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Abstract

We report self-assembled InAs/GaAs quantum dots (QDs) monolithically grown on a compliant
transferable silicon nanomembrane. The transferable silicon nanomembrane with flat
continuous crystalline silicon layer formed via in-situ porous silicon sintering is considered a
low cost seed for hetero-epitaxy of free-standing single crystalline foils for photovoltaic cells.
In this paper, the compliant feature of transferable silicon nanomembrane has been exploited
for direct growth of high quality InAs/GaAs (QDs) by Molecular Beam Epitaxy (MBE). Bright
1.3 um room temperature photoluminescence from InAs/GaAs QDs has been obtained. The
excellent structural and optical qualities of the obtained InAs/GaAs quantum dots offers great
opportunities for realizing a low cost and large scale integration of 111-V based optoelectronic

device on silicon.

Introduction

Integration of I11-V semiconductor nanostructures on Si substrates for optical communication
and photovoltaic applications represents a very promising way towards low cost and high
performance opto-electronic devices [1-3]. Currently, the fabrication technology of
optoelectronic components based on semiconductor integrated on silicon appears more mature

due to the advancement of epitaxial growth techniques [4]. The monolithic integration of I11-V



nanostructures on silicon by direct epitaxial growth reduces the manufacturing cost of
optoelectronic components and improves the performance. But the heteroepitaxy HI-V
semiconductor on silicon remain extremely difficult because of the high lattice mismatch and
the presence of antiphase domains [5-7]. The recent success of the fabrication of 1.3 micron
high-performance quantum dot lasers and high efficiency solar cells based on InAs / GaAs
quantum dots directly grown on a Si substrate by molecular beam epitaxy (MBE) has increased
the interest for the development of epitaxial optoelectronic devices on Si [2, 8]. The reason is
that quantum dots have the least non-radiative defects compared to those in quantum wells,
which improves the performance of lasers and solar cells [9]. So far, most of these IlI-V
quantum dots have been exclusively epitaxialy grown on nominal Si substrates although there
is the possibility of using other compliant substrates which are widely develop for the
heteroepitaxial growth of IV-IV semiconductors films such as sintered porous silicon which is
used as seed for homo-epitaxy to producing a transferrable monocrystalline silicon foils for low
cost solar cells and optoelectronic devices [10-13]. Recently we have demonstrate that the stress
of heteroepitaxial thin films can be accommodated by the sintered porous silicon substrates to
growth of planar and free-defects crystalline semiconductors nanomembranes. We have shown
that the stress driven structural evolution leading to the formation of the crystalline defects
commonly observed on nominal Si (001) is fully inhibited when growing heteroepitaxial SiGe
layer on such a Sintered PS substrate. The high elasticity of porous silicon is due to two
characteristics: it is tensily strained and softer than bulk Si [14-17]. The tensile strain in the
porous silicon layer makes it a promising compliant substrate for heteroepitaxy of perfect flat
layers free of misfit dislocations for optoelectronic devices [17].

In this paper, we move forward to explore the compliant nature of sintered PSi layers for the
integration of InAs/GaAs quantum dots on large scale silicon template using Molecular Beam

Epitaxy (MBE) reactor.



In addition to the advantage of the compliant nature of the Sintered PS which allows easy to
direct hetero-epitaxial growth of InAs/GaAs QDs on silicon substrate in contrary to the nominal
Si substrate, transferring the large scale epitaxial active InAs/GaAs QDs layer to another low-
cost substrates such glass substrate and keep the original substrate for reuse is also possible via
using the process of layer transfer which used in industrial manufacturing of silicon solar cells
[18], in this case the low porosity layer can be used as compliant layer for epitaxial growth of
the active thin films and the high porosity layer serves for the layer detachment. In this layer
transfer process based on Sintered PSi, the porous silicon with two layers, one with low porosity
at the top and the second with high porosity at the bottom is formed on a p-type silicon substrate
by electrochemical etching and is sintered via in-situ annealing at high temperature under
hydrogen gas; the process of the layer transfer is schematically presented in Figure 1. During
the sintering of porous silicon double-layer via heating process, the pores of the bottom high-
porosity layer transforms into like-sponge layer which serves for the detachment of the active
layer from the initial substrate after the epitaxial growth step. The low porosity layer can be
used as a compliant layer for heteroepitaxial growth of thin films after surface smoothening via

sintering process [17].
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Fig. 1: Schematic view of the proposed PSi-based layer-transfer process for Large-Area Thin-
Film Free-Standing InAs/GaAs QDs-on-silicon Solar Cells.

Experimental details

The porous silicon double-layer substrate is prepared via electrochemical anodizing of (100)-
oriented p-type Si wafer with low resistivity (0.01 Q cm—1) in a 35%-HF solution. After
forming the first 400 nm thick low-porosity porous silicon layer, we increase the current density
from 10 to 80 mA cm to form the second 7 micron thick low-porosity porous silicon layer
below the first porous layer to obtain a double layer porous silicon substrate.

Then the porous silicon sample was sintered at solid phase via in-situ heating at high
temperature 1100 °C for 30 s in hydrogen ambient using ultra-high vacuum chemical vapor
deposition (UHVCVD) reactor to transforms the top low-porosity porous layer into flat
continuous single crystalline layer free of pores which is adequate for crystalline growth. After
high-temperature sintering step, the sample of sintered PSi undergo a wet chemical cleaning
using a modified Shiraki cleaning procedure for porous silicon and a second thermal cleaning

via out gassing process at high temperature (760°C). The thermal cleaning was performed in



ultra high vacuum chamber with a pressure of 10° Torr to remove the volatile compounds that
can be exist on the surface before the epitaxial growth of InAs/GaAs quantum dots.

Second we grow 40 nm GaAs on the sintered PSi/Si substrate at 580°C using Riber type
Molecular Beam Epitaxy (MBE), then 3 Monolayers of InAs are grown at 500 °C to forms InAs
gumtum dots via Stranski-Krastanov mode. During the growth process of GaAs layer of InAs
quantum dots, the changes of the sample morphology was followed in real time using reflection
high-energy electron diffraction (RHEED).

The morphological characterization of the sintered porous silicon substrate and the InAs QDs
were investigated using Atomic Force Microscopy (AFM) operated in tapping mode and
Scanning Electron Microscopy (SEM).Transmission Electron Microscopy (TEM)
investigations were performed using a Jeol 2000FX operating at 250 keV to analyze the
structural properties of Sintered Porous silicon substrates and InAs QDs. The PL spectra were
observed using the 496,5 nm line of an Ar-ion laser. Room temperature (RT) Raman
measurements were carried out using the Horiba Lab Ram ARAMIS type micro-Raman system
operated with Nd:YAG laser emitting at 473 nm and coupled in a microscope through an optical
fiber preserving the polarization specific to the laser wavelength and collimated throuth an

achromatic lens. The laser beam was focused on the sample using an (100x/0.9 NA) objective.

Results

Figure (2-a) shows the SEM image of the as-etched porous silicon: the tiny pores and the Si
nanocrystallites in the porous layer are clearly visible. Figure (2-c) inset shows the pattern of
selected area electron diffraction (SAED) which confirms the perfect crystallinity present in the
sintered PSi layer. Figure (2-d) shows the SEM image taken at 45° tilt for sintered PSi top layer
illustrating the perfect flatness of the continuous emerging silicon nanomembrane formed at the

top of sintered PSi substrate. The high qualities of the structural and morphological properties



of sintered PSi substrate, so their compliant nature, makes it a suitable substrate for epitaxial

growth of high performance photovoltaic cells and optoelectronic devices.
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Fig. 2: (a) SEM image of as-etched porous silicon; (b) TEM cross-section image of Sintered
PSi layer obtained after in-situ sintering step ; (c) electronic diffraction pattern exhibiting the
crystallinity of the Sintered PSi layer; (d) SEM image taken at 45° tilt for Sintered PSi top

layer showing the high flatness of the surface (d).

Figure (3) shows Reflection High Energy Electron Diffraction (RHEED) patterns captured
during the growth process. The pattern changed from a streaky (Figure 3a) during the GaAs
deposition, which is characteristic of 2D growth mode, to a spotty pattern (Figure 3b) after the
deposition of 3 monolayers of InAs material at 500 °C. The transition from 2D to 3D growth
mode which testifying the quantum dots formation was observed by the changes in the RHEED

diffraction patterns.

Fig. 3: RHEED diffraction patterns (a) during the growth of GaAs and (b) after the
deposition of the InAs QDs.



AFM investigations of the surface morphologies of the uncapped samples were performed by
AFM microscopy operated in tapping mode to reveal the size, density, and distribution of the
InAs QDs. As shown in Figure 4(a), InAs QDs have been randomly formed on large scale

GaAs/Sintered PSi template, with high density of 4.2 10*° cm™.

Figure 4-b shows the histogram of InAs QDs heights, the shape of the histogram curve reveals
that two families of QDs with different sizes are formed in the sample; the large InAs QDs have
an average size of (4£1) nm and low density, while the small InAs QDs have an average size

of (2.5£0.5) nm and high density.
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Fig. 4: (a) 2um x 2um AFM image of the InAs QDs grown on the GaAs/Sintered PSi
template. (b) Histogram of QD height showing Gaussian distribution of InAs QDs.

Figures 5(a) and 5(b) show respectively the cross sectional TEM images of InAs QDs grown
on GaAs/Sintered PSi captured at low magnification and at high magnification. The TEM
characterization reveals the presence of InAs QDs layer grown on flat GaAs / Sintered PSi,
and also the successful directly growth of the GaAs buffer on Sintered PSi with homogeneous
thickness and atomically abrupt GaAs/Sintered PSi interface by depositing only 40 nm of GaAs

matter.
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Fig. 5 (a) and 5 (b) shows respectively low magnification and high magnification cross-

sectional TEM images of the QDs structure grown on the GaAs/Sintered PSi template,

These morphological and structural results clearly demonstrate that it is possible to exploit the
compliant effect of porous silicon to directly grow InAs/GaAs QDs structures on a low cost
template-based porous silicon, via the growth of only a few ten nanometers of GaAs buffer,
contrary to the methods recently used for the direct growth of InAs/GaAs QDs on silicon
templates, that requires the use of a thick GaAs layer to progressively plastically relax the
mismatch stress. In addition to the compliant nature of the new proposed Sintred PSi substrate,
it allows to fabricate large-area free-standing monocrystalline InAs/GaAs QDs foils for solar

cells via application of the layer transfer process on the structure [18].

To support our morphological and structural data, we performed Raman measurements at room
temperature to investigate the vibrational properties of the InAs/GaAs quantum dots grown on
Sintered PSi substrate. Fig. 6 shows the typical Raman spectrum of InAs/GaAs QDs. There are
two peaks related to the GaAs buffer layer, one at 290 cm™* caused by scattering of LO phonons
and the other at 265 cm™* due to scattering of TO phonons. The shift of this peak to the lower
wavenumber is related to the compressive strain in the GaAs buffer caused by the residual stress
generated by the mismatch between the GaAs buffer and the substrate. To the left, at 254 cm ™,
there is a shoulder that is due to Raman scattering of InAs QDs. The inset shows a zoom-in of
the peak related to InAs/GaAs QDs: a fit with two Gaussian peaks, one centered at 256 cm™

due to GaAs, and another at 265 cm™ due to InAs QDs is also reported. The Raman spectrum



confirms the successful formation of high quality InAs/GaAs QDs on the compliant Sintered

PSi substrate.
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Fig. 6: Raman scattering spectra of InAs/GaAs QDs grown on Sintered PSi. The inset shows
a zoom of the spectrum in the range 250-275 cm™.The fit to this peak with 2 gaussian curves

is also reported.

Figure 7(a) shows that a strong photoluminescence signal in the infra-red was detected for the
InAs/GaAs QDs grown on Sintered PSi at 11 K.

The high brightness of the PL emission confirms the high structural properties of the INnAs/GaAs
QDs formed on Sintered PSi via Stranski-Krastanov mode. The PL spectrum of InAs/GaAs
QDs grown on Sintered PSi is centered at approximately 1.04 eV with multiple peaks, which
can be fitted with 4 Gaussian curves centered at 0.926, 0.99, 1.053, and 1.1 eV, labeled as a—d
in Fig. 7a. The resulting fitting line is also reported as a cyan dashed line. The presence of
multiple peaks, which were also seen in many previous reports [19, 20], can be attributed to the
step-like height fluctuation of the QDs. The change in the quantum confinement of electrons
and holes from a 3 D confinement to a strong unidimensional confinement in the direction of
the height caused by the decrease of the ratio of the height to the base diameter (about 50 nm)
causes a big change in the band gap energy of QD InAs and the appearance of multi-peak
emission. The multi-peak emission which due to the monolayer step height fluctuation of InAs

quantum dots have also reported by other researcher such as Bimberg et al. [21, 22].



The result confirms the formation of high quality InAs / GaAs QDs on Sintered PSi substrates
with bright photoemission in infrared similar to those obtained from the InAs / GaAs QDs
grown on silicon substrate.

Fig 7(b) shows that the Photoluminescence emission of InAs/GaAs QDs grown on Sintered PSi
remains strong even at room temperature. The strong PL intensity indicates the high efficiency
of the InAs/GaAs QDs grown on Sintered PSi.

Measurements of temperature dependent PL have been used for studying the optical properties
of InAs/GaAs QDs directly grown on Sintered PSi substrate. Fig. 7(c) displays the PL spectra
measured at different temperatures in the range 11 - 300 K. From these spectra we have
extracted the PL peak position and FWHM and the data are reported in Fig. 7(d).

These spectra reveal that the energy of the PL peak slightly decreases with increasing
temperature, and that the PL intensities are more sensitive to non-radiative recombination. The
FWHM of the PL spectrum remains slightly constant which proves the high InAs QDs
uniformity. The spectrum broadening at low temperature is also increased by the additional
emission of small InAs QDs. Fig. 7(e) displays the variation of the integrated
Photoluminescence intensity as a function of the inverse of temperature for the InAs/GaAs QDs.
The thermal activation energy given by fitting the PL quenching at high temperatures using
Arrhenius equation is about 107 meV. Fig. 7(f) shows the PL peak intensity as a function of
the temperature. The optical results of InAs/GaAs QDs are in good agreement with data

reported in literatures [23].
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FIG. 7: PL spectra of the InAs/GaAs QDs on sinterted PSi substrate measured at 11 K (a)
and at room temperature (b). Spectra have been fitted with 4 gaussian curves. PL spectra
measured at different temperatures between 11 and 300 K (c); temperature dependence of the
PL FWHM and peak position(d); Integrated PL intensity as a function of the inverse of the

temperature(e); PL peak intensity as a function of temperature (f).
Conclusions
InAs/GaAs QDs have been successfully grown on a high quality sintered porous Si substrate
by MBE. Several characterization techniques, such as Atomic Force Microscopy, Transmission
Electronic Microscopy, Raman spectroscopy and photoluminescence spectroscopy are

combined to probe the structural, morphological and the optical properties of novel structure of
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InAs/GaAs QDs grown on sintered porous silicon. The high structural and morphological
quality of the Sintered PSi substrate obtained via in-situ heating at high temperature (1100 °C
for 30 s) in H2 in ultra-high vacuum chemical vapor deposition (UHVCVD) reactor allowed the
growth of promising high emissivity InAs quantum dots on transferrable porous silicon
nanomembrane for low cost and high performance thin film free-standing hybrid 1I-V/Si

devices.
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