N

N

Mesoporous GalN Made by Selective Area Sublimation
for Efficient Light Emission on Si Substrate

Benjamin Damilano, Stéphane Vézian, Jean Massies

» To cite this version:

Benjamin Damilano, Stéphane Vézian, Jean Massies. Mesoporous GaN Made by Selective Area
Sublimation for Efficient Light Emission on Si Substrate. physica status solidi (b), 2018, 255 (5),
pp.1700392. 10.1002/pssb.201700392 . hal-03553871

HAL Id: hal-03553871
https://hal.science/hal-03553871
Submitted on 3 Feb 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03553871
https://hal.archives-ouvertes.fr

Mesoporous GaN made by selective area sublimation for efficient light emission on
Si substrate.

. * ’ 0 .
B.Damilano, S. Vézian and J. Massies

Université Cote d’Azur, CNRS, CRHEA, France

Selective area sublimation of thin (< 0.3 um) GaN-on-Si epitaxial layers through nanoholes of an incomplete
monolayer of SikN, results in the formation of mesoporous GaN. This morphologic change from a 2-
dimensional flat layer to a nanostructured material presents the unexpected property of a huge increase (> 3
orders of magnitude) of the GaN band edge photoluminescence intensity. Furthermore, the integrated
photoluminescence intensity of such mesoporous GaN layers is comparable to a high quality 3.5 um-thick
GaN-on-sapphire epitaxial layer or a 350 um-thick GaN substrate. Different possible mechanisms are
discussed to explain the origin of the strong improvement of the optical properties.
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1 Introduction

The revolution of solid-state lighting (SSL) is the keystone of the success story of GaN-on-sapphire epitaxial
structures [1]. The next step will be to succeed in the development of GaN-on-Si epitaxial structures for both
electronic and optoelectronic applications, because of the hegemonic role of Si in the electronic industry.
This is close to achievement for GaN-based white light emitting diodes (LEDs) in the R&D laboratories of
major companies involved in SSL [2,3]. But the performance/production cost ratio is presumably not yet
sufficient to promote mass production and commercialization of GaN-on-Si LEDs. The main limiting factors
are the complex architecture and the large thickness of the structures (4-5 pum) required to obtain high-
quality LEDs on Si substrate. Moreover, the GaN material quality on Si remains too low to reach long lifetime
laser devices, despite the recent demonstration of a CW blue laser diode [4]. This shows that a simple
process for obtaining high quality GaN on Si still needs to be developed to fully exploit the possibilities of
GaN-based device integration on Si. Some approaches are currently investigated to achieve this goal, such
as, for example, GaN quantum dots [5], nanowires [6-8] or GaN growth on nanostructured Si substrates
[9,10].

Here, we experiment a different approach. We show that transforming a very thin (< 0.3 um) 2D GaN-on-Si
layer into a mesoporous material, via a selective area sublimation (SAS) process [11], results in an increase
by more than three orders of magnitude of the photoluminescence (PL) efficiency at room temperature. This
opens a promising path for high quality and cost effective GaN-based devices on Si substrate.

2 Experimental

The samples are grown by molecular beam epitaxy (MBE) in a Riber reactor on Si(111) substrate using NH; as
the N precursor and solid sources for Ga, Al, and Si elements. The growth temperature is measured by an
Ircon infrared pyrometer (A=0.91-0.97 um), the emissivity is calibrated by using the silicon surface
reconstruction transition 1x1 <> 7x7 at 830°C. The substrates are de-oxidized chemically ex situ by a HF
solution. For all the samples, the growth is initiated by 100 nm of AIN at 900° C. More details on the first
stages of the growth of AIN on Si(111) can be found in Refs. [12,13]. The growth temperature is decreased to
780°C for the growth of a 70 or 250 nm-thick GaN layer. The ammonia flow rates are 50 cubic centimeter per
minute for both AIN and GaN. The growth rates are 100 nm/h and 750 nm/h for AIN and GaN, respectively.
The Si treatment of the GaN surface is performed at a temperature of 600°C. The Si cell temperature is set at
1220°C and the exposure time of the GaN surface varies from 5 to 75 min. The result of this process is the
formation of a very thin (approximately 1 monolayer (ML) or less) SixN, layer (or a SiGaN; ML as found by
Markurt et al. [14]) giving rise to a V3xV3R30° reconstruction observed by in situ reflection high-energy
electron diffraction.

The samples with a GaN thickness of 70 nm or 250 nm are then annealed under vacuum at 900° C for 6 min.
or 25 min., respectively, in order to selectively sublimate the GaN regions left uncovered by the SikN,
nanomask (Fig. 1) [11]. The first series of samples correspond to a GaN thickness of 70 nm and a variable Si
exposure time: 5, 10, 15, 20, and 75 min. The second series of samples is based on a structure with 250 nm
of GaN. The sample was cut in several pieces. One piece was kept as a reference. The other two pieces were
re-introduced in the MBE chamber to be exposed to Si for 15 minutes or 75 minutes and annealed under



vacuum at 900°C for 25 min. Note that the time used for the GaN sublimation is significantly larger than the
one used for the thinner GaN samples simply because more material has to be evaporated. A last sample is
also grown with 250 nm of GaN and exposed to Si for 15 minutes. The rotation of the sample was stopped
during the Si evaporation in order to force a gradient in the Si\N, coverage of the GaN surface. This sample is
then annealed under vacuum at 900°C for 25 min. The presence of this gradient results in a variable porosity
depending of the position on the sample.

SiN, Selective Area Sublimation

200 nm Si(111)

Figure 1 Fabrication of mesoporous GaN using selective area sublimation. The starting sample (left) is
composed by a stack of GaN (70-250 nm) / AIN (100 nm) on a Si(111) substrate. The surface is exposed to Si
to form an incomplete monolayer of Si;N,. The sample is then annealed at 900°C under vacuum to sublimate
the GaN regions left uncovered by the Si,N, nanomask (right). Cross-section scanning-electron microscopy
image of mesoporous GaN-on-Si (bottom).

Photoluminescence experiments are performed at room temperature using the 244 nm line of a frequency
doubled Ar-ion laser. The spot diameter is 130 um. The excitation power density is 75 W/cm’. The light is
collected by an optical fiber connected to an Acton SP558i spectrometer equipped by a grating with 150
lines/mm blazed at 500 nm. The signal is detected by a CCD Spec-10 100B cooled by liquid nitrogen.

A Supra 40 Carl Zeiss scanning electron microscope is used for the morphological characterization of the
samples.

3 Results and discussion

Plane-view scanning electron microscopy (SEM) images on part of the first series of samples (70 nm of GaN
on top of a 100 nm-thick AIN buffer layer) are shown in Fig. 2. For Si exposure times of 5-10 minutes (Fig. 2a
and Fig. 2b), we observe the formation of small diameter (~10 nm) nanowires as found in our previous work
[11]. For Si exposure times of 15-20 minutes (Fig. 2c), we do not observe anymore isolated nanowires but
rather a nanoporous morphology. For the largest exposure time of 75 minutes, the surface is flat and only
very few pits can be found as shown in Fig. 2d (note the larger scale compared to Fig. 2a-c). The Si,N, surface
coverage is estimated from top-view SEM images corresponding to a total investigated area of 1 um?®. This
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area is statistically representative of the surface morphology of the samples since the typical lateral size of
the nanowires or nanopores is below 50 nm. The SiyN, surface coverage (Fig. 2e) varies from ~10% to 100%
for a Si exposure time varying from 5 to 75 minutes. The pores extend vertically from the surface, almost
down to the AIN layer, according to cross-section SEM images (see for example Fig. 1).
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Figure 2 Scanning-electron microscopy images of samples constituted by GaN (70 nm) / AIN (100 nm) /
Si(111) exposed to Si for various times : 5 (a), 10 (b), 20 (c), and 75 (d) minutes and annealed under vacuum
during 6 minutes at 900°C. (e) Variation of the surface coverage of SixN, after annealing as a function of the
Si exposition time.

For PL experiments, we have chosen to study thicker GaN layers in order to have a complete absorption of
the laser excitation in the GaN layer. At 244 nm (excitation laser wavelength), 90% of light is absorbed by
100 nm of GaN. Therefore, we grew the second series of samples (250 nm of GaN on a 100 nm-thick AIN
buffer layer). For samples with similar structure (very thin GaN layer), a threading dislocation density of 2-
3x10" cm™ was measured. As expected from the results shown above, the sample exposed to 75 minutes of
Si kept a 2D flat morphology (Fig. 3a), while the sample exposed to 15 minutes of Si led to nanoporous GaN
with an irregular pore shape (Fig. 3b). From Fig. 3b we estimate that the minimum pore size is a few nm and
the maximum can reach 50 nm, which is at least 3-5 times smaller than in the works of Bilousov et al. [15],
Pandey et al. [16] or Yu et al [17].

Fig. 3c shows the room temperature PL spectra of the three samples: the 2D-GaN, the annealed 2D-GaN
(covered by a complete SiyN, mask before annealing), and the mesoporous GaN. All the spectra are
4



dominated by a PL peak around 3.4 eV which is characteristic of the GaN band-edge emission. The full-width-
at-half-maximum of this peak is 49 meV, 45 meV, and 48 meV for the 2D-GaN sample, the annealed 2D-GaN
sample, and the mesoporous GaN sample, respectively. The spectrum of the 2D-GaN sample shows a
shoulder at about 3.34 eV attributed to the first LO phonon replica of the main peak with a Huang-Rhys
factor of ~0.5. This shoulder is also present on the other two samples but the Huang-Rhys factor decreases
down to ~0.2. Both the 2D-GaN and annealed 2D-GaN samples have approximately the same PL intensity,
while the PL signal of the mesoporous sample is 2400 times more intense. More accurately, the integrated
PL intensity ratio between the mesoporous GaN and the 2D-GaN sample is 1700. This increase of the PL
intensity first shows that the non-radiative surface recombination velocity at the pore edges is small,
meaning that the pore sidewalls are not damaged by the thermal treatment. The origin of this strong PL
intensity enhancement can be related to several factors: an improvement of the structural quality (decrease
of the density of point defects or extended defects such as dislocations), a stronger light extraction
efficiency, and a higher doping level. As the GaN is annealed at higher temperature than the growth
temperature, it is possible that point defects are cured during this process. However, no improvement of the
PL intensity is observed for the annealed 2D GaN layer. Therefore we can discard this hypothesis.
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Figure 3 (a) Scanning-electron microscopy images of a sample constituted by GaN (250 nm) / AIN (100 nm)/
Si(111) exposed to Si for 75 minutes and annealed under vacuum for 25 minutes. (b) Same sample structure
but with an exposition to Si for only 15 minutes. (c) Comparison of the room temperature
photoluminescence spectra of these two samples and the standard sample GaN (250 nm) / AIN (100 nm)



without Si exposure and annealing. The peak photoluminescence intensity of the mesoporous GaN sample is
2400 times larger than the two other samples (standard and annealed).

When the roughness of the GaN layer increases, the light extraction can also increase, as it has been
reported for GaN-based LEDs with a nanotextured top surface in Ref. [18]. Unlike the works corresponding to
Refs. [15-18], the characteristic size d of the pores of the nanoporous GaN sample is below 50 nm, i.e. largely
subwavelength (the GaN peak emission wavelength is A=365 nm) and therefore the Mie scattering by such
nanostructures is very weak as it varies as (d/A)* in the Rayleigh approximation. Actually, the most important
effect is expected to be a decrease of the refractive index of the layer with such a non-periodic
subwavelength porosity [19]. The refractive index variation as a function of the porosity has been exploited
for the fabrication of high-reflectivity and low-strained GaN-based distributed Bragg reflector or for light
confinement in edge-emitting laser diodes [20,21]. In the effective medium approximation, the average
dielectric function leads to an index change given by [20]:

Nett = V(l_ p)n2 + p) (1)

where n is the refractive index of GaN, and p its porosity.
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Figure 4 (a) Variation of the room-temperature photoluminescence intensity as a function of the GaN
porosity for samples constituted by GaN (250 nm) /AIN (100 nm) / Si(111). (b) Comparison of the room-
temperature photoluminescence intensity of a mesoporous GaN (250 nm) / AIN (100 nm)/ Si(111) and
commercially available GaN samples: a 3.5 um-thick GaN layer grown on sapphire by metal-organic chemical
vapor deposition (from Saint-Gobain-Lumilog) with a dislocation density of ~4x10® cm™, and a 350 um-thick
GaN substrate (from Ammono) with a dislocation density <5x10* cm™.

The light extraction efficiency for one side can be roughly estimated by 1/4n” [22]. Applying these formula
for a porosity of 0.5 (corresponding to the case of sample of Fig. 3b), we find an increase of the light



extraction of 80%. Therefore, this effect cannot be the main reason for the three orders of magnitude
increase of the PL intensity.

Also, it is well known that GaN n-type doping with Si can affect the room temperature PL yield [23]. Heavy Si
doping (donor concentration of 7x10*® cm™) can enhance the PL intensity of doped samples by a factor 10
compared to undoped GaN layers [23]. As the samples considered here are covered by a Si-based compound
and annealed at high temperature, Si diffusion in GaN can be suspected. Indeed, the decrease of the Huang-
Rhys factor indicates a larger density of donors in the annealed samples [24]. However, the linewidth of the
GaN band-edge peak does not increase significantly compared to the reference sample. A strong increase of
the Si doping would result in a significant broadening of the GaN PL peak [23,24]. The PL intensities of the 2D
annealed sample and the reference sample are comparable. These observations show that the doping
increase is rather limited and cannot be the main origin for the PL intensity enhancement for the
mesoporous sample.

One of the main hypothesizes remains: an improvement of the material quality due to a decrease of the
dislocation density. Indeed, it has been shown that etching of GaN layers at high temperature in a metal-
organic chemical vapor deposition (MOCVD) reactor leads to a preferential decomposition of GaN at the
dislocation location [25].

Fig. 4a shows the variation of the room temperature PL intensity as a function of the GaN porosity (defined
as 1-6, where 6 is the fraction of Si;N, covered GaN surface). Starting from a 2D GaN layer (porosity=0), we
see a very rapid increase of the PL intensity. For porosity of 0.11, the PL intensity increases by 2 orders of
magnitude. For porosity of 0.25-0.5, the PL intensity is more than three orders of magnitude larger than the
reference 2D GaN layer. Note that for porous layers, the surface excited by the laser is decreased by factor 1-
p due to the removal of GaN material. Therefore, in Fig. 4a the PL intensity should be increased by a factor
1/(1-p) to take into account the fact that porous layers absorb less light than non-porous layers. Finally, we
compared the room temperature PL spectra of a 0.25 um-thick mesoporous GaN sample (porosity of 0.5)
with a high-quality commercially available (Saint-Gobain-Lumilog) [26] 3.5 um-thick GaN layer grown on a
sapphire substrate by MOCVD and a 350 um-thick GaN substrate from Ammono (Fig. 4b) [27]. The threading
dislocation density measured on the Lumilog sample is ~4x10® cm?, a typical dislocation density for the
fabrication of high efficiency blue and white LEDs. The threading dislocation density of the Ammono GaN
substrate is <5x10* cm™ which is the state of the art of the GaN structural quality. The integrated PL intensity
of the mesoporous GaN-on-Si layer is 1.4 times higher than the one of the MOCVD GaN-on-sapphire sample
and 1.4 times smaller than the one of the GaN substrate. This illustrates the luminescence efficiency
achieved with a thin GaN mesoporous layer. For thermodynamics reasons, preferential evaporation of GaN
should occur where crystal defects (such as dislocations) emerge at the free surface, i.e. uncovered by the
SixN, mask. Of course, dislocations present in the unprotected GaN areas have disappeared with the GaN
sublimation, but there is no obvious reason why the major part of the dislocations present in the 2D layer
should be concentrated in the uncovered material: statistically, roughly the same density of dislocations
should be present in the covered and uncovered regions. Therefore, other mechanisms should be at work in
the mesoporous GaN to explain the huge increase of the luminescence efficiency. Among these, it can be
suggested that a significant part of the dislocations located below the Si,N, protective layer migrates towards
the free-edge {1-100} surfaces induced by the nanopore formation during the annealing procedure and,
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therefore, the threading dislocation density decreases. Such a mechanism can well explain why nanowires
obtained by SAS and studied in Ref. [11] are free from dislocations. It is also possible that the Si;N, could
preferentially form on dislocation-free regions. A last explanation is that the pores act as local lateral
confinement barriers which inhibit the diffusion of exciton towards dislocations, similarly to the case of
guantum dots. However, complementary investigations will be necessary to completely understand the
results and validate or refute the interpretations suggested here.

4 Conclusion

In summary, it is shown that selective area sublimation applied to thin GaN-on-Si epitaxial layers using an
appropriate Si,N, protective mask gives rise to mesoporous GaN. The room-temperature (RT)
photoluminescence intensity starts to strongly increase even for a low porosity of 0.1 and for a porosity of
0.4 an increase of more than 3 orders of magnitude of the photoluminescence intensity is observed by
comparison with the GaN-on-Si layer before SAS. The RT integrated photoluminescence intensity of such
mesoporous GaN is even higher than the one obtained on a 3.5 um low dislocation density (4x10® cm™) GaN-
on-Sapphire high-quality epitaxial layer grown by MOCVD. Several mechanisms which can be invoked to
explain such results are briefly discussed. From this preliminary discussion and within our present
knowledge, it appears that only the reduction of the dislocation density can explain the huge increase of the
PL efficiency observed. Other complementary investigations, such as transmission electron microscopy, will
be however necessary to complete the analysis of the obtained results. Nevertheless, the approach used
here for simple thin GaN-on-Si layers can be probably transposed for device structures using a vertical
transport of the electrical carriers and requiring a high material quality on Si substrate.
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