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Abstract The self-organized growth of crystalline silicon
nanodots and their structural characteristics are investigated.
For the nanodot synthesis, thin amorphous silicon (a-Si) layers with different thicknesses have been deposited onto the
ultrathin (2 nm) oxidized (111) surface of Si wafers by electron beam evaporation under ultrahigh vacuum conditions.
The solid phase crystallization of the initial layer is induced
by a subsequent in situ annealing step at 700 °C, which leads
to the dewetting of the initial a-Si layer. This process results
in the self-organized formation of highly crystalline Si nanodot islands. Scanning electron microscopy confirms that
size, shape, and planar distribution of the nanodots depend
on the thickness of the initial a-Si layer. Cross-sectional investigations reveal a single-crystalline structure of the nanodots. This characteristic is observed as long as the thick-
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ness of the initial a-Si layer remains under a certain threshold triggering coalescence. The underlying ultra-thin oxide
is not structurally affected by the dewetting process. Furthermore, a method for the fabrication of close-packed stacks of
nanodots is presented, in which each nanodot is covered by
a 2 nm thick SiO2 shell. The chemical composition of these
ensembles exhibits an abrupt Si/SiO2 interface with a low
amount of suboxides. A minority charge carrier lifetime of
18 μs inside of the nanodots is determined.
1 Introduction
The synthesis of Si nanodot structures within a SiO2 matrix
is currently of high interest for 3rd generation solar cell applications [1–4]. Such low dimensional structures exhibit the
potential to exceed the Shockley–Queisser efficiency limit
[5] by exploiting quantum size effects (QSE) [6]. The QSE
predicts the possibility of size dependent band gap engineering for nanodot diameters less than 5 nm [7].
Conceivable applications of QSE in a solar cell device
may not only exist as a nanodot absorber with a tunable band
gap [8], but also as nanodot heteroemitter with energy selective contacts [9]. Such a “hot carrier cell” can achieve conversion efficiencies above 50 % by extracting charge carriers
at high excitation energies before thermal relaxation can occur [10].
The SiO2 matrix plays an important role in minimizing
the recombination of charge carriers: on the one hand, it passivates dangling bonds at the Si/SiO2 interface [11], on the
other hand, it reduces the leakage current of majority charge
carriers due to the additional SiO2 barriers [12]. Therefore,
high open circuit voltages are expected even without exploiting QSE [13].
However, several requirements on the nanodot heteroemitter must be fulfilled for the implementation in a solar
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cell device: (i) doping of nanodots is required in order to
induce a band bending in the absorber, (ii) charge carrier
transport across the oxide separating nanodots needs to be
achieved by implementing an oxide thickness ≤2 nm [14],
and (iii) the absorber needs to be passivated.
Recent approaches to meet these requirements are based
on the decomposition and subsequent crystallization of substoichiometric SiOx (0 < x < 2) films at temperatures exceeding 1100 °C [15–17]. Although a good control over
both, the nanodot size and the nanodot density has been
achieved, an efficient carrier extraction from the nanodots
through the SiO2 barrier is still an issue.
The self-organized island growth of intrinsic silicon nanodots based on a solid phase crystallization (SPC) mechanism [18] allows the formation of highly crystalline and
close packed Si nanostructures from 600 °C [19]. The synthesis is performed under ultrahigh vacuum (UHV) conditions by depositing firstly a thin amorphous silicon (a-Si)
layer on top of the oxidized surface of a crystalline silicon
(c-Si) wafer. During a subsequent thermal treatment, the energetically unfavorable interface energy between the crystallizing Si layer and the underlying SiO2 causes the growth of
isolated nanodot islands in order to minimize the free energy
of the system [20, 21].
Although the dewetting process of Si [22–25] on top of a
thick (>100 nm) insulating layer is well known in literature,
most structural investigations were performed by means of
scanning electron microscopy (SEM) or atomic force microscopy. Thus, only little information was obtained on the
crystalline structure of such Si nanodots and its dependence
on the nanodot size. Furthermore, the dewetting of a-Si on
top of an ultra-thin oxide layer and the potential of the nanodots for the implementation in a solar cell device are poorly
investigated at best.
In this contribution, we present a systematic study on the
self-organized island growth of nanodot structures on top
of ultrathin tunneling oxides (2 nm) by utilizing intrinsic
a-Si layers. The structural properties of the c-Si nanodots
are investigated by analytical electron microscopy and Raman spectroscopy. The chemical composition of the SiO2
matrix and its passivation quality for the silicon nanodots
are presented. Furthermore, the dependence of the nanodot
size, shape, density, and crystalline structure on the initial layer thickness is investigated. Finally, several layers of
close packed nanodots are fabricated in order to evaluate the
implementation of the nanostructures as a heteroemitter in a
solar cell device.

2 Experimental details
2.1 Sample preparation
Boron doped float zone c-Si (111) wafers with a resistivity of 1–5  cm were used as substrates for nanodot syn-

thesis. The Si wafers were cleaned by the standard RCA
process followed by etching in 1 % hydrofluoric acid solution. This results in a nonoxidized, hydrogen terminated
Si:H 1 × 1 surface with a roughness of around 0.6 nm which
impedes an oxide formation for a few minutes [26]. After
immediate transfer into the UHV chamber (base pressure
<5 × 10−9 mbar), the wafers were heated up to 1000 °C
in order to desorb hydrogen and other residual contaminations from the surface. At this temperature, the 7 × 7 reconstruction of the wafer surface is induced, as confirmed
by in situ reflection high energy electron diffraction analysis. This careful pretreatment guarantees a well defined and
reproducible surface for the following steps.
A controlled layer by layer oxidation (plasma oxidation) of the wafer surface was performed at a pressure of
2 × 10−6 mbar by neutral atomic oxygen atoms with thermal impact energies (Ekin < 1 eV), which were provided by
a radio frequency plasma cracker source (RF-PCS, Oxford
Scientific/Specs) [27]. The resulting 2 nm thick plasma oxide provides an abrupt Si/SiO2 interface with a low density
of interfacial defect states [28]. A tunneling current through
the as-prepared oxide barrier has already been demonstrated
successfully in a previous publication [19].
Afterward, thin a-Si films with thicknesses between
1–20 nm were deposited at a pressure of 10−8 mbar onto
such oxidized wafers by electron beam evaporation of intrinsic Si targets. Both the deposition rate of 1 Å/s and the
film thickness were monitored by a quartz crystal microbalance. The substrate was kept at room temperature during the
deposition. The solid phase crystallization of the a-Si films
was achieved by in situ annealing at 700 °C for 5 minutes.
During the crystallization process the dewetting of the initial layer occurs, resulting in the formation of nanosized Si
droplets. Experiments have shown that the dewetting of the
intrinsic a-Si layers could also be performed at 600 °C, but
it would need at least 30 min for completion in this case. By
repeating the plasma oxidation, the a-Si layer deposition and
the crystallization process, several stacks of nanodots were
grown. Each nanodot is then covered by an ultrathin SiO2
shell.
In addition, Si nanodots were also grown onto quartz
glass substrates (Suprasil, Heraeus) in order to perform
investigations by Raman spectroscopy. The glass substrates were cleaned by immersing them in a piranha etch
(H2 SO4 /H2 O2 ) solution at 120 °C. For nanodot synthesis,
the same process steps as for the c-Si wafers were performed
except for the initial plasma oxidation.
2.2 Characterization
In situ XPS measurements using X-rays with a photon energy of 1253.6 eV provided by a Mg-Kα source have been
carried out in order to investigate the chemical composition
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of the Si/SiO2 interface. A quantitative analysis of the chemical shift of the Si 2p oxidation levels, Sij + (j = 0–4) provides information on the chemical bonds of the Si atoms,
and hence the stoichiometry of the interface [29].
The samples were also inspected by ex-situ scanning
electron microscopy (SEM) utilizing a Philips XL 30 FESEM. The acceleration voltage was set to 12 kV. For highresolution (HRSEM) imaging of the nanodot samples, we
applied a Zeiss Supra 55VP FESEM equipped with an
in-lens secondary electron detector. In addition, the morphology of the nanodots was investigated by μ-Raman
spectroscopy using an Olympus BX 40 microscope system
equipped with an Ar+ ion laser operating at a wavelength of
457.9 nm.
To evaluate the quality of the passivation of the nanodots by the SiO2 matrix time resolved photoluminescence
(TRPL) spectroscopy was performed. It allows the determination of the lifetime of photogenerated charge carriers inside of the nanodots. The samples were excited with a pulsed
dye laser providing excitation wavelengths of 337 nm and
743 nm. The pulse length was 3 ns. The PL signal was detected by a silicon avalanche photodiode after dispersion in
a prism monochromator.
Finally, electron transparent cross-section samples have
been prepared by applying standard transmission electron microscopy (TEM) preparation including mechanical
grinding, polishing, dimpling, and Ar+ ion milling. Highresolution transmission electron microscopy (HRTEM) in-

Fig. 1 SEM and HRSEM images (secondary electron contrast) of
annealed intrinsic a-Si films with different initial film thicknesses:
(a) 20 nm Si, (b) 3 nm Si, (c) 1 nm Si (HRSEM), and (d) a stack

vestigations were carried out using a JEM 4010 transmission
electron microscope at an acceleration voltage of 400 kV. In
addition, electron energy loss spectroscopy (EELS) was applied in order to obtain compositional information. For this
purpose, a dedicated VG HB 501 UX scanning transmission
electron microscope equipped with a Gatan ENFINA 1000
parallel electron energy loss spectrometer was used. This instrument was operated at an accelerating voltage of 100 kV
during the EELS measurements.

3 Results and discussion
3.1 Nanodot formation by annealing intrinsic a-Si films
Since the average size of the silicon nanodots is governed
by the initial a-Si film thickness [19], three different thicknesses d (20 nm, 3 nm, and 1 nm) have been chosen for
the initial a-Si film to perform structural characterizations.
By acquiring SEM images of the films after the annealing at
700 °C, an overview of size, shape, and density of the nanodots was established. SEM images acquired under an angle
of 60° to the surface are presented in Fig. 1a (d = 20 nm),
Fig. 1b (d = 3 nm), and Fig. 1d (stack). The image in Fig.
1c (d = 1 nm) as well as the insets were acquired under an
angle of 90° to the surface.
The nanodots displayed in Fig. 1a are round and well separated and exhibit diameters of 50–80 nm. However, many

of 8 nanodot layers, each with initial Si layer thickness of 2 nm and
separated by a 2 nm plasma oxide
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oval and elongated structures are also visible. In contrast, the
dewetting of a 3 nm a-Si layer (Fig. 1b) results in a higher
areal nanodot density with much smaller, mainly spherical
nanodots having an average diameter of 15 nm. The areal
density of nanodots is further increased after dewetting the
1 nm a-Si layer as shown in Fig. 1c, which yields nanodot
diameters of 7–10 nm.
To determine the crystalline fraction of the nanodots, the
Raman spectrum of Si nanodots with an average diameter of
60 nm grown on a quartz substrate was acquired. Because
of the small scattering volume of the nanodots, the major
part of the signal can be attributed to the substrate. Hence,
the Raman spectra of both, the pure quartz substrate and a
c-Si wafer were acquired as reference, also. Finally, the Ra-

Fig. 2 Raman spectra of Si nanodots deposited on Suprasil glass, of
the uncoated Suprasil substrate and of a c-Si wafer. The signal of pure
Suprasil glass was subtracted from the nanodot sample in order to compare the Raman spectrum of the nanodots with the Raman spectrum of
crystalline Si

Fig. 3 HRTEM micrographs showing cross-sections of single nanodots emerged after the annealing of intrinsic Si films with an asdeposited film thickness of (a) 20 nm and (b) 3 nm. White guide lines

man spectrum of the quartz substrate was subtracted from
the measured Raman spectrum of the nanodot sample to obtain the pure nanodot spectrum. All spectra are presented in
Fig. 2.
The background subtracted Raman spectrum of the nanodots (solid line) exhibits a peak located at 518 cm−1 with
a full width at half maximum of 8 cm−1 which can be attributed to the TO phonon mode of crystalline silicon [30].
The corresponding peak is red shifted by 2 cm−1 and broadened by 4 cm−1 compared to the related peak in the Raman spectrum of the c-Si reference. These deviations can
be attributed to tensile stress [31], which may exist due to
the occurrence of lattice mismatch at the Si/SiO2 surfaces.
However, no contribution of the TO phonon mode of amorphous silicon is observed which would appear as a broad
peak located at 480 cm−1 [32]. By fitting the spectrum with
3 Gaussian peaks, a crystalline fraction of almost 100 % was
calculated [33]. In summary, the Raman investigations indicate that the whole initial a-Si film was transformed into
crystalline nanodots by the dewetting process.
To confirm these findings and to investigate the internal structure of single nanodots, HRTEM was performed on
nanodots with various sizes. Figure 3 shows two HRTEM
micrographs of cross section samples resulting from the annealing of a 20 nm thick a-Si film (Fig. 3a) and a 3 nm aSi film (Fig. 3b), respectively. Single Si nanodots and their
close surroundings are visible. In the lower part, the singlecrystalline Si (111) substrate is visible. On top of the substrate, the 2 nm thick SiO2 layer (confirmed by EELS) is
visible. The HRTEM micrographs reveal that it is atomically

are drawn to mark the upper border of the plasma oxide in both figures
and the native oxide shell of the nanodot in (b)
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flat as to be expected. The nanodots are situated on top of the
oxide and are surrounded by a 1 nm thick oxide shell, which
originates from native oxidation due to the long exposure
to air prior to the HRTEM analysis [34]. The whole structure is embedded in an adhesive utilized for classic TEM
cross-section preparation. Since the adhesive and the SiO2
exhibit a slightly different contrast in the HRTEM micrographs, a distinction between them is possible. In addition,
no remaining a-Si or c-Si layer on top of the plasma oxide
could be found besides the nanodots, confirming the complete dewetting of the initial a-Si layer.
Both Figs. 3a and 3b demonstrate that the nanodot structure penetrates a few angstrom into the underlying oxide,
but without penetrating into the substrate. Comparing the
density of states in the Si band gap at the c-Si wafer/SiO2
interface (Dit ) of a plasma oxidized wafer before and after
the nanodot formation, only a slight increase in the Dit is
measured after nanodot growth [35]. This means that during
nanodot growth the c-Si wafer/SiO2 interface remains structurally unaffected, and hence the passivation quality of the
plasma oxide is maintained.
The nanodot in Fig. 3a exhibits a hemispherical geometry with a lateral and medial size of 85 nm and 45 nm, respectively, which corresponds to the estimations made for
the nanodots in Fig. 1a. Its polycrystalline structure exhibits
domains of different crystalline orientations. No correlation
with the crystallographic orientation of the substrate is observed. The top part of the nanodot exhibits an undisturbed
periodic structure whereas stacking faults are visible at the
right and left hand side. No clearly crystalline structure is
visible at the border of the nanodot in the vicinity to the oxide layer. However, these areas might also be crystalline but
appear amorphous in the HRTEM micrographs due to an unfavorable orientation of the crystallites. Furthermore, EELS
measurements show no evidence of silicon oxide inside of
the nanodots.
Compared to the nanodot in Fig. 3a, the nanodot in Fig.
3b has a more spherical shape with a diameter of about
12 nm and a smaller contact angle in respect to the substrate.
It has a single-crystalline structure being different from the
crystal orientation of the Si substrate. Some lattice perturbations are visible at the border of the nanodot. Amorphous
areas appear again only close to the silicon oxide layer.
Although dewetting took place after annealing a 1 nm
a-Si layer, HRTEM micrographs (not shown) exhibit only a
rough amorphous layer of 4 nm height on top of the Si wafer.
No difference in contrast to the plasma oxide is observed.
Since the plasma oxide is atomically flat, as can be seen in
Fig. 3, it is supposed that the nanodots are completely oxidized due to exposure to air. The complete oxidation would
explain both the irregular shape of the layer and its thickness, being the sum of the oxide layer and the oxidized nanodots.

The observations show that with increasing initial layer
thickness and, therefore, nanodot size, the morphology of
the nanostructures becomes more polycrystalline. A possible explanation is given by considering the coalescence of
small single-crystalline nanodots to larger polycrystalline
structures. This would also explain the elongated shape of
larger nanodots as shown in Fig. 1a and the top view image in the inset. In this case, an initial a-Si layer thickness
threshold exists (between 3 nm and 20 nm), which triggers
the coalescence during the dewetting process.
3.2 Stack of intrinsic Si nanodot layers
In order to evaluate the application of the nanostructures as
a heteroemitter in a solar cell device, several layers of close
packed nanodots were grown by repeating the nanodot formation cycle (i.e., plasma oxidation, intrinsic a-Si deposition, annealing).
Figure 1d shows the SEM images of a multiple nanodot
system in which the cycle was performed for 8 times and
finalized by a plasma oxidation step of the uppermost nanodots. The thickness of each deposited a-Si layer was 2 nm.
The density of the nanodots at the surface is much higher
compared to a single nanodot layer of comparable initial
layer thickness (Fig. 1b). This can be explained by the occupation of inter-nanodot regions by the following nanodot
layers as appears in the top view SEM image in the inset of
Fig. 1d.
Figure 4 illustrates a cross sectional HRTEM micrograph
of the same sample. The substrate is located at the top part
of the image, followed by the substrate passivation plasma
oxide. A high density of spherical, single-crystalline Si nanodots is visible having random crystal orientations. The diameter of the nanodots is 8–10 nm and they are stacked
upon each other with an overall stack height of 40 nm. The
plasma oxide separating each nanodot cannot be seen since
the HRTEM micrographs represent only a 2D projection of
the sample. However, a nanodots separating oxide layer of
2 nm thickness is assumed since the oxidation of the nanodots is performed in the same manner as the plasma oxidation of the substrate surface. Hence, it is suggested that
apparently adjacent or intersecting nanodots lie in different
depth levels. Furthermore, the nanodots do not significantly
pierce through the 2 nm thick plasma oxide as presented in
Sect. 3.1.
By contacting the top and rear side of the sample, I–V
measurements through the Al/c-Si wafer/Si-nanodots/Ag
system were carried out recently [35]. The current density
was comparable to a plasma oxidized c-Si wafer exhibiting
a series resistance of 10 k. This shows that the distance
between the nanodots is short enough to allow an electrical
transport by tunneling mechanisms which is an important
prerequisite for the implementation of the nanodots as an
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Fig. 4 HRTEM micrograph
showing a cross-section of a
stack of 8 nanodot layers. A
white guide line is drawn to
mark the upper border of the
plasma oxide. The outer borders
of the nanodots are marked by
white circular lines

Fig. 5 XPS spectrum of the Si 2p line of a plasma oxidized c-Si wafer
and of a stack of 8 nanodot layers. The suboxide fraction for both sample structures is about 6 %

emitter in a solar cell device. Consequently, higher current
densities can be achieved by decreasing the oxide thickness
[36].
XPS measurements were performed in order to compare
the plasma oxidation of the nanodots with the plasma oxidation of the c-Si wafer. Figure 5 shows the Si 2p line of a
plasma oxidized Si wafer before and after the growth of the
stacked nanodot-layers. The information depth of the XPS
system used is about 10 nm. Therefore, a significant contribution of the oxide layer located directly on the substrate to
the XPS signal acquired from the stacked nanodots can be
excluded.
For both measurements, the spectrum shows two major
peaks located at 99.8 eV and 103.8 eV which correspond
to nonoxidized silicon atoms (Si0+ ) and fourfold oxidized
silicon atoms (Si4+ ), respectively [37]. The Si4+ signal of

the nanodot system is stronger compared to the oxidized
wafer due to the multiple oxide layers, whereas the Si0+ signal of the oxidized wafer is stronger due to the contribution
of the Si wafer. An equally low signal from suboxides (i.e.,
partially oxidized silicon atoms: Si1+ , Si2+ , and Si3+ ) was
measured for both samples.
By fitting the XPS spectra with one Gaussian peak per
oxidation state and using a Shirley background [38], the
fraction of the suboxides was determined to 6 % for both
sample structures in Fig. 5. The abruptness of the nanodots
separating oxide reveals that a layer by layer oxidation performed by plasma oxidation is also possible for nonplanar
surfaces. Hence, the same high passivation quality for the
nanodots covered with the plasma oxide as for the plasma
oxidized substrate is expected.
For confirmation of this prediction, TRPL spectroscopy
was performed in order to obtain the lifetime of photogenerated charge carriers inside of the nanodots. Figure 6 shows
the decay of the PL signal at 1100 nm of the stacked nanodot layers and the c-Si wafer substrate acquired by laser
excitation at 337 nm and 743 nm, respectively. A strong
contribution of the c-Si wafer to the nanodot PL can be excluded since the absorption depth of the excitation wavelength (337 nm) in crystalline silicon is only about 10 nm.
Furthermore, the PL decay of the wafer is much faster than
for the nanodot system as shown in Fig. 6. By fitting the PL
decays with an exponential function [39], the charge carrier
lifetime was determined to 18 μs for the nanodot system and
to 1 μs for the bulk material. The low lifetime for the bulk
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Fig. 6 Photoluminescence decay at 1100 nm of a stack of 8 nanodot layers and the c-Si wafer substrate acquired by laser excitation
at 337 nm and 743 nm, respectively. The charge carrier lifetime τ was
determined by fitting the decays with an exponential function

material is explained by a high surface recombination velocity at the nonpassivated and rough rear side of the wafer.
In comparison to the charge carrier lifetime of the nanodots, the lifetime in polycrystalline silicon exhibiting 2
orders of magnitude larger grain sizes is only of about
10 ns [40]. This result illustrates the main benefit of the passivating oxide layer surrounding the nanodots and opens up
the possibility to use the presented nanodot structures as absorber material in thin film 3rd generation solar cells.

4 Conclusion
Highly crystalline silicon nanodots were grown onto ultrathin oxidized c-Si wafers by combining the dewetting process of thin a-Si layers at UHV conditions and plasma oxidation. Both processes allow the formation of nanodots
at lower temperatures than for commonly used nanostructure growth mechanisms. The size, the shape, the density,
and the crystallinity of the nanodots are determined by the
thickness of the initial a-Si layer. The diameter of the nanodots decreases with decreasing initial layer thickness while
the areal density of the nanodots increases. Round, singlecrystalline nanodots are grown by 3 nm a-Si layers, where
the coalescence of multiple nanodots to polycrystalline nanodots does not occur. A controlled layer-by-layer oxidation
of the nanodots is provided by plasma oxidation, as verified
by XPS.
The nanostructures presented in this work exhibit promising properties to meet the prerequisites for the application as
a nanodot heteroemitter in a solar cell device.
By stacking several nanodot layers and ultrathin oxides,
a high nanodot density is achieved. The close nanodot distances allow electrical transport by tunneling. Thinner passivation oxides can further improve the tunneling current.
Furthermore, the high crystallinity of the nanostructures improves both the lifetime and the mobility of charge carriers
in the nanodots.

A high passivation of the nanodots and the substrate is
provided by the plasma oxidation. During nanodot formation, the ultrathin oxide is not penetrated appreciably by the
nanostructures so that the passivation quality of the oxide
is preserved. The complete coverage of the nanodots with a
plasma oxide improves the charge carrier life time inside of
the nanodots. In this way, highly passivated, intrinsic nanodots may also be utilized in an absorber material of 3rd
generation solar cells.
For the implementation of the nanodots in a solar cell device, doped stacks of nanodots have to be fabricated. The
dewetting process of doped layers is currently under investigation.
Finally, in order to exploit quantum size effects, nanodots
with a diameter of less than 5 nm have to be synthesized.
For this purpose, thinner initial a-Si layers (<1 nm) may be
utilized. However, a subsequent, complete oxidation of such
nanodots has to be prevented. A second possibility could
be the synthesis of nanodots with a diameter of larger than
5 nm with a subsequent oxidation of the outer shell in order
to reduce the diameter of the crystalline fraction.
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