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The role of annealing temperature on the structural and optical properties of Ge and Si
nanoislands deposited on Si(100) grown by radio frequency magnetron sputtering
technique are studied. Atomic force microscopy confirmed the formation of Si and Ge
nanoislands with estimated sizes lower than 100 nm and 45 nm respectively. The room
temperature photoluminescence spectra for Si revealed an emission peak at 2.53 eV which
is attributed to the formation of Si nanoislands whereas the observed strong luminescence
peak at 3.22 eV for Ge nanoislands is attributed to the quantum size effect. A shift in the
PL peak is observed upon annealing which is due to effect of quantum confinement and
surface passivation by oxygen. The thermal annealing at 600 °C is found to play an
important role in controlling the shape, number density, root mean square roughness and
the energy shift of the luminescence band for both Si and Ge nanoislands. The influence of
annealing on growth morphology for Ge nanoislands is appeared to be stronger than Si.
The growth mechanism and the luminescence is analyzed and compared with other
observations.
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1. Introduction

Nanostructuring of semiconductors is a novel means of developing new electronic and
optoelectronic devices. In particular, the discovery of room-temperature visible photoluminescence
(PL) from Si and Ge nanostructures has stimulated much interest in these particular kinds of
nanoclusters and in small semiconductor particles [1-4]. The possibility of tuning the optical
response of Si and Ge nanomaterials by modifying their size has become one of the most
challenging aspects of recent semiconductor research. It has been established that quantum
confinement (QC) can modify the energy gap that results visible luminescence as experimentally
observed. Despite of numerous proposed models, experiments and simulations to explain the
luminescence, including QC, surface states, defects in the oxides, core-shell structures and
chemical complexes, however, the mechanism of visible PL is far from being understood. Over the
past two decades the nanaostructure based devices has gradually been improved due to
microelectronics and optoelectronics capabilities [5-9].
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The economic fabrication of self-assembled Ge and Si nanostructure by radio frequency
sputtering technique has received much attention for large-scale production. The synthesis of Ge
nanostructures on Si substrate via Stranski-Krastanov growth mode has possibility to use for novel
optical devices [6]. It is demonstrated that both Ge and Si upon nanosizing exhibits direct band gap
and emit light in the visible region [7-11]. The magnetron sputtering method due to its high
deposition rate and safety currently become one of the most popular commercially viable methods
for fabricating the heterostructures of Ge\Si [12, 13] and Si\Si [11]. The luminescence from Ge
and GeO; nanocrystals is observed around 3.1 eV and the strongest PL intensity evidenced for
larger nanocrystals [14]. The PL spectra of Ge nanostructure having sizes between 2 and 9 nm can
be viewed as a combination of three peaks at around 1.9, 2.3 and 3.0 eV as reported by Kartopu et
al [15]. The Ge islands with height ~ 1 to 2 nm and widths ~ 40 to 50 nm are fabricated by Thanh
et al in which the observed broadening in the PL spectra are explained in terms of the broad
dispersion in the nanostructure size distribution [16]. Interestingly, the thermal annealing is found
to influence strongly the structural and optical properties and produce a band gap energy shift ~
0.25 eV as illustrated by Khan et al [17]. Zaho et al has reported the occurrence of the PL peak for
Si nanoparticles at 1.65 eV [18]. Oku et al have demonstrated three prominent PL peaks for Si
nanocrystals at 2.64, 2.52 and 2.25 eV and a peak for Ge at ~ 3.0 eV. The occurrence of these
luminescence peaks is attributed to the formation of Si/SiOy interface and quantum size effect of Si
nanoclusters. In addition, the observed blue shift of the band gap energy is however attributed to
the formation of the core-shell structure of Ge and Si with oxide layers [19].

Only few studies using sputtering method focused on the effect of annealing temperature
dependent growth morphology and optical behavior of Ge and Si nanodots and the understanding
on the mechanism of growth and luminescence is still lacking. Furthermore, careful fabrication
and optical characterizations of such nanostructure is essential for controlled light emitting
behavior that may be detrimental for optoelectronic devices. This research is targeted to provide
some insight on the temperature dependent growth morphology by providing an efficient and easy
fabrication method using RF sputtering. The results on structural and optical characterizations are
presented, analyzed and the mechanism of annealing temperature dependent PL is understood.

2. Experimental details

The Ge and Si islands are separately sputtered on Si(100) substrate using high vacuum
coater (HVC Penta Vacuum) .The samples are first cleaned ultrasonically in chromatic acid
solution for 20 mins and then put in the chamber in order to remove the oxide and water vapor
contaminations on the surface of Si substrate. Before the inlet of the argon gas the sputtering
chamber is first evacuated down to 2.5 x 10® Torr. The growth process is carried out under
conditions of fixed argon flow rate 10 Sccm, substrate temperatures 400°C, radio frequency power
100 W, chamber pressure 6 x 1073 Torr, and deposition time of 300 sec. The rapid thermal
annealing (Anneal sys, AS-One 150) is performed under nitrogen (N,) ambient for 120 sec. The
turbo pump remained operational throughout the period of growth in order to achieve the lower
pressure. The freshly grown pre-annealed samples at room temperature (RT) are labeled as A (for
Ge) and C (for Si) and corresponding post-annealed (600 °C) samples in N, ambient pressure are
designated as B (for Ge) and D (for Si). The surface morphology and the structures are
investigated by AFM and the room temperature optical characterization is made by PL
spectrophotometer (Perkin Elmer Ls 55 Luminescence Spectrometer).

3. Results and discussion

The two, the three dimensional AFM images and the height fluctuations of the pre-
annealed Ge nanoislands (sample A) are illustrated in Fig. 1a, b and c respectively. The formation
of different sizes of islands having estimated height ~10 nm and width ~ 45 nm is clearly
evidenced. Fig. 1d, e and f shows the AFM images for the corresponding post-annealed Ge
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nanoislands (sample B) in which the impact of annealing temperature on growth morphology is
clearly reflected. Indeed, the nature of the growth demonstrates the remarkable role played by the
thermal treatment. Thermal annealing in fact, make the rearrangement of the inner structure of
Ge/Si clusters leading to the formation of varieties of islands with diverse size fluctauations which
is exactly evidenced in the micrographs. The nanoislands in the post annealed sample at 600 °C are
gradually grown from pre-annealed one into bigger island structures with average height ~23 nm
and width ~125 nm thereby converting the shape of clusters from metastable pyramid to dome-like
structure as evidenced from fig.1c and f. This observation is attributed to the mechanism of
thermal diffusion and the nucleation of the growth processes.
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Fig. 1 The AFM images of Ge pre-annealed sample A (upper half) in two dimension (a),

three dimension (b), the height fluctuation (c) and the post-annealed sample B (lower

half) in two dimension (d), three dimension (e), height fluctuation (f). The line of scan is
indicated on two dimensional micrographs.

The cross-section of two, three dimensional AFM images and the height fluctuations of
the pre-annealed Si sample (sample C) are shown in Fig. 2a, b and ¢ and for the corresponding
post-annealed Si sample (sample D) are depicted in Fig. 2d, e and f respectively. Through
annealing process at 600 °C, the Si and nanocrystalline Si (nc-Si) undergoes reaction to finally
form the alloy of Si thin film nanostructure with dome shape islands as seen in Fig. 2d, e and f.
The variation of dispersive surface energy between them causes inter-diffusion at crossing point
and rearrangements of nanoislands. During annealing, the lower value of the interface state energy
of bulk Si compare to that of nc-Si favors the Si atoms tend to form interior atoms or shift to the
interface. With heat treatment the estimated height of islands found to decrease from ~15 nm to 6
nm and width decrease from ~112 to ~84 nm respectively. The influence of thermal annealing on
growth morphology is quite robust.

The fluctuation in the height distribution expressed in terms the root mean square (RMS)
roughness is an important factor in deciding the sample quality that eventually controls the optical
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Fig. 2 The AFM images of Si pre-annealed sample C (upper half) in two dimension (a),

three dimension (b), the height fluctuation (c) and the post-annealed sample D (lower

half) in two dimension (d), three dimension (e), height fluctuation (f). The line of scan is
indicated on two dimensional micrographs.

behavior of nanoilands. The variation in RMS roughness for pre-annealed and post-annealed Si
and Ge nanoislands along with their height, width, densities and PL peak energies are summarized
in table 2. As seen from the table, the annealing temperature dependent RMS roughness shows a
rapid increase for Ge islands and steady decrease for Si islands. For Ge samples the majority of the
smaller particles coarsen to form larger particles as the temperature is increased that in turn
drastically reduced the number density from 12.5 to 2.6. This sharp decrement in the number
density can be understood by the kinetics of the growth processes that occurs via thermal
diffusion. On the contrary, for Si samples the number density is increased from 1.47 to 1.88. It is
worth mentioning that compared to bulk crystalline Si structure, the crystallization of
nanoamorphous Si involves several phenomena such as the creation of the crystalline seeds, the
influence of the crystal interface, strain and extended defects at the grain boundaries. Beside
crystallization of the amorphous Si, annealing process of the sputtered a-Si on nc-Si interface also
improve the interface properties substantially. Both the number density and the RMS fluctuations
for Si showed much smaller change compared to that of Ge as a function of annealing temperature.
However, the red shift of the PL peak energy from 3.22 eV to 3.17 eV with the increase of the
annealing temperature confirms the decrease in nanodots size followed by the enhancement of
islands density and surface roughness as illustrated in table 2. Furthermore, the value of RMS
roughness and number density for Ge quantum structure is found to be more sensitive to the
annealing temperature compared to that of Si.

The recorded PL spectra for Ge samples are presented in fig. 3a. The spectra that exhibits
three peaks approximately at 2.87, 3.22 eV and 3.96 eV are attributed to the interaction between
Ge, GeOx, and the possibility of the formation of core-shell like structure. Annealing the samples
at 600 °C temperature causes the formation of larger dots, the mix state of Ge and the thicker
GeOx interface reaction that give rise to the PL peak at around 2.83 eV. The two intense peaks
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around 3.22 and 3.17 eV are clearly evidenced for samples A, B respectively are attributed to the
presence of Ge QDs.

Table 2. The Average height, width, RMS roughness, number density and PL peak position of samples for
the pre-annealed and post-annealed samples of Si and Ge.

Average Height ~ Average Width

(nm) (nm) RMS Roughness  Number Density  PL Peak Position
(nm) x10° cm (eV)
Pre-Annealed Si 15 112 1.80 1.47 2.87
Post-Annealed Si 6 84 1.11 1.88 2.53
Pre-Annealed Ge 10 45 1.55 12.51 3.22
Post-Annealed Ge 23 125 8.35 2.62 3.17

The blue shift in the HOMO-LUMO energy gap becomes pronounced upon nanosizing.
We assert that the quantum size effect drives the visible PL shift by making the transition from
direct band gap to indirect one as confirmed in the literature [20]. The red shift (~ 0.05 eV) of PL
peak position after thermal treatment is in closed agreement with the other observations [21- 23].

The room temperature PL spectra of Ge nanocrystalline samples on SiO, matrix by ion
implantation technique is measured by Mestanza et al where they observed a broad blue violet
band at around 3.2 eV (400 nm) that originates from germanium-oxygen-deficient-centers. The
presence of a weak peak around 4.0 eV is also reported [21]. The temperature dependent PL peak
at 2.05 eV is observed by Sun et al [22]. A shift in the PL peak from 1.18 to 1.05 eV with
increasing nanoparticle size from 1.6 to 9.1 nm is reported by Riabinina et al [23]. Three
pronounced PL peaks at 2.59 eV, 2.76 eV and 3.12 eV for Ge nanoparticles synthesized by the
inert gas condensation (IGC) method are illustrated by Oku et al. The PL peaks are related to
luminescence that originates from the Ge/GeOx interface and quantum size effect of Ge clusters.
The blue shift of band gap energy is argued due to the formation of the core-shell structure of Ge
and Si with oxide layers [19]. Our results on red shift are in consistent with all these observations.
The annealing temperature dependent shift in the PL peak position for different sizes of QDs is
attributed to quantum confinement effects. The PL intensity that is found to maximum for the
sample B with larger size of islands is due to the generation of larger number of photo-carriers that
contribute to the emission cross-section significantly. For the pre-annealed sample on the other
hand, the appearance of the PL peak at 2.87 eV clearly indicates the formation of mix states and
the core-shell like structure in the island. The red shift in the peak position with the annealing
process is due to the formation of heavily oxidized nanoparticles as well as bigger core-shell
structures. Our results confirm that the formation of core-shell structures, the presence of mix
state, the quantum size and surface effects together are responsible for the strong room temperature
visible luminescence in Ge QDs.

Fig. 3b shows the room temperature and annealing temperature (600 °C) dependent
luminescence from Si nanoislands. It is characterized by a single strong broadband centered at
2.53 eV with two weak satellite peaks. It can be seen from the spectra that pre-annealed film
dominates over the post annealed sample. The annealing process allows a redistribution of the
emission intensities from the high to the low energy at 2.87 eV. A shift as much as 0.34 eV in the
PL peak is observed for the annealed sample. The high luminescence intensity for pre-annealed
sample is attributed to the islands recombination, while the low intensity for post-annealed sample
at is related to recombination via the a-Si/nc-SiO, interface. At room temperatures, the only
possible recombination is the spatially indirect transition across the interface for which the electron
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is located in the amorphous-Si surrounding the nc-Si, while the hole is confined inside the Si
nanodot. An increase in the annealing temperature results an increased probability for the electrons
to populate the higher energy level inside the dot,
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Fig. 3 .The PL spectra for nanoislands of Ge (a) and Si (b).

which opens up the possibility for an alternative recombination channel [13, 24] and thereby
causes a blue shift. Moreover, the annealing temperature dependent variation of the PL intensity is
significant for Si than Ge.

4. Conclusion

The annealing temperature dependent structural and optical properties of Ge and Si
nanoislands fabricated by using RF magnetron sputtering method are investigated. A comparative
study between their growth morphology and optical behaviors are studied. The influence of
annealing temperature on visible PL and quantum yield are examined. The islands sizes for Ge and
Si measured by AFM are found to be ~ 45 nm and ~ 84 nm respectively. The room temperature PL
spectra of Si showed a strong luminescence peak at 2.53 eV, which is attributed to the appearance
of nanoislands. The Ge nanoislands that exhibited a strong luminescence peak at 3.22 eV is
characterized the quantum size and surface effects of the islands. Upon annealing the PL peak for
Ge showed a shift ~0.05 eV, where for Si the shift is ~0.34 eV. Size, shape, number density,
roughness and PL band are found to be highly sensitive to the heat treatment. The annealing
temperature plays a significant role in shifting the PL peak position, broadening the PL band and
controlling the overall growth processes. However, the effect of annealing on the growth
morphology of Ge nanostructures is appeared to be more pronounced than on Si nanostructure.
Therefore, the surface passivation, in addition to the quantum confinement effect, plays an active
role in deciding the optical properties and electron correlation of Ge and Si nanostructures. From
our investigations, we assert that small-sized Ge and Si quantum dots are promising candidates for
visible, tunable and high-quantum-yield light-emitting devices, as predicted by many experimental
findings.

Our results on the PL strongly suggest that the photo-generation of carriers occurs in the
crystalline silicon core with the band gap modified by the quantum confinement effect while the
visible room-temperature photoluminescence comes from the near-surface region of crystallites.
This study shows that the radiative recombination in the near-surface region causes the strong
visible photoluminescence at room temperature. Our simple results on synthesis and
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characterizations provide the experimental evidence that the density and roughness of small Ge
and Si nanocrystallites can be tuned in the visible range by controlling their sizes useful for
optoelectronics as predicted. It is shown that for the oxygen passivated Ge and Si nanoislands a
peak in the higher energy region of the luminescence appears in comparison to the bulk Ge and Si.
Our observations for the temperature sensitivity of surface morphology showed that the
luminescence and the absorption properties are intimately related to the nanometer size of the dots.
To understand the detail mechanism of luminescence, it is worth looking at the annealing
temperature dependent luminescence efficiency as a function of crystallite size, core-shell like
structures and surface passivation. The RF sputtering being an easy, cheap and viable method can
be readily used for large scale production of Si and Ge nanoislands of high density suitable for
optoelectronic applications.
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