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ABSTRACT

InGaN/GaN single quantum wells were grown by molecular beam epitaxy on silicon substrate onto thin
AIN and GaN buffer layers. The InGaN/GaN structure is porosified using a combination of SixNy
nanomasking and sublimation and compared to a non-porous reference. The photoluminescence
efficiency at room temperature of the porosified sample is improved by a factor reaching 40 compared
to the reference sample. Plan-view and cross-section transmission electron microscopy images reveal
that the remaining material is free of dislocation cores. The regions around dislocations are thus
preferentially sublimated. This explains the strong photoluminescence improvement of nanoporous
InGaN/GaN samples.



I. INTRODUCTION

The porosification of semiconductor materials gives another degree of freedom to adjust their
characteristics and to eventually improve their properties such as the luminescence efficiency of
porous Si.»? Regarding nanoporous materials based on GaN, they are currently studied due to their
interest for several applications as recently reviewed in Ref. 3. For example, porous GaN can be used
for hydrogen generation through water splitting,* piezoelectric devices,” chemical sensing® or
optoelectronics. Distributed Bragg reflectors composed of a stack of alternating regular GaN and
nanoporous GaN demonstrated a high reflectivity and the possibility to be lattice matched on
GaN.”®91% sych distributed Bragg reflectors can be used as highly reflective bottom mirrors in different

1112 35 well as optically pumped,** and

devices including resonant cavity light emitting diodes,
electrically injected vertical cavity surface emitting laser.}**® Last, incorporating porous GaN layers on
top of a patterned sapphire substrate can also enhance the light extraction efficiency of blue

InGaN/GaN light emitting diodes thanks to the modification of the refractive index of the porous GaN.®

The porosification of GaN-based layers modifies their structural and optical properties. Transforming
GaN layers into porous GaN layers has a strong impact on the strain state.'”*® This property was
exploited to relax the compressive strain in InGaN layers located on top of porous GaN layers.'® Such
an approach was applied to fabricate InGaN micro light emitting diodes with a long wavelength
emissions extending up to the red.?%*

The main technique used for the porosification of GaN layers is based on electrochemical etching or
photo-enhanced electrochemical etching on either n-type or p-type GaN.?223242526 pgrous GaN layers
can also be produced from initially flat GaN layers using an electroless chemical etching assisted by
Pt.28 pandey et al. showed that it was possible to make porous GaN layers by the annealing of planar
GaN layers covered by gold nanoparticles.?8 Similarly, a high temperature thermal treatment of GaN
layers can be applied to induce the porosification of the layers under a H, atmosphere in a hydride

2930 or alternatively under

vapor phase epitaxy reactor or a metal-organic vapor-phase epitaxy reactor,
a N, atmosphere in a resistance furnace®! or eventually under vacuum in a molecular beam epitaxy
reactor after the deposition of a SixNy nanomask.323%3* Through this last approach, we showed that the
photoluminescence efficiency at room temperature of highly dislocated GaN layers was strongly
increased when they were porosified. We previously attributed this improvement to the preferential
sublimation of GaN around dislocations but with only indirect elements supporting this hypothesis. In
the present work we report on the optical and structural properties of an InGaN single quantum well
and we directly show at the light of transmission electron microscopy experiments that after
porosification the remaining GaN and InGaN layers are free of extended defects emerging at the

surface.
Il. EXPERIMENTAL
A. Fabrication of the samples

The samples were grown on Si(111) substrate by molecular beam epitaxy (MBE) in a Riber system. The
2-in. substrates were deoxidized ex situ using a diluted HF solution. Then the samples were mounted
“In-free” on molyblock holders and loaded in the MBE system. The samples were grown in two
consecutive runs and the same molyblock was used for both runs in order to ensure a good run to run
reproducibility. The epitaxial stack consisted of a 95 nm AIN buffer layer, a 245 nm GaN layer, a 2 nm



InGaN quantum well and a last 25 nm GaN cap layer (Figure 1a). The procedure described in Refs. %
and % was applied to prepare the Si for initiating the AIN growth. Solid sources were used for Al, Ga
and In. Regarding nitrogen, it is provided by the thermal cracking of ammonia on the sample’s surface.
The temperatures were measured using an infra-red optical pyrometer and by calibrating the
emissivity of the samples by considering the transition of the 7x7 to 1x1 surface reconstruction (as
measured by reflection high energy electron diffraction) at 830°C. The growth temperature/ammonia
flow were respectively 880°C/50sccm, 780°C/100sccm, and 540°C/500sccm for AIN, GaN, and InGaN
layers. One sample was kept as a reference, while the second was processed. The porosification was
carried out in two steps: the first one consisted in exposing the GaN surface to a Si flux (Si cell heated
at 1250°C) for 13 minutes to generate the formation of a SixN, ultrathin layer of less than 1 mono-layer
(Figure 1b). It should be noted that any discontinuity of this thin SixNy, creates a preferential path for
GaN sublimation. In the second step, the sample was heated at 880°C in an ammonia flow of 10 sccm
for 64 min and then kept under vacuum for 36 min at the same temperature (Figure 1c). The SixN,
nanomask of the porous sample was not removed ex situ before the characterizations.
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Figure 1. The different steps for the fabrication of the samples. (a) Epitaxial growth of the structure by
molecular beam epitaxy. (b) Exposition of the surface to a Si flux to form a SixN, nanomask. (c)
Sublimation in the molecular beam epitaxy reactor at 880°C.

B. Structural characterizations

The surface and the cross-section of the samples were imaged using a Zeiss Supra 40 scanning electron
microscope at an acceleration voltage of 5 kV. For transmission electron microscopy analysis, a JEOL
ARM 200 was used as a scanning transmission electron microscope (STEM). The samples for plan-view
and cross section measurements were prepared by focused ion beam with energies that were varied
from 30 down to 1 kV for final polishing in order to minimize the beam generated damage. The thinning
process was closely monitored; during the process, structural and chemical information was acquired
using the electron beam first in the scanning mode, and second in the scanning transmission mode.
The latter becomes possible when the lamella is thin enough for transparency to the low energy
electrons (30 kV).

C. Optical characterizations

Continuous wave photoluminescence experiments were performed at room temperature and as a
function of the temperature (10K-300K) in a closed-circuit He cryostat. The 244 nm line of a frequency-
doubled Ar laser (Fred90C from Coherent) with a power of 30 mW was used as the excitation source.
The spot size diameter was ~120 um which gave an excitation power density of 300 W/cm?. The



photoluminescence emitted by the samples was collected by achromatic lenses and focused to a fiber
connected to an Acton SP558 spectrometer. The photoluminescence experiments on both porous and
non-porous samples were performed the same day in the same measurement run, therefore the PL
intensities are directly comparable.

Time-resolved photoluminescence (TRPL) spectroscopy measurements were performed as a function
of the temperature in a closed-circuit He cryostat. A laser at a wavelength of 266 nm was used as the
excitation source. The pulse repetition rate of the laser was chosen at 80 kHz. The emission light of the
samples was recorded by a spectrometer connected to a Hamamatsu-C10910 streak camera.

CL measurements were performed at room temperature in an Attolight Chronos CL-scanning electron
microscope (SEM) system. Light was collected by an achromatic reflective objective (numerical
aperture 0.72) that provided constant collection efficiency over a field of view of about 150 um in
diameter. Acceleration voltage of the electron beam was set to 6~kV, and the current of approximately
2 nA was kept constant. The diffraction grating used has 150 grooves/mm and is blazed for 500 nm
wavelength. The signal was recorded with an Andor Newton charge-coupled device (CCD) camera
(1024x256 pixels, with a pixel width of 26 um). The corresponding spectral dispersion is 0.53 nm per
pixel. Luminescence spectra were corrected for the diffraction efficiency of the grating and the
sensitivity of the CCD camera. The luminescence intensity described in the text corresponds to a
spectral density of photon flux per unit of energy (counts/(s.eV)).

Il. RESULTS AND DISCUSSION
A. Scanning electron microscopy

The surface of the samples is shown in the SEM images of Figure 2(a) and (b). The surface of the non-
porous sample appears flat with almost no visible pits on the whole image area. On the other hand,
the surface of the porous sample is affected by many pits. The minimum diameter of these pits is less
than 10 nm, however it is difficult to be precise with such small dimensions in SEM imaging. A better
resolution is achieved with TEM experiments that are described in the following. The maximum
diameter of isolated pits is ~25 nm. The size of these pits indicates that we have a mesoporous
material. The surface density of these pores is estimated to be 8x10° cm™. The SEM cross-section
images of the samples are shown in Figure 2(c) and (d). The non-porous sample shows compact and
smooth GaN and AIN layers as expected from an epitaxial growth on Si(111) using a 2-dimensionnal
growth mode.?® Regarding the porous sample, the sidewalls of the pores are vertical, perpendicular to
the surface and they penetrate down to the AIN buffer layer (Figure 2(d)). This specific vertical
morphology of the pores is due to the strong anisotropy of the thermal stability of the different
crystallographic planes of wurtzite GaN. The GaN vertical planes, perpendicular to the surface, are
much more stable under vacuum than the (0001) and therefore their sublimation rate is much smaller.
The sublimation rate of the planes perpendicular to the surface was estimated to be only ~1% of the
sublimation rate of the planes parallel to the surface.3” Previously, this property was advantageously
exploited for the successful top-down fabrication of GaN nanowires®”3394% or nanoholes.*
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Figure 2. Scanning electron microscopy images of the surface (left) and the cross section (right) of the
non porous (a)(c) and the porous (b)(d) samples. The different visible layers (Si(111) substrate, AIN and
GaN) are indicated on the cross section images. The very thin InGaN quantum well cannot be clearly
seen due to the limited magnification.

B. Photoluminescence and time-resolved photoluminescence

Figure 3(a) shows the room temperature photoluminescence (PL) of the non-porous and the porous
InGaN/GaN single quantum well. The integrated PL intensity of the porous sample is larger by a factor
of about 40 compared to the PL intensity recorded on the non-porous sample. The PL peak energy of
the non-porous QW is at 2.774 eV and it is blue-shifted to 2.844 eV for the porous sample. Several
effects can explain this blue-shift. It is well known that the PL properties of polar InGaN/GaN quantum
wells are affected by the presence of a strong internal piezoelectric field.*>** One straightforward
consequence of this internal field, the quantum confined Stark effect, is the downward shift of the
energy values of the fundamental e;-hh; QW transition. Indeed, the InGaN quantum well is strained
onto the GaN layer for the non-porous sample. The formation of pores creates free surface in sufficient
amounts to enable the elastic strain relaxation of the InGaN. The consequence of this relaxation is a
decrease of the internal electric field and therefore a blue-shift of the QW transition compared to the
transition energy in the non porous reference sample.* This shift is somewhat attenuated by the
bandgap reduction of the InGaN due to the elastic relaxation (the InGaN layer is initially compressively
strained on the thick GaN layer). The room temperature PL energy of the GaN band-edge is 3.410 eV
for the non-porous sample and 3.407 eV for the porous one. This indicates that the strain state of GaN
is almost perfectly relaxed even for the non-porous sample and does not significantly evolve when the
layer is porosified. Therefore the GaN strain state does not impact the PL peak energy of the InGaN
QW before and after porosification. Another reason of this blue-shift can be the In desorption from
the InGaN quantum well as the surface of the InGaN layer is exposed by the creation of pores. Indeed,
the decrease of the In composition can lead to the decrease of the InGaN bandgap. We remind that, a
change in the localization state of the excitons in the InGaN QW could impact the PL peak energy. To
investigate this possibility we measured the PL peak energy as a function of the temperature (Figure
3(b)). The variation of the PL energy for both samples is the same and this indicates that there is no



change in the localization degree in an amount susceptible to modify our interpretation of the PL peak
shift due to the porosification.

Figure 3(c) shows the integrated photoluminescence intensity variation as a function of the
temperature for both the non-porous and the porous samples. The ratio of the PL intensity between
300 K and 10 K are 0.007 and 0.161 for the non-porous and the porous sample, respectively. The value
is very small for the non-porous sample and far from the current standards (> 0.8) for blue emitting
InGaN/GaN quantum wells* because the structure is very thin (total GaN thickness of 270 nm) and
affected by a very large density of threading dislocations (close to 10 cm?, see below). The PL
intensity of the porous sample is much more robust with temperature, which indicates that non-
radiative recombination processes are strongly reduced for this sample. Complementary time-resolved
PL experiments confirm this observation and show that the decrease of the PL decay time with
temperature is smaller for the porous sample compared to the non-porous one (Figure 3(d)). The PL
decay times at low temperature are 0.71 ns and 0.50 ns for the non-porous and porous sample,
respectively. At low temperature, most of the non-radiative processes are frozen and therefore the PL
decay time is close to the PL radiative lifetime (eventually slightly smaller). This decrease of the PL
radiative lifetime can also have an intrinsic origin, it can also be explained by the reduction of the
internal piezoelectric field due to the InGaN strain relaxation in the porous sample. Indeed, when the
internal electric field decreases the radiative lifetime decreases.*® Actually, both contributions can co-
exist, which we cannot discriminate.
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Figure 3. Comparison of the photoluminescence properties of a non porous and porous InGaN single
quantum well. (a) Room temperature photoluminescence. Note that the photoluminescence intensity
of the spectrum of the non-porous sample is multiplied by a factor of 10. (b) Photoluminescence peak
energy as a function of the temperature. (c) Integrated photoluminescence intensity as a function of
the temperature. The photoluminescence in (a),(b) and (c) is excited by a CW laser source. (d)
Photoluminescence decay times as a function of the temperature.



C. Cathodoluminescence

The optical properties of these samples were studied at a more local scale using CL mapping at room
temperature (Figure 4(a)-(g)). Figure 4(a) shows the normalized CL spectra of both samples integrated
over the whole studied area of 2.5x2.5 um?. The same blue-shift (70 meV) as in PL is observed for the
CL peak of the InGaN/GaN single quantum well of the porous sample compared to the non-porous
one. The SEM images of the surface of the areas under investigation are shown in Figure 4(b) and (d)
and can be directly compared to the CL energy and intensity maps of Figure 4(c)-(g). Astonishingly, as
a first remark, there is no obvious coincidence between the morphology observed by SEM and the CL
maps. However, there is a clear evolution of these maps between the non-porous and the porous
sample.

The CL energy map of the reference (non-porous) sample (Figure 4(c)) reveals fluctuations of the
qguantum well emission with an average value of the spatial scale on the order of a few 100 nm?. The
QW energy emission is relatively homogeneous inside domains with this surface area. These
fluctuations can be attributed to the growth of the InGaN quantum well which can present some
random variations of thickness and of In composition. We find a similar spatial scale, corresponding to
a large variation of the CL energy, for the porous sample (Figure 4(f)) and, inside these domains, we
can eventually record a small variation of the CL energy peak. Note that in the CL map of Figure 4(f)
some pixels appear white at the position of large pores, where no QW emission is detected. The
standard deviations for these maps are 10 meV and 21.7 meV, for the non-porous and porous samples,
respectively. This larger value of the standard deviation for the porous sample is probably related to
the fact that the strain in the InGaN quantum well can locally vary, depending on the local distribution
of the pores. Indeed, the size and the distribution of the pores are not homogeneous.

The CL panchromatic intensity map of the non-porous sample (Figure 4(d)) also shows spatial
fluctuations on the order of a few 100 nm?. For the porous sample (Figure 4(g)) the typical scale of
these fluctuations becomes much smaller, i.e. on the order of a few 10 nm?2. This is plausibly related to
the porosification of the InGaN quantum well. It is clearly visible that at the position of big pores the
CLintensity is very weak. The standard deviation for these CL intensity maps is 2500 (over max of 24000
(10.4%), mean of 12000) and 13500 (over max of 110000 (12.3%), mean of 38000), for the non-porous
and the porous sample, respectively. Therefore a very similar standard deviation for the CL intensity is
observed for both samples despite the porosification.
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Figure 4. (a) Room temperature cathodoluminescence spectra of the non porous and porous
InGaN/GaN single quantum well. The figures (b)(c)(d) and (e)(f)(g) are related to the non-porous and
porous samples, respectively. The area corresponding to the figures (b)(c)(d)(e)(f)(g) is 2.5x2.5 um?.
(b)(e) Secondary electron scanning electron microscopy images. (c)(f) Quantum well peak energy
cathodoluminescence map. (d)(g) Panchromatic intensity cathodoluminescence map.

D. Transmission electron microscopy experiments

Figure 5 shows STEM images of the non-porous (Figure 5(a)(c)) and porous (Figure 5(b)(d)) samples.
Figure 5(a) and (b) shows the plan-view STEM images of the non-porous and porous samples,
respectively. These images correspond to the top GaN surface (the thickness of the specimen is around
100 nm). In the cross-section images (Figure 5 (c) and (d)), the different layers can be clearly identified:
the AIN buffer layer, the GaN layer and 30 nm below the surface, the InGaN quantum well.

The non-porous sample is affected by a large density of dislocations as it is expected for thin GaN and
AIN grown on Si(111) substrates. We can see numerous dislocations loops in GaN on Figure 5(c) that,
at the interface with the AIN buffer layer, in the first 50 nm, lead to a reduction of threading
dislocations in the upper GaN layer (and in the InGaN quantum well). From the plan-view image shown
in Figure 5(a), we note that the dislocations are arranged into irregular sub-grain boundaries °. In this
large camera length STEM dark field image, the strain field which is imaged comes out mostly as
continuous irregular lines due to the fact that the dislocations are too close to be resolved. In the same
figure, we identify many bright individual points which are not connected to sub-grain boundaries, but
are visible with contrast. We can very roughly estimate the emerging threading dislocation density as
>7x10%° cm™? in this area.



Figure 5. Plan-view (a)(b) and cross section transmission electron microscopy images along the [11-20]
zone axis (c)(d) scanning transmission electron microscopy images of an InGaN/GaN quantum well on
AIN/Si(111) as grown (a)(c) and after porosification by sublimation (b)(d). The regions enclosed by a
red or a blue line correspond respectively to partially sublimated pores and pores extending down to
the AIN buffer layer. No dislocation line can be detected below partially sublimated pores. The scale bar
in 100 nm for all images.



In the plan-view TEM image of the porous sample (Figure 5(b)), no dislocations can be detected in the
remaining GaN after sublimation. The pores can be seen as dark contrast areas of various shades, they
exhibit different sizes and shapes. The largest ones exhibit the darkest contrast (the periphery of one
of such pore is highlighted in blue in Figure 5(b)) and are irregularly elongated, which clearly indicates
that they originate from the sublimation of sub-grain boundaries. Moreover, isolated areas may also
be identified as darkest areas of various shapes, which can even be limited by more or less deformed
hexagonal facets; their size may exceed an average diameter of 10 nm. In this image, such darkest
contrast means that the corresponding areas are empty; therefore they correspond to completely
sublimated regions. The density of the pores with the darkest contrast extracted from Figure 5(b) is
>1.4x10" cm?; this value is in the same order of magnitude than the threading dislocation density
estimated for the non-porous reference sample. Many randomly distributed areas exhibit light-grey
contrast with well-defined hexagonal facets, with an average diameter around 5 nm (one example is
highlighted in red in Figure 5(b)). A close examination of the cross section image in Figure 5(d) may
help to explain these features. As marked in red, sublimated areas in some cases can extend only a few
tens of nanometers from the surface. In the plan view image they are partially filled by perfect GaN
material since the corresponding sublimation hole does not run all the way through the TEM lamella.
The systematic analysis of the dislocation content on these features does not reveal any enclosed
crystallographic defect. Therefore, such contrast corresponds to partially sublimated areas without
defect for which the SixNy, nanomask presented an aperture. The information from these observations
is that all the dislocation lines have undergone sublimation all the way through down to the AIN layer.
The result is that the remaining GaN material is free of emerging dislocation cores at the surface as
shown on the plan-view (Figure 5(b)) and cross-sections images (Figure 5(d)). Clearly, this is a direct
proof that the sublimation process preferentially occurs at the dislocation positions and all along their
lines. The preferential etching of the dislocation core by electrochemical etching was previously
reported and analyzed by Massabuau et al.*”#

This definitely clarifies the role of the porosification by sublimation which is found to remove the non-
radiative dislocation cores from the active layers and thus leads to a strongly increased radiative
efficiency of InGaN quantum well and GaN layers. However, it has to be pointed out that the created
pores can be a source of non-radiative recombination at their surface. This eventual issue could be

evaluated using surface passivation as reported in previous works for GaN nanowires, 4>

IV. CONCLUSION

This study demonstrates and clarifies the role of selective area sublimation of GaN and an InGaN/GaN
QW in the presence of a large density of dislocations. Using plan-view and cross-section transmission
electron microscopy, we show that the material close to dislocations emerging at the surface is
preferentially sublimated which results in extended defect-free active layers. As a consequence, the
room temperature photoluminescence intensity of porous InGaN/GaN QW is largely enhanced
compared to a non-porous InGaN/GaN QW. This property can therefore be exploited when GaN layers
are affected by a large density of extended defects to enhance their radiative efficiency.
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