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1. Introduction

The zero-dimensional nature of self-assembled quantum dots (SAQDs) is of great interest
for high-performance optoelectronic devices such as semiconductor lasers [Kita et al., 2003].
Self-assembled Stranski-Krastanov (SK) growth mode is a promising technique to realize
defect free and high SAQDS density. However, the size fluctuations of SAQDS observed in
SK growth mode hinder the realization of devices superior performance.

The device performance strongly depends on the SAQDs parameters, such as the size,
density, and uniformity, which can be controlled by performing precise growth. Most
studies on SAQDs have been focused on InAs/GaAs systems and toward developments in
optical fiber communication systems at wavelengths of 1.3 or 1.55 um [Matsuura et al, 2004;
A. Ueta et al, 2004]. However, it is difficult to obtain emissions in this wavelength region
with InAs SAQDs, because of the strain effects inside them. InAs has a large lattice
mismatch (~7%) to GaAs, and InAs SAQDs embedded inside structures are strongly
compressed by their surrounding GaAs barriers. Recently, dilute nitride III-V compounds
have been the subject of important research interest as they exhibit new properties that are
potentially useful for narrow band gap devices. It has been found that replacing a small
amount (< 5%) of the group V element by nitrogen in III-V compounds reduces the energy
gap and changes the electronic structure, such as InAsN alloy due to its large bowing factor
(b=16) [J. Wu et al, 2002], thus offering new perspectives for band structure engineering in
order to improve optoelectronic properties. Therefore, InAsN SAQDs are promising to
obtain emissions at a wavelength of 1.55 pm and longer [L. Ivanova et al, 2008].

On the other hand, it is widely known that reflection high-energy electron diffraction
(RHEED) is a powerful in-situ characterization technique, RHEED is quite sensitive to the
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102 State-of-the-Art of Quantum Dot System Fabrications

crystallographic surface structures in real time. Many authors have used this technique to
study the QD shape evolution during the GaAs capping layer growth. However, very few
authors have studied the relation between diffraction pattern (chevrons) with the shape and
size of quantum dots [H. Lee et al, 1998; T. Hanada et al, 2001b]. In order to minimize the
effects of size and shape fluctuation, the growth parameters such as growth temperature
and Arsenic overpressure must be optimized.

On the other hand, in a similar way as in GaAsN and GaPN alloys, the incorporation of
Nitrogen (N) in InAs, yields a large bandgap bowing which produces a significant reduction
of the bandgap energy. Therefore, InAsN SAQDs are promising to obtain emissions at a
wavelength of 1.55 pm and longer.

In this work we have studied the effects of growth temperature and Arsenic overpressure on
the growth mode of InAs(N) SAQDs on GaAs(100) substrates. The wavelength emission of the
InAs(N) SAQDs was evaluated depending on growth conditions. We present an analysis of
the asymmetric broadening of the Raman spectra using the confinment phonon model (CM).

2. Experimental

The SAQDs were grown on GaAs (100) substrates employing a Riber C21 MBE system
equipped with solid sources for III-V materials, and standard reflection high-energy electron
diffraction (RHEED) system. For structures requiring Nitrogen Atomic Nitrogen was
produced by a radio frequency (RF) plasma source. Ultrahigh purity nitrogen was
introduced into the plasma source using a mass flux controller and a leak valve. First, in the
MBE chamber the substrates were heated up to 580 °C to remove the surface oxides under
an As, flux. Then, in order to smooth out surface imperfections, a 500nm-GaAs buffer layer
was grown at 580 °C. At the end of the buffer layer growth the surface exhibited a sharp
(2x4) RHEED pattern. After the buffer layer growth, the temperature was gradually lowered
to the desired value (between 480 and 510 °C) and InAs SAQDs deposition was initiated. At
these substrate temperatures the GaAs surface reconstruction changed to a c(4x4). The InAs
growth rate was 0,06 monolayer (ML) per second. The growth mode was in-situ monitored
by RHEED. Different InAs SAQDs samples were grown by changing the growth
temperature, but maintaining constant the fluxes of As; and In. For InAsN SAQDs growth
the radio frequency plasma source was operated at 100 W with a Nitrogen flux of 0.1 sccm.
The InAs SAQDs dimensions and density were determined by Atomic Force Microscopy
(AFM) and High Resolution Scanning Electron Microscopy (HRSEM). Photoluminescence
Spectroscopy (PL) measurements were carried out at 10 K by wusing a double
monochromator, and an InGaAs cooled detector. The 488 nm line from an Argon laser was
used as the excitation wavelength at a 120 mW excitation power.

The structural properties of the samples were studied by micro Raman spectroscopy at room
temperature using a spot size of 2x2um?, and employing the 632.8nm line of a He-Ne laser
in a backscattering configuration.

3. Results and discussion
3.1.1 RHEED Pattern

The temporal evolution of the RHEED intensity variation of the transmission spot for the
InAs SAQDs grown at substrate temperatures of (M1) 480 °C, (M2) 490 °C, and (M3) 510
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Self-Assembled InAs(N) Quantum Dots Grown by Molecular Beam Epitaxy on GaAs (100)* 103

oC, with identical Arsenic overpressure (3x10-7Torr), are shown in Fig. 1. During the first
stages of InAs deposition a small hump was observed in the RHEED intensity, then it
decreased smoothly. Finally, the RHEED intensity rises until reaching a saturation value.
The RHEED patterns changes were continuously monitored from the wetting layer
formation to the nucleation of self-assembled InAs dots. The RHEED pattern taken along the
[01-1] azimuth from the buffer layer just at the start of InAs growth (marked by a
downwards dashed arrow in Fig. 1) showed a c(4x4) GaAs surface reconstruction. Streaky
RHEED patterns were maintained during the wetting layer formation (time top in Fig. 1)
indicating a layer by layer growth (the end of top is marked by the downwards arrows in
Fig. 1). However, after the elapsed time t:p of InAs deposition, the streaky RHEED patterns
changed to spotty, and the so-called Chevron patterns were evidenced [J.W. Lee et al, 2004],
indicating the formation of 3D-dimensional structures.

RHEED intensity (a.u)

0 7 14 21 28 35 42
t (sec)

Fig. 1. (a) RHEED intensity of the transmission spot as a function of growth time (t) for InAs
SAQDs grown at temperatures of: (M1) 480 °C, (M2) 490 °C, (M3) 510 °C, and (M4) 510 oC
with Nitrogen. (b) RHEED patterns along the [01-1] after the growth of the InAs SAQDs. A
constant Arsenic overpressure of 3x107 Torr was employed in all the growths.

The Chevron patterns consists of two well defined wings with an angle to each other of 20 =
50 c and 26 = 56 ° for sample M1 and M2, respectively, as shown in the right column of Fig.
1. The fact that the Chevron’s angle increases by increasing the growth temperature,
indicates that the slope of the facets that limit the SAQDS tends to increase with increasing
growth temperature. The self-assembling process during the MBE growth is a non-
equilibrium process, which is controlled by particular kinetics of diffusion and nucleation
dependent on the growth conditions and the thermodynamics of the surface. The interplay
of both, determines the ultimate morphology of the quantum dots, i.e., the facets that
surround them. Nevertheless, in MBE growth usually the kinetic constrains seem to be
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104 State-of-the-Art of Quantum Dot System Fabrications

predominant on the role of the intrinsic surface free energy. The change of the islands facets
slope could be a result of an increase of the surface diffusion of In adatoms on the surface.
For sample M3 the Chevron patterns are not well defined, rounded spots are observed
similar to those present when the facets have the {163} crystal plane orientation.

In order to analyze the nitridation effects on InAs SAQDs formation, we grew an InAsN
sample (M4) under identical conditions as for the sample M3 (T = 510 °C), but in a Nitrogen
overpressure of 2x107> Torr. This temperature was employed in order to incorporate a low
nitrogen content into the InAs SAQDs [A. Pulzara-Mora et al, 2007]. The RHEED intensity
variation of the transmission spot for sample M4 (Fig. 1.) presented a similar behaviour as
that for the InAs samples (M1-M3). However, the growth time for wetting layer formation
(tzp) decreases showing the strong effects of nitrogen incorporation into the SAQDs.
Moreover, the Chevrons of RHEED patterns for sample M4 taken at the end of growth are
better defined than those for sample M3, with a Chevron’s angle of 20 = 47.2°. The decrease
of the Chevron’s angle for sample M4 can be considered due to a decrease in the In surface
diffusion caused by the additional Nitrogen overpressure. Note that a similar result has
been observed when using a high Arsenic overpressure for the InAs QDs growth [T. Kudo
et al, 2008]. These results suggest that the geometry and size of SAQDs can be changed by
introducing Nitrogen during the InAs growth. We will discuss this point in the SEM and
AFM images section.

Sample Growth temperature (°C) f?;egglfefse)) Facet planes
M1 480 49.84 (113)
M2 490 55.74 (113) tilted to (112)
M3 510 - (136)
M4 510 472 (113) tilted to (114)
(with Nitrogen) '

Table 1. Angle (20) of the Chevrons of RHHED patterns and the associated facet planes.

In table I we summarize the Chevron’s angle (0) in the RHEED patterns of SAQDs grown
under different conditions, and the associated crystal planes of the facets. The
corresponding (1 1 x) planes of the facets were obtained from the linear correlation between
the tangent of the Chevron semi-angle 6/2 and the magnitude of the index x [A. Feltrin et al,
2007]. We found that

tan (6) = g (1)

2
3.1.2 Morphological characterization

Fig. 2 (I), shows a HRSEM image taken in cross-section view (x 300000) from sample M4. In
this image is clearly observed the substrate (S), buffer layer (BL) and semi-spherical shaped
SAQDs nucleated on the wetting layer. The InAs SAQDs have a height between 7 and 10
nm. The HRSEM image of the same sample in Fig. 4 (II) taken in plane view (x50000), shows
that the SAQDs are not homogeneously distributed on the wetting layer, but they tend to
nucleate on preferential regions. We think that those regions are surface steps on the GaAs
(100) substrate [S. O. Cho et al, 2006], as illustrated in the sketch inserted in the micrograph.
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Fig. 2. (I) Cross-sectional HRSEM image (x300.000) of InAs SAQDs. (II) Plane view HRSEM
image (x50.000) of InAs SAQDs. The inset shows schematically the preferential sites for
SAQDs nucleation.

AFM images with a scanned area of 1x1 pm?2 of InAs dots on the (100) GaAs surface are
shown in Figs. 3 (M1-M3). The dot densities obtained from a statistical analysis are:
6.84x1010 cm™2, 3.4x10%0 cm ™2 and 1.87x10%0 cm™2, for M1, M2 and M3, respectively. We also
observe that the average InAs dots size tends to increase with increasing the growth
temperature, this could be due to an increase in the surface mobility of In adatoms [M.
Sopanen et al, 2000; S. Kiravitaya et al, 2002]. On the other hand, the density of the InAsN
SAQDs was 8.7x10° cm™2. By comparing the AFM images for samples M3 and M4, we
observed that the density of InAsN SAQDs is one order of magnitude lower than that of
sample M3 grown under identical Arsenic overpressure and substrate temperature.
Moreover, we noted that the nitridation of InAs SAQDs promoted the formation of
quantum dots of larger dimensions (=10 nm).

Fig. 3. 1x1 um2 AFM images of InAs SAQDs (M1, M2, and M3) and InAsN SAQDs (M4).
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106 State-of-the-Art of Quantum Dot System Fabrications

3.2 Optical characterization

Among the optical methods to characterize epitaxially grown quantum dots,
photoluminescence and Raman spectroscopy are probably the most common. We used these
techniques to find out the ground state transition of the InAs SAQDs, and analyzed the
possible phonon scattering come from GaAs, InAs QDs, and surface phonon modes. All
photoluminescence spectra were taken at 10 K. The Raman spectra were taken at room
temperature by using a backscattering configuration.

3.2.1 Photoluminescence (PL)

In photoluminescence (PL), when a quantum dot is irradiated with light, a photon with
energy hwey is absorbed in the quantum dot or in the surrounding material, creating an
electron-hole pair (excitation). Then, electron and hole is relaxed by moving to the
energetically lowest state in the QD (relaxation).

The relaxation process for the electrons is through the creation of phonons, which have
quantized energies. This effect known as phonon bottleneck has been reported for various
authors [H. Benisty et al, 1981; R. Heitz et al, 2001]. Finally, the electron-hole pair recombines,
emitting a photon with energy hwr.. (recombination) which is detected as PL light. Fig. 4
shows the schematic representation of the PL process in a quantum dot. On the other hand,
due to the incident light spot in the PL experimental setup is much larger than 1 pm?, many
QDs are excited simultaneously. Therefore, several series of peaks can be observed
simultaneously, which result in one broad peak as shown by the experimental PL results. In a
quantum dot the single particle energies of electrons or holes depend almost solely on the
QD’s structural properties like size, shape, composition and the surrounding material.

The single particle picture is, however, no longer sufficient if a QD is occupied by more than
one charge carrier, because the Coulomb interaction between the confined particles alters
the overall energy of the system. For bulk and quantum well structures this well-known
effect is referred to as renormalization of the band gap. For fully confined systems like QDs
such renormalization is also expected to play a role but to have only minor impact, since the
strong confinement dominates the electronic properties of a QD.

(3] o 9] _
r— _\,‘ P _—
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a) Excitation  b) relaxation ¢) Recombination

Fig. 4. Schematic representation of the photoluminescence processes in a Quantum dot
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The PL band is the convolution of all the emission lines of every single QD which is excited;
the lines have an homogenous broadening, due to optical recombination and scattering by
phonons and impurities, and an inhomogenous one, related to differences in size, shape and
composition of individual QDs. Therefore, the shape of the PL bands reflects the
distribution of quantum confined energy levels in QDs [S. Franchi et al, 2003 ].

PL spectrum for the InAs and InAsN SAQDs are shown in Fig. 5(a). PL spectrum for the
InAs and InAsN SAQDs are shown in Fig. 4(a). The PL spectra for the samples M1-M3 show
a broad (100, 86, and 81 meV, respectively), symmetric main peak, coming from the
statistical distribution of SAQDs. The position of the PL peak varies from the 1.23 pm to 1.52
um depending on InAs SAQDs sizes. Great efforts have been made to obtain SAQDs
emitting at longer wavelengths for a variety of applications. One possibility is to make an
annealing on the samples in an ultra high vacuum atmosphere [O. Suekane et al, 2002],
another possibility is to carry out a nitridation of InAs SAQDs after growth. However, the
crystalline quality of the InAs dots is degraded, and the optical properties change
drastically. Therefore, we preferred to carry out the nitridation during the InAs growth
(sample M4). In this case the optical quality of the InAsN SAQDs didn’t present
considerable changes as can be seen in Fig. 5(a) (M4). The PL signal for sample (M4) has a
long asymmetric tail at short wavelengths, probably due to incorporation of atoms or
clusters of Nitrogen in the InAs SAQDs typical of III-V:N compounds [V. Sallet et al, 2005].
The PL peak of sample M4 is located at 1.55 um, this red-shift could be caused by the
following effects: 1) Nitrogen incorporation in the wetting layer, which decreases the
compressive stress because amas>amasN>acaas, Where amas amasn, and acaas are the InAs,
InAsN and GaAs lattice parameters, respectively. 2) Nitrogen incorporation in the SAQDs,
as above mentioned the bandgap of III-V compounds is reduced by the incorporation of N.
3) The formation of larger SAQDs promoted by the incorporation of Nitrogen as observed in
AFM images presented in the Fig. 4 (M4).

{P =2x10" Torr a)
1,6
M4) ‘
1510 °c 1,54
3 \ £ 1,41
S =
. < 1,3-
m - Ms) )
- 1,2
-4900(: T T T T ' 1 7
i M2) 0 2 4 6 8
|480°c Volume (x10 A?)
| M1)
—————————

09 12 15 18
A (pm)

Fig. 5. (a) Low temperature PL spectra of InAs (M1, M2 and M3) and InAsN (M4) SAQDs.
(b) Wavelength emission as a function of the SAQDs volume.
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The PL peak position for the InAs(N) SAQDs is shown in Fig. 5(b) as a function of dots
volume obtained from AFM measurements, and by using the geometry of a truncated
pyramidal solid as it is shown in the inset of this figure. The wavelength of the PL emission
increases for larger InAs SAQDs as a consequence of decreasing the quantum confinment.

3.2.2 Raman Spectroscopy (RS)

Raman spectroscopy on solids is nowadays widely known as a means of studying phonons,
while it is also a very suitable method to study electronic collective excitations in
semiconductors nanostructures, such as quantum wells or quantum dots. In the formation
of SAQD, it is well known that strain plays an important role and Raman measurement is a
strong tool to study strain. The mismatch of lattice constants gives rise to strain fields in QD
nanostructures, which will affect their optical properties [L. B. Freund, 2000]. In-plane lattice
mismatch parameters are defined as:

as—aq

(1)

Where as and a4 are the lattice constants of the substrate (GaAs) and the dot (InAs)
materials, respectively, which will be taken as 0.565 and 0.605 nm in this paper. Obviously,
the lattice constant of the dot material (InAs) exceeds that of the substrate material (GaAs).
Hence, it is expected that InAs will experience compression from GaAs, while GaAs will
experience tension from InAs. Note that the lattice mismatch parameters defined in equation
(1) do not describe completly strain fields in the quantum-dot island. In fact, lattice
mismatches will induce elastic deformation in both the substrate and the island, to ensure
the equilibrium of the corresponding stresses.

(So)xx = (EO)yy = aq

The evolution of the Raman FWHM and frequency shifts with increasing the QDs zise can
also be described by a phenomenological model, the so-called “Phonon Confinement
Model” (PCM). This model was originally developed to describe the evolution of the Raman
spectra of disordered semiconductors [H. Richter et al, 1981; Tiong et al, 1984]. Later
Campbell and Fauchet generalized this model to study the phonon confinement in
nanostructures and thin films [I. H. Campbell, 1986]. PCM is widely used method in
modeling Raman spectra of low dimensional systems such as quantum wells, quantum
wires and quantum dots. Many experimental groups have used the PCM method to explain
the observed asymmetry of the one-phonon bands appearing in their nanowire Raman
spectra [K. W. adu et al, 2005; Giuseppe Faraci et al, 2006]. However, this method has not
been explored in detail for analyzing Raman spectra of InAs SAQDs grown by MBE. We
will discuss this point in detail in the next section.

In the phenomenological phonon confinement model (PCM), the Raman scattering intensity
I(w,d) for a spherical particle of diameter L, and Gaussian confinement function is given by
[M. Grujic et al, 2009]

I(w) =1y [3,IC(0,)|*Fwi(q),I1d*q 2
_a’L?
where |C(0,q)|? = e 2f* is the Fourier coefficient of the confinement enveloped function
ar 2
W(r) « e_[T] for the zone centre optical phonon, q is the wave vector [% <(qpz < g], a is the
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unit cell lattice parameter, and L is the average diameter. The confinement factor  initially
was taken as a constant factor (Richter et al, 3 = 1, Campbell et al. p = 2n12). However, many
authors consider that the confinement factor § must be a fitting parameter in Raman spectra,
because it can be dependent on confinement boundary conditions in nanomaterials.
Flwi(q),T] is the spectral line shape related to phonon disperse curve w;(q) with I' natural
line width (FWHM). Gaussian or Lorentzian are the most used lineshapes to fitting the
experimental Raman data. However, due to the asymmetry and broadening of our
experimental Raman spectra we chosen the so called Breit ~-Wigner-Fano (BWF) lineshape
[Ugo Fano, et al, 1961], given as,

1ol 1]+ @ -ovo]|

[wLo—wi(q)]2+[§]2

In which 1/f is the Fano parameter, and represents the asymmetry of the shape, while Io
and I are fitting parameters of the intensity and broadening factor, respectively. The Fano
line shapes evolve to Lorentzian line when f tends to zero. In the Eq (2), the infinitesimal
elemental d*g volume can be written as q%dq if a spherical symmetry is considered.

1,0 - a) 10) ==

0,8
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Fig. 6. (a) Squares of the Fourier transform |Q (0, ¢)|? used in the confinement phonon model
(CM), B =8n2. (b) Diameter distribution of the InAs Qdots (M4-sample) with mean height L
=35 A. The solid curve is a log-normal fit to the distribution. The inset in (b) is the
histogram of the sample M4.

GaAs has two atoms in the unit cell and, therefore, six phonon branches. Three acoustic and
three optical. From the three optical branches, one gives rise to an infra-red active mode at
the I' point, while the two other branches are degenerate at the I' point and Raman active.
Therefore, zone center (q = 0) phonons would generate a one peak Raman spectra. However,
the electronic structure of GaAs generates special electron-phonon induced resonance
conditions with non-zone center modes (q # 0), and the previous rule is not valid. In this
case, for the LO phonon frequency dispersion, we can use the diatomic linear-chain model,
which is expressed as,

My +My My 2+ M2 +2M, 2 M52 cos(qa)

w@=c oD @
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where M1 and M2 are the atomic masses of Ga and As, respectively and C is the fitting
parameter. (acaas = 0.5466 nm).

Fig. 7 shows the Raman spectra taken at room temperature by using the 632 nm excitation
laser line. The two peaks at 265 and 290 cm-! are due to scattering from the GaAs TO and LO
phonons [Tomoyuki Sekine et al, 2002], respectively. Since Raman measurement is
performed in backscattering configuration from (001) growth surface, TO mode should be
forbidden. The low intensity of TO mode is due to the departure from the perfect
backscattering geometry. It is observed that the line center of these peaks remains practically
the same in all the samples. However, by comparing all spectra one can see that the peak
position of the TO and the LO peaks are up-shifted about 4.7 cm! compared with the bulk
(001) GaAs (TO = 260 cml, LO = 290 cm). The compressive stress acting on the QDs can
produce produce a blue-shift in the LO-phonon frequency. Presumably, the red-shift
induced by phonon confinement compensates for the blue-shift due to the surface pressure
effects entirely as has been observed in some semiconductors materials [Campbell LH. &
Fauchet P.M., 1986], embedded in a glass matrix.

Electronic

2
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|
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200 300 400
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Fig. 7. Raman spectra taken at room temperature of the InAs QDots

On the other hand, it is also observed that the GaAs LO mode is asymmetrically broadened
compared to the bulk, as shown the Fig. 6). The asymmetry observed in the one phonon LO
Raman has been tentatively assigned to several factors such as particle size distribution,
random variations in the bond wave number, and particle shape irregularity [AkhileshK et
al, 2007]. Quantum confinement effect can contribute to the asymmetrical broadening
observed in the one-phonon LO Raman (Fig 7. and Fig. 8.).

Experimental results show that as the QD volume increases (samples M1 to M4), there is a
change in the line shape and full-width at half-maxima (FWHM) of the LO-phonon peaks.
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The Raman peak of M4 sample with quantum dots of 73A3 volume, has an FWHM of 8.2
cm-1. As the QD volume decreases from 2.4 A3to 0.26 A3 the FWHM increases to ~ 9.8 cm-1.
The peak profile is almost symmetric in the case of sample M4, whereas a small asymmetry
in the line shape becomes noticeable for the samples in the strongly confined regimen. This
observation is more evident for sample M1 with the smallest SAQDs volume

In order to analyze the asymmetry and broadening of the Raman spectra, we carry out the
integration of the equation (2) using the dispersion relation of linear diatomic chain gives by
the eq. (4). To assess the quantum confinement effect in the Raman spectra by reducing the
volume of quantum dots, the measured average diameter, was also included in the Richter
line shape equation (2). Then a second integration with respect to L was carried out. F(L) is
the log-normal distribution function obtained by fitting the histogram from AFM
measurements.

In(L)-In(L)

F(L) = %e‘[ 22 (5)

Where L and o are the mean diameter and width parameter, respectively. Eq. (5) allows
introduce the diameter distribution of the QDots analytically into the Richter Raman line
shape equation up (Eq. 2). Finally, the Ricther line shape then become

I(w,L) = Iy [, F(L)I(w)dL (6)

In order to analyze the broadening and asymmetry of the experimental Raman data, we
used the model of three-dimensional phonon confinement. Raman spectra of InAs QDs
were calculated using the equations (6), (4), and (3) and confinment function. In the Fig. 8,
we show the result of our fitting for the experimental 290 cm+ Raman band from samples
M1-M4. In all fitting we only varied the intensity Io, the confinement parameter (c) and 1/f
Fano-parameter. The other parameters used in this fitting are show in the table 2. The
spectra show a blue-shift of the LO GaAs mode, and an asymmetric broadening with
decreasing QDs volume. We found that the phonon confinement model qualitatively
explains the asymmetric lineshape and the increase in the FWHM with a decrease in the
QDs volume. For the sample M1 with lower volume confinement, the spectrum calculated
with the CM model differs considerably from the experimental data. By increasing the
volume of confinement, (M2-M4 samples) the spectrum best fits the experimental data.
Several authors report that the CM model explains very well the Raman spectra for
nanocrystals (e.g. In or Ge QDs) with a diameter higher than 4 nm. This difference has been
interpreted theoretically to be originated from the different crystallographic natures of their
Raman spectra: crystalline for nonpolar and amorphous for polar nanosemiconductors. On
the other hand, the wave function used in the quantum confinement model (CM) is of a
single electron, and a single vibrational mode. However, in a finite crystal the vibrational
modes depend on different values of the wave vector k, [k,, = % = % , m= 2,4,6,...
Max(a/D), where D is the diameter of crystallite], as a consequence of the boundary
condition. In this case, an additional term is needed in the Eq. (6), but it is not the purpose of
this work.

Table 2, shows the FWHM of the peak centered at 290 cm (Fig. 7.); the mean height L (4)
and the FWHM obtained from fitting the AFM histogram with a log-normal distribution as
shown in the inset of the Fig. 6. b.
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Fig. 8. Fitting on Raman spectra to the Confinement Model (CM). The square points are the
experimental data and the continuous line is the CM by using the Eq(6).

Samples | FWHM Raman spectra (cm-!) | Mean height L (4) FWHM QD}(/)(t/si)dmtnbutlon
M1 9.8 17 35
M2 9.1 25 30
M3 9.0 30 24
M4 8.2 35 14

Table 2. Experimental data used to fit the Raman spectra

In the low frequency region of the LO phonon peak, we have observed a set of additional
features in Raman spectra which can be associated to the SADQs (labeled by arrow, in Fig.
7., as known as surface optical phonons (SO). While phonons are collective lattice vibration
modes, surface phonons are particular modes associated with surfaces; they are an artefact
of periodicity, asymmetry, and the termination of bulk crystal structure associated with the
surface layer of a solid [P. Nandakumara et al, 20001]. The SO-mode can be observed in the
Raman scattering processes due to: a) impurity or interface imperfections, b) valence band
mixing arising from the degeneracy at the I' point in the Brillouin zone of zinc-blende
semiconductors, and c) non-spherical geometry of the QDs. The study of surface phonons
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provides valuable insight into the surface structure and other specific properties from the
surface region, which often differ from bulk. Owing to the small size in QD’s, the surface-to-
volume ratio contribution to the Raman spectrum is much higher than in bulk crystals. In
nanocrystals such as InAs QDots these modes can appear when the nanostructures are
surrounded with a material of different dielectric constant w(e), e.g air (¢ = 1). In large
crystals, phonons propagate to infinity and the 1st order Raman spectrum only consists of
g=0 phonon modes. When crystalline perfection is destroyed due to lattice disorder and
defects, symmetry forbidden modes (like SO phonon modes) are activated and become
stronger with increasing defect density. SO-phonon modes are localized to the interfase,
and can propagate along the interface. They are solutions to Maxwell’s equations with
appropriate boundary conditions [B. E. Sernelius, 2001]. Many authors have studied
theoretically the SO-modes from different geometries (cylindr ical and spheroids shape) in
nanoparticles, nanowires and QDs, by using the approximation of a dielectric continuum
and modeling of valence-force fields to explain the connection between SO phonon modes
and the geometrical shape of a semiconductor QD [][Watt M et al, 1990; -37, Gupta R et al,
2203 -38].

[
=
[
o

Raman Intensity (a.u)

- T T T T T T T i
260 270 280 290 300 310
Raman Shift (cm™)
Fig. 9. Enlargement of the Raman spectra of the InAs SAQDs in the surface optical (SO)

region. The arrows indicate small features related to the Rabi-type oscillations between two
exciton levels. (x) in the sample M5 denote a phonon mode related to InAsN.

In our samples we observed that the integrated Raman intensity, and the position of the SO-
mode for the samples M3 - M4 is clearly dependent of the volume and facets formed on
SADQs. For sample M1 with quantum dots of smaller volume, and facets oriented along
(113), a set of surface phonon modes indicated by a down-arrow (labeled from 1 to 9) are
clearly identifiable. By increasing the confinement volume of quantum dots, M2 - M4
samples, (SO) phonon modes evolve in a continuum of states due to lowering of phonon
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quantum confinement. We believe that the splitting of the phonon modes in this region
probably is related to combined effect of SO-surface and exciton oscillating modes.
Vasilevskiy et al [M. L. Vasilevskiy 2005], using a non-perturbative approach to calculate the
multi-phonon resonant Raman scattering probability in semiconductor QDs, show that
when inter-level coupling is strong, in the first order Raman spectrum appear features
similar to those obtained in the electron spectral function, effect known as Rabi splitting [S.
Hameau et al, 1999]. They correspond to the exciton oscillating between its two states and
(many times) emitting and absorbing a phonon. The electron-phonon interaction is
important in semiconductors and, especially, in semiconductor nanostructures since it
determines hot carrier relaxation, influences light absorption and emission processes and is
responsible for Raman scattering. The intensity of this interaction is enhanced in quantum
dots (QD’s) and, owing to the discrete nature of the electron energy spectrum, it leads to
multi-phonon processes and formation of a polaron.

By comparing the position of SO-mode of the samples M2 and M3 (surrounded by air, € = 1)
with the nitrogenated M4- sample position (surrounded with N, ex = 1.454), we find an up-
shift of 1.0 cml. It is show a dependence of SO-mode with a systematic increase in the
dielectric function that is surrounding the QDs. Further SO-modes, an additional peak (268.5
cml, labelled (x)) from LO-InAsN phonon mode was only observed in the nitridated -M4
sample. In addition of the confined optic phonons, the presence of surface phonons in the
Raman spectra of nanostructured of materials has been reported in a number of systems
[Ingale A. et al, 1998; Alim et al, 2005]. Recently Ladanov et al [M. Yu et al, 2005] reported
theoretical calculation of surface modes (SO) on spherical shape InAs QDs surrounded by a
AlAs layer and air using the approximation of a dielectric continuum. They found that the
frequencies of interface phonons (SO) obtained within this model lie in the spectral range
between the frequencies of TO and LO phonons, and depend on the shape of the quantum
dots.

On the other hand, in the region from 310 cm to 500 cm (Fig. 7.) we observed a set of
peaks associated to electronic transitions. The Raman signal from electronic excitations in
quantum dots is expected to be very small unless we can take advantage of some resonance
mechanism. In order to enhance the resonance Raman signal, we used a laser with a energy
(1.9 eV) very close to the Eo+A gap for InAs quantum dots (1.7 eV measured from PL
resonant experiments by W. Dasilva et. al. [W. da Silva et al, 1997]). The energy difference
between the electronic states which can be measured in Raman and FIR absorption
spectroscopy is on the order of 50 meV. The first observation of electronic excitations in self-
assembled QDs was reported by L. Chu and coworkers [L. Chu et al, 1997; L. Chu et al,
2000]. The sample studied contained 15 layers of InGaAs QDs, each layer having a n-type
GaAs doping layer in its vicinity. The number of electron confined into each QD was
estimated to be N, = 6. By using an excitation laser at an energy of 1.71 eV very close to Eo+A
gap, they found a peak at about 50 meV (403.2 cm?) in the depolarized Raman spectra,
which was interpreted as a spin density excitation (SDEx) with a transition between the p
and d level (with general quantum number N=2 and N=3) in the quantum dots. In our
experimental resonant Raman spectra (Fig 6) we observed a similar peak located around of
46 meV (377.1 cm) for the samples M3-M5 (with N) in well agreement with previous
report. However, for the samples M1 and M2 with smaller QDs volume a set of Raman
signal coming from electronic transitions was not observed, due to small number of
electrons confined in quantum dots by reducing the confinement volume.
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4. Conclusions

Self-assembled InAs(N) quantum dots were grown on GaAs (001) substrates by molecular
beam epitaxy. We studied the variation in geometry and density of SAQDs for different
growth temperatures. The average InAs dots size tends to increase whilst their density tends
to decrease when the growth temperature is increased, possibly due to an increase in the
surface mobility of In adatoms. We observed that the nitridation of InAs SAQDs starting
from the wetting layer formation promoted the formation of quantum dots of larger
dimensions.
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