julien1,  
Sophie Bouchoule1, Stéphane Collin1, Bernard Gil6, Nicolas Tappy7,  
Anna Fontcuberta i Morral7,8, Benjamin Damilano2, and Maria Tchernycheva1 

1 Centre de Nanosciences et de Nanotechnologies (C2N), Univ. Paris-Saclay, UMR 9001 CNRS, Palaiseau 91120, France 
2 Université Côte d’Azur, CNRS, CRHEA, Valbonne 06560, France 
3 Centre de Recherche sur les Ions, les Matériaux et la Photonique, CIMAP-ENSICAEN, UMR 6252, Caen 14050, France  
4 Saint Petersburg Electrotechnical University “LETI”, St. Petersburg 197022, Russia 
5 ITMO University, St. Petersburg 197101, Russia 

6 Laboratoire Charles Coulomb, UMR 5221 CNRS, Univ. Montpellier, Montpellier 34095, France 
7 Laboratory of Semiconductor Materials, Institute of Materials, Faculty of Engineering, Ecole Polytechnique Fédérale 
de Lausanne, Lausanne 1015, Switzerland 
8 Institute of Physics, Faculty of Basic Sciences, Ecole Polytechnique Fédérale de Lausanne, Lausanne 1015, Switzer-
land 

KEYWORDS: light emitting diode, porous material, InGaN, cathodoluminescence, electron beam microscopy, metal or-
ganic chemical vapor deposition, nanoscale analyses 

 

ABSTRACT: A porous InGaN/GaN blue light emitting diode is demonstrated using selective area sublimation. Transmis-
sion electron microscopy reveals that the structure is porous down to the Si substrate, however the porosity is higher in the 
GaN buffer, while smaller pores are observed in the active region. This change of porosity between the active region and the 
buffer is explained by the modification of the dislocation pattern in the heterostructure, which is evidenced by weak beam 
transmission electron microscopy on a non-porosified reference sample. Cathodoluminescence mapping and electron beam 
induced current microscopy (EBIC) analyses are used to probe the impact of porosification on the optical and electrical 
properties of the structure at nanoscale dimensions. It is observed that neither the quantum well emission nor the p-n junc-
tion EBIC spatial profile were degraded after porosification with respect to the non-annealed reference sample. A light emit-
ting diode with a fully porous active region is fabricated using parylene pore filling for electrical insulation and its electro-
luminescence is analyzed. 

Porosification of semiconductors as a way to control 
their optical and electrical properties have been studied in 
different materials since many years.1,2 In nitrides, addi-
tional interest of porosification stems from the strain and 
dislocation density reduction when using porosified buffer 
layers.3–6 This property is particularly important for nitride 
growth on Si substrates, for which the mismatch of ther-
mal expansion coefficients and the dislocation issues are 
severe.  

Due to the low cost and large size of Si substrates, grow-
ing nitride light emitting diodes (LEDs) on Si can signifi-
cantly reduce the fabrication cost and thus boost the solid-
state lighting. However, strain management to achieve high 
quality GaN layers on Si requires the growth of very com-
plex structures, which increases the fabrication cost and 
lessens the interest of using Si. To solve this issue, porosifi-
cation was proposed as an attractive alternative to ac-
commodate the strain. Nitride layers can be porosified by 
using wet etching by HF or KOH,4 reactive ion etching7 or 
electrochemical etching (ECE) and photoelectrochemical 
etching (PECE).6 LEDs grown on porous nitride buffer lay-

ers were reported showing improvement of their perfor-
mance.5,6,8 

Recently we have demonstrated that porous GaN can al-
so be obtained by selective area sublimation.9,10 This 
method is based on the strong difference of stability be-
tween the (0001) polar plane and the perpendicular non-
polar ones such as {1-100} (m-planes) and {11-20} (a-
planes). We have demonstrated that the porosification 
increases the luminescence efficiency in GaN bulk layers 
and in InGaN/GaN quantum wells grown on Si.9 Part of this 
enhancement can be explained by a better light extraction 
(estimated to yield a signal increase by a factor of 3), how-
ever the observed luminescence improvement was much 
stronger (two-to-three orders of magnitude), attributed to 
the sublimation of defective regions with a strong non-
radiative recombination.9 Until now, all the reported LEDs 
exploiting the porosification use a porous buffer, while the 
active region itself remains non-porous. The use of porous 
layers in the device active region was only reported once 
with a demonstration of a fully porous p-n diode.11 No 
InGaN-based devices exploring the effect of porosification 
through the active region has been investigated.
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Figure 1. (a) Schematics of the LED structure, thicknesses of the various layers are displayed. (b) Low magnification STEM image 
of the whole heterostructure from the Si substrate to GaN:Mg surface layer after sublimation. (c) Plane-view SEM close to the sur-
face region (d) SEM plane-view in the GaN buffer. (e) Cross-sectional view of the active QWs and the superlattice. (f) High magnifi-
cation STEM image of the active InGaN/GaN QWs. 

The purpose of the present study is to analyse the im-
pact of porosification on a full LED structure and to 
demonstrate a fully porous LED. In this work, we have 
grown and analysed a porous LED fabricated by high tem-
perature selective area sublimation. The structural anal-
yses reveal a double porosity in the active region and in 
the GaN buffer. Cathodoluminescence mapping and elec-
tron beam induced current microscopy is used to probe 
the impact of porosification on the optical and electrical 
properties of the structure at nanoscale dimensions. A po-
rous LED is fabricated using parylene pore filling and its 
electroluminescence is analysed. 

RESULTS 

LED growth, porosification and structural analyses. 
Two LED structures were grown in the same run in a 7×2 
in. Aixtron AIX6 showerhead metal organic chemical vapor 
deposition reactor. Trimethylgallium (TMGa), triethylgalli-
um (TEGa), trimethylindium (TMIn), trimethylaluminium 
(TMAl), bis(cyclopentadienyl)magnesium (Cp2Mg), silane 
(SiH4) and ammonia (NH3) were used as the precursors for 
Ga, In, Al, Mg, Si, and N, respectively. The growth tempera-
tures were measured by pyrometry using a reflectivity 
corrected system from Laytec. The epitaxial stack consists 
of (starting from the substrate) a 250 nm AlN buffer layer, 
200 nm of undoped GaN, 400 nm of n-GaN, 20 nm of n-
Al0.05Ga0.95N, 10 nm of n-GaN, a superlattice (SL) composed 
of 10 periods of 2.3 nm In0.05Ga0.95N and 2.3 nm of GaN, 13 
nm of an undoped GaN layer, a 4 periods multiple quantum 
well (MQW) consisting of 3.3 nm In0.13Ga0.87N quantum 

wells and 13 nm quantum barriers, 100 nm of p-GaN and a 
last 15 nm p++ GaN contact layer. The p-doping activation is 
performed in situ immediately after the growth under a 
pure N2 atmosphere at 750°C. The sample structure is il-
lustrated in Figure 1a. The thicknesses were extracted 
from cross-section transmission electron microscopy im-
ages and the compositions of the different layers were 
measured by energy dispersive X-Ray spectroscopy (EDS). 

The total epitaxial thickness is 1.1 µm which is much 
thinner than the 3.5–5.0µm typically requested for high 
efficiency blue LEDs on Si substrates.10,12 Indeed, decreas-
ing the total thickness of the structure can be an asset in 
order to decrease the total growth time. The purpose of the 
n-AlGaN below the SL is to act as a sublimation stop layer, 
however we will see in the following that locally the selec-
tive area sublimation process used to porosify the sample 
can go through this layer, probably due to an insufficiently 
high Al composition. The SL is expected to trap GaN sur-
face defects in order to enhance the efficiency of the 
InGaN/GaN MQW as explained in Ref. 13. Compared to 
regular InGaN-based LED structures, no AlGaN electron 
blocking layer is inserted between the MQW and the p-
GaN. The Al composition of this layer has to be typically in 
the 0.15–0.20 range and with such a composition the sub-
limation would be stopped at this layer.  

In the following we present a comparison of one LED 
wafer that was kept as a reference and the second one 
which was processed in a Riber molecular beam epitaxy 
system for the porosification. The first step of the porosifi-
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cation process is to form a SixNy nanomask at the surface of 
the LED structure. The sample is annealed under 100 
standard cubic centimeters per minute of ammonia at 
800°C during 10 minutes in order to remove possible sur-
face contaminants due to the sample transfer in the air. It 
was verified that after this annealing a clear 2×2 reflection 
high energy electron diffraction pattern (RHEED) was ob-
served below 550°C, attesting that the GaN surface was 
well deoxidized. Then the sample is heated at 670°C under 
vacuum and exposed to the flux from a Si cell heated at 

1250°C for 35 minutes. At this stage, a faint √3 × √3𝑅30° 
surface reconstruction was observed on the RHEED pat-
tern and was related to the formation of Ga/Si-N bonds.14 
Note that it was not necessary to provide an additional 
nitrogen source to form this layer, the nitrogen already 
present at the surface or coming from the background re-
sidual ammonia pressure in the reactor (10-9 to 10-8 Torr) 
was sufficient. The temperature of the sample is finally 
increased to 870°C, still under vacuum, for 480 minutes in 
two consecutive runs. During this last step, the sublimation 
occurs in areas not covered by the SixNy nanomask as ex-
plained in more details in our previous works.9,15–17 

As explained in the Supplementary Materials, the pore 
density presents a variation over the 2 inch wafer between 
the center and the edge. After optical analyses of different 
places described in Supplementary Materials, regions with 
medium and low porosity were selected for further charac-
terizations and the low porosity part was chosen for the 
device fabrication.  

First, electron microscopy analyses of the structure were 
performed. The investigations were carried out by scan-
ning electron microscopy (SEM) in the dual beam FEI Heli-
os NanoLab and next in the JEOL ARM 200 atomic resolu-
tion scanning transmission electron microscope (STEM) 
for EDS and imaging. In the focused ion beam (FIB), we 
prepared the plane-view and cross section samples, using 
focused Ga beams with energies that are varied from 30 
down to 1 kV for final polishing and minimizing the beam 
generated damage. The thinning process is closely moni-
tored; during the process, primary structural and chemical 
information is systematically acquired using the electron 
beam in the scanning mode and finally in the scanning 
transmission mode when the lamella is thin enough for 
transparency to the 30 kV electron beam usable in the SEM 
mode of the FIB.  

For the LED wafer which was subjected to porosification, 
the structure can be seen in the low magnification STEM 
image of Figure 1b, where the active area of InGaN/GaN 
QWs is indicated by horizontal black arrows. Inside the 
GaN template and surface layers, the contrast changes are 
due to thickness changes and therefore to the porosity. As 
can be seen, the porosity is much more extended in the 
GaN template, and in this cross-section projection the 
pores appear much larger. There is an abrupt transition at 
the level of the AlGaN layer which starts the active region 
as indicated by the arrows from Figure 1b to Figure 1a. 
This difference is better seen in plane-view SEM observa-
tions as shown in Figures 1c and Figure 1d. In the surface 
region (Figure 1c), the pores are rather small (darkest con-
tract) and their morphology is highly complex, in contrast, 
the GaN template exhibits large pores with the geometry 

following the original distribution of dislocations as sub 
grain boundaries (Figure 1d). The higher magnification 
STEM image of Figure 1e helps to explain what happens 
during the porosification. Inside the 20 nm thick 
Al0.05Ga0.95N layer, the large pores from the GaN template 
as well as most of the smaller ones from the GaN surface 
layer are stopped. As can be clearly seen, the pores from 
the surface straightforwardly cross the QWs, the SL and 
the first GaN 20 nm layers to stop inside the AlGaN layer. 
However, some of the pores cross the whole stacking down 
to the AlN buffer layer on top of the Si substrate (see white 
arrow in Figure 1b). 

Figure 1f shows a high magnification image of the QW 
region. The QWs are continuous, however they display 
fluctuations of their thickness, EDS measurements give a 
maximum In composition of 15%, obtained in thicker are-
as of the QWs. In the observed areas, there is no obvious 
formation of extended defects, so the QWs are locally elas-
tically strained. However, as can be seen at large scale in 
the SEM image of Figure 1c, numerous pores are formed in 
this area and their distribution is completely different from 
that in the underlying GaN template, so the strain has 
many channels of relaxation. 

As pointed out in Figures 1b-e, the behavior during sub-
limation of the GaN template and of the upper active part is 
completely different. Large vertical pores of dendritic 
shape form inside the GaN template; they are fully stopped 
by the AlN buffer layer on top of the Si substrate, and are 
mainly stopped by the AlGaN interlayer under the active 
heterostructures. A close examination of Figures 1c-d 
shows that there are common features in the two figures 
which are recorded in the same sample area with FIB la-
mellas lifted-out respectively from the GaN template and 
from the surface region. In the surface region, we observe 
localized pores that have the form of round dots or small 
segments (the darkest contrast in Figure 1c). For the GaN 
template, as can be seen in Figure 1d, the pores are large 
and they exhibit large dendritic shapes, in contrast to the 
surface area, where the pores are small. Therefore, there is 
a large change in the porosification behaviour throughout 
the LED stack, which can be related with the dislocation 
pattern. TEM examinations of the reference sample (de-
tailed in Supplementary Materials) show that the hetero-
structure strongly modifies the defect distribution: the 
screw and mixed type dislocations18,19 appear to cross the 
heterostructures almost vertically. The other detects 
should close or be highly modified at these interfaces,20–22 
while edge type dislocations23 are strongly bent inside the 
interface heterostructures (see Figure S3 in Supplemen-
tary material). This bending leads to a random homogene-
ous distribution of edge dislocations at the surface. One 
can suggest that during the sublimation process, the po-
rosification starts from the surface and takes place along 
all the dislocation lines leading to a large number of small 
pores at the surface. At the AlGaN layer, the cross-sectional 
observations (Figure 1b) show that many small pores are 
stopped, they most certainly correspond to the porosifica-
tion through the dislocation lines that were strongly bent 
(cf. Supplementary Materials). For the dislocations lines 
that cross the active heterostructure without deviation, the  
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Figure 2. Schematic illustrating the formation of double po-
rosity. (a) dislocation pattern at the surface. (b) formation of 
the small pores by sublimation from the surface. (c) disloca-
tion pattern in the GaN template. (d) formation of big cavities 
in defective regions in the vicinity of the substrate. 

AlGaN layer appears less effective and the porosification 
process continues towards the GaN template where it is 
amplified by the subgrain boundary configuration as seen 
in Figure 1d.  

The mechanism leading to the observed difference in po-
rosity may be explained with the following schematic 
shown in Figure 2. First small pores are initiated from the 
sample surface by sublimation of regions close to disloca-
tions Figure 2a –b. These pores propagate downward by 
sublimation. Some of them are stopped by the AlGaN layer, 
however the composition of the AlGaN is not sufficient to 
block all the pores, so the pores associated with vertical 
dislocations can cross the AlGaN and propagate further 
into the GaN template. Finally, these pores reach highly 
defective regions in the vicinity of the substrate, where 
they are amplified by the subgrain boundary configuration 
and broaden into cavities Figure 2c – d. 

Optical and electrical properties of the porous LED 
structure were characterized using CL mapping and EBIC 
microscopy and compared with the results for the refer-
ence structure, which was taken from the same wafer but 
has not undergone the sublimation process.  

Cathodoluminescence mapping of the porous LED. 
CL maps were acquired using a CL-dedicated SEM (At-
tolight Allalin), with a beam energy from 3 to 5 keV and a 
beam current of approx. 4 nA. During experiments, the 
sample was maintained at a temperature of 10 K using a 
liquid Helium flow-cryostat. These conditions allowed to 
use short integration times, between 1 and 10 ms per spec-
tral acquisition. The spectra were acquired with a Horiba 
iHR 320 monochromator using 600 groves per mm grating 
blazed for a wavelength of 300 nm. The signal was record-
ed by a charge coupled device (CCD) Andor Newton 920. 
The spectrometer setup has a spectral resolution of 0.13 
nm.  

First, top-view CL maps were recorded for the porous 
LED and for the non-porosified reference sample.  

Figure 3a displays a low-temperature CL spectrum of the 
reference sample. The spectrum is integrated over a few 
square microns region shown in the SEM image of Figure 
2b, which evidences the presence of pits at the surface. The 
spectrum shows two dominant emissions coming from the 
InGaN/GaN superlattice centered at 415 nm (2.99 eV) with 
a full width at half maximum (FWHM) of 98 meV and from 
the multi-quantum wells centered at 454 nm (2.74 eV) 
with a FWHM of 168 meV, respectively. Other contribu-
tions observed at higher energy are likely to be related 
with the DAP emission from GaN24. Figure 2c presents a CL 
map spectrally filtered for the InGaN/GaN QW emission 
peak. Strong intensity fluctuations are observed on sub-
micrometer scale, which are partly correlated with the 
density of V-pit defects seen in the SEM image. These fluc-
tuations are visualized in the histogram showing the dis-
tribution of pixel intensity of the map. The intensity fluctu-
ations are also accompanied with a strong local shift of the 
QW peak in the 440-460 nm range (shown in panel d), 
which can be attributed to different effects like the In con-
tent variation, to the QW thickness fluctuation and to the 
inhomogeneous strain state in the vicinity of the defects. 
This is illustrated by a broad distribution of the peak ener-
gy for individual pixels shown on the histogram at the col-
or bar. 

The same analyses were performed for the porous LED. 
Figure 3e presents the integrated spectrum for the region 
shown in panel f. The superlattice emission is peaked at 
401 nm (3.09 eV) with a FWHM of 78 meV and the QW 
peak is located at 446 nm (2.78 eV) with a FWHM of 134 
meV. The superlattice peak and the QW peak are blueshift-
ed with respect to the reference sample. This can be at-
tributed to the strain relaxation leading to the reduction of 
the internal field and of the quantum confined Stark effect. 
Compared to the reference sample, a reduction of the peak 
broadening both for the SL and for the QW emission is ob-
served in porous LED. This favourable effect of porosifica-
tion can also be seen in the peak wavelength map in panel 
h showing local peak shifts. This can be associated with the 
sublimation of defective areas in the vicinity of pit defects, 
which are associated with the variation of the InGaN con-
tent and strain state. This is reflected by a narrower distri-
bution of the peak energy for individual pixels compared 
to the reference sample as shown on the histogram at the 
color bar of panel (h). 

Figure 3g presents the CL map of the porous LED spec-
trally filtered for the emission of the active QWs. Intensity 
fluctuations are observed with a characteristic spatial scale 
similar to that of the reference sample. However, the in-
tensity fluctuations remain strong as seen from the intensi-
ty histogram on the color scale bar of panel (g). The com-
parison of the SEM image and the CL map does not show a 
correlation between the intensity of the QW emission and 
the pores. The CL inhomogeneities are observed at a dif-
ferent scale than the pores, they arise from the initial 
growth and are not produced by the porosification pro-
cess.  

Figure 4 presents the cross-sectional CL analyses of the 
reference sample and of the porous LED, which allow to 
localize the spatial origin of different spectral contribu-
tions.  
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Figure 3. (a) and (e) integrated CL spectrum at 10 K; (b) and (f) SEM picture (c) and (g) CL map spectrally filtered for the QW 
emission peak. (d) and (h) Maps displaying the peak wavelength. The historiagrams on the color scale represent the distribution of 
pixel intensity in (c) and (f) and of the pixel energy in (d) and (h). Panels (a) – (c) refer to the reference sample, panels (d) – (f) 
refer to the porous LED. The scale bar is 500 nm. 

Figure 4a and b show the cross-sectional SEM and the 
respective filtered map for the emissions of the super-
lattice (between 400 and 430 nm, shown in blue) and of 
the active QWs (430 and 480 nm, shown in green) for the 
reference sample. Strong intensity fluctuations in the QW 
plane are observed, some of them may be related to the 
cleavage imperfections while others originate from non-
radiative defects in the layers. The cross-sectional SEM of 
the porous LED shown in Figure 4c evidences the above 
described double porosity. The super-lattice and the QW 
emissions can be easily localized in the CL map, they are 
located close to each other just above the porosity change 
in agreement with the structural analyses discussed in 
Figure 1. Intensity fluctuations in the QW plane are also 
observed, however, with respect to the reference sample, 
the emission of the porous LED is more homogeneous. 

To summarize, the top-view and cross-sectional CL anal-
yses show that the high temperature sublimation process 
does not degrade the QW emission. On the contrary, a nar-
rowing of the QW peak and a better spatial homogeneity is 
observed after porosification.  

EBIC on the cross-section. Electron-beam induced cur-
rent (EBIC) microscopy was applied to the porous LED and 
to the reference sample in order to probe the effect of po-
rosification on the electrical properties of the p-n junction. 
The Hitachi SU8000 SEM microscope equipped with a 
Kleindiek micro probe-station was used for sample anal-
yses (for details see setup description in Ref. 25). The EBIC 
measurements were performed at room temperature us-
ing an acceleration voltage of 25 kV. This high acceleration 
voltage was chosen to probe the sample in-depth and to be 

less sensitive to the surface morphological imperfections. 
For cross-sectional measurements, the samples were 
cleaved, contacted on their bare top p-GaN surface with a 
nano-probe, while the bottom contact is provided by the 
substrate connected to the ground. A reverse bias of -1 V 
was applied to the sample to overcome the Schottky barri-
er between the probe and the p-doped GaN on the sample 

 

Figure 4. (a) Cross-sectional SEM image of the reference sam-
ple (surface is on the right) and (b) the corresponding spec-
trally filtered CL map at 10 K for the emission of the SL (blue) 
and of the QWs (green), respectively. (c) Cross-sectional SEM 
image of the porous LED (surface is on the right) and the cor-
responding (d) spectrally filtered CL map at 10 K for the emis-
sion of the SL (blue) and of the QWs (green), respectively. 
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Figure 5. Cross section SEM (a) of the reference and (b) of the porous LED, corresponding EBIC maps under -1 V bias (c) of the 
reference and (d) of the porous LED (color scale shows the induced current in Amp). (e) EBIC profiles perpendicular to the layer 
plane of the reference and of the porous LED (sample surface corresponds to 0 µm). 

surface and thus to improve the signal-to-noise ratio. To 
measure the induced current, a low noise current pream-
plifier SR570 coupled with a Gatan Digiscan system was 
used. The EBIC maps were constructed point by point by 
scanning the sample surface. Figures 5a and c show the 
SEM image and the induced current map for the reference 
sample. The maximum of the signal corresponds to the 
nominal position of the active QWs located in the depleted 
region of the p-n junction and the signal quickly decreases 
in the p-GaN top layer and the n-doped bottom layer (cf. 
the EBIC profiles of Figure 5e). In the junction plane the 
EBIC signal is rather homogeneous evidencing efficient in-
plane current collection. For the porous LED analyses 
shown in Figure 5b and d, the induced current can only be 
collected in the vicinity of the probe – the in-plane signal 
extension is smaller than 0.5 µm. This is indeed expected 
since the porosification reduces the in-plane conductivity 
due to the creation of holes in the p-GaN layer. At the same 
time, the in-depth EBIC profile of the porous LED is similar 
to the one observed for the reference sample. The position 
of the signal maximum is the same, which shows that the 
doping profile of the p-n junction is not much affected by 
the high temperature sublimation process. This is im-
portant since one could have expected some interdiffusion 
or other electrical degradation due to the long high tem-
perature annealing. The decrease of the EBIC signal in the 
n-doped bottom layer has the same shape as for the refer-
ence sample. However, in the p-GaN part the profile shape 
is different, the decrease of the signal is non-exponential, 
which may be related to the modification of the electrical 
properties on the p-GaN layer. Indeed, an exponential pro-
file is expected in situations when a unidimensional diffu-
sion model is applicable, which is not the case of a porous 
material where the transport of minority carriers can be 
three-dimensional.  

Overall, the comparative EBIC analyses demonstrate that 
the high temperature sublimation process preserves the 
electrical activity of the p-n junction, which is favorable for 
device fabrication.  

LED fabrication and testing. To process the porous 
LED the low porosity (8%) region was selected. A special 
care should be taken to electrically insulate the pores to 
avoid short-circuiting. To fill the pores, a 2 µm thick layer 
of parylene-C was deposited on the top surface. Then, the 
excess of the parylene was etched by an oxygen plasma to 
uncover the p-GaN top surface. Due to the inhomogeneities 
of the pores density through the wafer, the resulting 
parylene coverage was not homogeneous, therefore the 
central part of the sample with the optimal pore filling was 
selected for characterization. The top transparent contact 
to the LED was defined using optical lithography, ITO sput-
tering and lift-off. Finally, a metal frame was deposited for 
device bonding purposes. The bottom contact was take on 
the Si substrate. Figure 6a shows the schematic of the po-
rous LED. First, the fabrication process was validated by 
electrical measurements and EBIC microscopy. Figures 6b 
and c show the SEM image and the corresponding EBIC 
map of a region on the top surface of the LED covered with 
ITO. The induced current shows dips in the pores since the 
p-n junction is removed by sublimation. However, these 
dips affect only the pores and not the neighboring regions, 
where the induced current shows only slow variations. 
This shows the absence of local shunts through the pores 
and demonstrates that the pores do not affect the current 
generated in the neighbouring region of the p-n junction. 
Based on this observation we can assume that the eventual 
non-radiative recombination on the pore sidewalls is rela-
tively low since it does not change the collection of the 
minority carriers in the pore vicinity. This is further con-
firmed by the room-temperature CL mapping of the ana-
lyzed LED, shown in Figure2S of Supplementary Materials.  
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Figure 6. (a) Schema of the porous LED after fabrication. (b) top-view SEM image and (c) the corresponding EBIC map of the po-
rous LED. (d) I-V curve of the porous LED with a photo of the device under operation, the scale bar is 150 μm, and (e) electrolumi-
nescence spectra for different injection currents. 

The fluctuations of the CL intensity are not correlated 
with the pores, in particular no drop of the luminescence 
in the pore vicinity is observed. 

The LED presents a rectifying diodic current-voltage (I-
V) characteristic (cf. Figure 6d), which again confirms that 
the parylene pore protection is efficient and the device is 
not short-circuited. The reverse leakage of the LED is rela-
tively low (1 mA/cm2 at -2 V).  

The electroluminescence (EL) spectra of the LED were 
recorded for increasing injection current as shown in Fig. 6 
(e). The EL is peaked at 2.635 eV with a FWHM of 170 meV. 
The peak position shows only a negligible blueshift for 
increasing injection (going from 2.630 eV for 0.4 mA to 
2.637 for 1.5 mA). This low blueshift compared to standard 
non-porous LEDs26 is consistent with the reduction of the 
internal electric field in the QWs thanks to porosification. 
The inset of Figure 5c shows an optical microscopy image 
of the LED under operation, showing intensity fluctuations. 
These fluctuations of the electroluminescence are tenta-
tively attributed to electrical inhomogeneities of the top 
contact, which may be caused by parylene residues on the 
surface due to insufficient etching. Further optimization of 
the parylene planarization step is expected to solve the 
issue. 

Conclusion. A fully porous LED obtained by high tem-
perature sublimation was fabricated and analysed. A 
change of porosity between the active region and the GaN 
buffer was observed. This phenomenon is explained by the 
modification of the dislocation pattern in the heterostruc-
ture, which is evidenced by weak beam transmission elec-
tron microscopy on the non-porosified reference sample. 
The impact of high temperature sublimation on the optical 
and electrical properties of the LED structure is assessed 

using cathodoluminescence and electron beam induced 
current microscopy. It is observed that neither QW emis-
sion nor the p-n junction EBIC spatial profile were degrad-
ed after porosification with respect to the non-annealed 
reference sample. A LED is demonstrated using parylene 
insulation of the pores and its electroluminescence is ana-
lyzed. To the best of our knowledge, it is the first report of 
an InGaN-based LED with a fully porous active region. 
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