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Abstract: The first resonant electronic Raman spectroscopy study of discrete electronic transi-
tions within self-assembled Si/Ge quantum dots (QD) is reported in this paper. A Raman tran-
sition of localized holes with a dispersionless energy of 105 meV and a resonance energy to vir-
tually localized electrons at the direct band gap Eg==2.52 eV far above the indirect fundamental
band gap of Si/Ge are observed. Both values are in agreement with 6-band k*p band structure
calculations for such QDs.
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Raman scattering has long been known as a powerful tool for characterization of electronic as well as
the structural and vibrational properties of bulk semiconductors and also nanostructural and heterostruc-
tured semiconductors. [!*2] Owing to the tunability of the incident photon energy, the resonant electronic
Raman measurement provides additional information, that is, selectivity in the momentum space in ex-
ploiting the electronic band structures. 3! In this paper, we report the first study on the resonant elec-
tronic Raman spectroscopy of discrete electronic transitions within p-doped self-assembled Si/Ge quantum
dots (QD), from which some key parameters of the band structure of Si/Ge quantum dots are deter-

7 B 39 :2003-07-22
. 44 .



B|1m p BiB% Si/Ge BT RHR THI R B A 2004 £

mined experimentally.

The Si/Ge QD samples were grown by a solid-source molec-
ular beam epitaxy on n — (100) Si substrates in the Stranski-
Krastanow growth mode at a substrate temperature of 510C. (4]
Each sample contains 80 Si/Ge QD layers separated by 25 nm Si
with a boron modulation doping in the centre and is capped with
100 nm Si. Several samples have been annealed at temperatures
from 600C to 800T for one hour. Micro-Raman measurements
were performed at 6 K in backscattering geometry with a spectral
resolution of 3.8 cm™! using a triple Raman spectrometer equipped
with a liquid nitrogen cooled Si charge coupled device camera sys-
tem. The samples have been studied at Raman excitation energies
ranging from 1.83 eV (677 nm) to 3 eV (413 nm) using Argon
ion and Krypton laser lines. The laser was focused to a spot of
about 1 um with a laser power of 0.3 mW on the sample.

The inset of Fig. 1 shows an AFM image of the uncapped
reference sample. The Si/Ge QDs are elongated hut clusters.
The lateral size is about 15 %25 nm?, the height about 2 nm and
the sheet density 1.5 X 10"" cm®. A detailed and quantitative
phonon Raman scattering characterization of these structures has
been performed earlier. 2} It revealed structural parameters af-
fecting the QD band structure, such as Ge content and strain.
The phonon Raman study showed that the interface region be-
tween Ge rich regions within small as-grown Si/Ge QDs and their
Si environment is very sharp.

Fig. 1 shows the Raman spectra of as grown Si/Ge QD sam-
ple and a Si substrate excited by a 457 nm laser. Because of the
weak resonant effect of most 2™ acoustic Raman modes, the Ra-
man signal from Si/Ge QDs can be clearly distinguished from that
of Si substrate and spacer layers. Besides the Raman peak of Ge-
Ge and Si-Ge peaks of Si/Ge dots, there is an additional peak at
850cm! (105meV) with a FWHM of 25 meV. This band is

found to be no dispersion with varying the laser excitation ener-
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Fig.2 Raman spectra of a Si/Ge sam-
ple annealed at different tem-

peratures.

gy, and thus, can be attributed to a dispersionless intraband transition of localized holes in Si/Ge dots.
Fig. 2 shows the Raman spectra of Si/Ge dot samples annealed at different temperatures, in which
all Raman spectra are subtracted from the Raman signal of a pure Si substrate. Annealing the Si/Ge dots
for an hour from 600 T to 800 T results in a significant red shift of the 850cm™!-peak with increasing
the annealing temperature. For the Raman spectrum of Si/Ge dots annealed at 800 C, the redshifted
peak can not be distinguished from the phonon modes of Si/Ge dots below 500 cm™!. The redshift of the
850cm ~!-peak and its broad spectral feature further confirms its dot nature, rather than a disorder or dis-

location induced Raman modes. The intermixing of Si-Ge increases with the annealing temperature. The

Ge content will be reduced in the annealing process, but almost keeps constant within the island core.
This result is explained by a large Si diffusion constant within Ge-rich regions in Si/Ge dots and has been
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shown by phonon Raman scattering. (2] with increasing

intermixing, Ge-content, Strain and the strain-induced splitting 10
between hh and lh states decrease. The quantum confinement a-
long the growth direction is also reduced. Therefore, the redshift
of the 850cm ~!-peak is a result of the modification of the band
structure of Si/Ge dots with the increasing annealing tempera- 32
ture. 3

The Raman spectra of as-grown Si/Ge dots are measured un-
der variation of the excitation energy from 1.83 eV to 3 eV. Fig.

020

Inh-miisia

3 shows the integrated intensities of the Ge-Ge phonon mode and
the hh-lh transition depending on the Raman excitation energy.

Both peaks are contributed from the Si/Ge dots whereas Ge wet- 20 19 22 25 28

ting layers contributions to the remnant Raman spectrum can be Photon energy (V)

neglected. The Ge-Ge phonon mode shows two resonant peaks at Fig. 3 Integrated intensity of Ge-Ge
about 2.3 eV and 2.52 eV. The resonance at 2.3 eV is close to phonon and hh-lh transition
the E; and E, + A, gap in bulk Ge,'®! this resonance at momen- vs. laser energy.

tum vectors along the {111}-directions of the Brillouin zone is not

observed for the hole transition. A common resonance of the phonon mode and the electronic intra va-
lence band transition is observed around 2. 52 e€V. This Raman resonance is assigned to the direct band
gap Eg of localized hh and virtually bound I'electron states within the small-sized Si/Ge dots.

The QD structures have also been characterized by phonon Raman scattering and XRD. An average
Ge content of 80% and lateral strain of -3.4% close to the biaxial case has been determined for the core
of as-grown QDs. [2) AFM studies of uncapped Ge QDs reveal a lateral size of 20 nm and a height of about
2 nm. These structural parameters served as an input for valence band structure model calculations using
the 6-band k*p simulator nextnano® including elastic strain relaxation in lens-shaped QDs. The calcula-
tions yield a splitting energy between hh- and lh-like ground states of 101 meV and a direct Eg gap of
2.3 eV which agree well with the observed Raman results. These non-refined simulations also predict a
type-I1 fundamental band gap of 770 meV and a lateral quantum confinement energy for holes of 42 meV
that are close to previous PL and admittance results. %7}

In conclusion, we have presented the first resonant electronic Raman spectroscopy study of discrete
electronic transitions in small p-doped Si/Ge QDs. An intraband transition of localized holes with energy
of 105 meV is observed as a broadened Raman line. It is attributed to a hh-lh-transition within the QDs.
Due to significant intermixing of Si and Ge, i.e. reduced strain-induced hh-lh splitting and quantum con-
finement, this transition energy shifts to lower values with increasing annealing temperature. The hh-lh
transition Raman efficiency shows a clear resonance at excitation energy of 2.5 eV. This resonance ener-
gy is attributed to the direct band gap E, between localized states in the Si/Ge QDs.
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