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Energy filtered transmission electron microscopy (EFTEM),

scanning transmission electron microscopy (STEM) imaging,

and electron energy loss spectroscopy (EELS) of a thin 28 nm

SiO2 layer on Si substrate implanted by Siþ ions with an

energy of 12 keV are reported. The maximum concentration of

implanted Siþ ions is located near the SiO2–Si interface region

leading there to an ion beam mixed gradual SiOX (2� x> 0)

buffer region, which is even extended into the Si substrate by

atomic collisions (knocking-off and knocking-on processes)
during ion implantation. Thus, the width of this SiOX buffer

layer amounts to about 30 nm extended from 10 to 40 nm depth.

The SiOX profile is demonstrated by the above given electron

microscopic and spectroscopic methods. Thermal annealing

leads to partial phase separation from SiOX1 to SiOX2 with

x2> x1 and silicon precipitates (partially nc-Si) changing the

photo- (PL) and cathodoluminescence (CL) spectra especially

in the near IR-region, probably, due to the formation of Si

nanoclusters and associated quantum confinement effects.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Implantation induced self-organizing
processes are an important investigation in nanotechnology
research. Usually self-organizing processes result in the
formation of low-dimensional structures at surfaces, inter-
faces as well as in the bulk of semiconducting, dielectric,
and insulating materials, e.g., by means of ion implantation
and subsequent thermal treatment. The relevance of such
research is based on the need to find new approaches that are
linked with the development and fabrication of quantum-size
electronic devices.

In optoelectronic and photonic applications based on
modern silicon CMOS technology the formation, distri-
bution, and stabilization of nanostructures in thin dielectric
SiO2 layers as well as at the interface to the silicon substrate
are still under investigation [1].

Adding optical functionality to a silicon microelectronic
chip, however, is one of the most challenging problems of
materials research. This could be possible using silicon itself,
in the form of quantum dots dispersed in a silicon dioxide
matrix. Their net optical gain is of the same order as that of
direct-bandgap quantum dots [2]. Commonly these layers
are produced from under-stoichiometric silicon-rich oxide
(SRO) SiOX (x< 2) thin films or by additional Si-ion
implantation [3, 4], thermal evaporation of silicon or silicon
monoxide under partial oxidation in ambient oxygen
atmosphere [5, 6] or by plasma-enhanced chemical vapor
deposition (PECVD) [7]. Under-stoichiometric SiOX sys-
tems have been used as initial material to obtain thin silica
layers with different concentrations of embedded silicon
nanocrystals by means of thermal annealing at temperatures
700–1300 8C [8–12] and respective phase separation. The
main intention was to develop light-emitting silicon-based
luminescence devices [13]. On the other hand, amorphous
silicon nanostructures occur as precipitated phase in
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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thermally treated stoichiometric SiO2 samples even at low
annealing temperatures [10]. Moreover, it is well known that
under-stoichiometric silicon oxide SiOX (x� 2) undergoes
thermal decomposition. In Ref. [14], we have proposed the
following reactions:
(i) T
� 2012
he ion implantationofSi intostoichiometricSiO2 leads
to a non-stoichiometric SiOX1:
WILE
SiO2 þ
2

x1

� 1

� �
Si! 2

x1

SiOX1: (1)
(ii) T
his SiOX1 may undergo partial phase-separations to
SiOX2 with x2> x1 and aggregated Si atoms:
Figure 1 (onlinecolorat:www.pss-a.com)TRIDYNsimulationof
the ion beam mixing process showing the Siþ implantation profile
and the variation of Si and O atom concentrations across the SiO2/Si
sample with an original interface at a depth of 28 nm.
SiOX1 !
x1

x2

SiOX2 þ 1� x1

x2

� �
Si: (2)
(iii) E
ven, a total phase separation into stoichiometric silica
and silicon may be assumed during subsequent
annealing [10]:
SiOX2 !
x2

2
SiO2 þ 1� x2

2

� �
Si: (3)
Finally, Eq. (3) is a reverse reaction of Eq. (1).
In previous papers soft X-ray emission spectroscopy

(SXES) [15] and X-ray photoelectron spectroscopy (XPS)
[16] studies of the same charge of Siþ ion implanted SiO2/Si
interfaces are presented and discussed. A strong valence
band (VB) transformation was observed due to the formation
of the under-stoichiometric SiOX buffer layer with signifi-
cant structural re-arrangements demonstrated by the
volume-sensitive XES [15]. In surface-sensitive XPS spectra
a triple VB sub-structure appears due to strongly hybridized
Si 3d3s–O 2p electronic states [16]. Thus, the XPS spectra
demonstrated an oxygen depletion in the surface layer.

In the present paper electron microscopic imaging and
electron energy loss spectroscopy (EELS) of the Siþ-
implanted SiO2/Si heterostructures are reported in order to
examine the principal possibility of Si-nanoparticle for-
mation in these gradual heterostructures SiOX with 2� x� 0,
i.e., from silica SiO2 to pure crystalline c-Si.

2 Experimental n-Type (001)Si-wafers are oxidized
in dry oxygen until they possess a stoichiometric oxide layer
SiO2 of about (20–30) nm proven by ellipsometry. These
samples are of microelectronic quality and have been
implanted by Siþ ions with an energy of 12 keV and an ion
fluence of 1016 cm�2 using conventional ion implantation
carried out at the Ion Beam Center of the Research Center
Dresden-Rossendorf (Germany), see e.g., Ref. [4]. At this
implantation energy the spatial maximum of the implanted
Siþ ion concentration of 7 at% is located around the depth of
20 nm in front of the original interface, here at 28 nm depth,
see Fig. 1.
Y-VCH Verlag GmbH & Co. KGaA, Weinheim
The final atomic concentration profile was calculated by
the computer simulation tool TRIDYN including sputtering
and swelling processes as well as interface mixing developed
by Möller and Eckstein [17]. This program is based on the
sputtering version of the TRIM program for multicomponent
targets. A Monte Carlo (MC) code is applied to compute
range profiles of implanted ions, composition profiles of
the target, and sputtering rates for a dynamically varying
target composition [18]. It takes into account compositional
changes both due to the spatial distribution of target atoms
deposited in collision cascades, and due to the presence of the
implanted ions. The local density of the target is allowed to
relax according to a given function of the densities of the
individual components. The application of the program
covers a wide range of problems like the collisional atomic
mixing of multilayered targets, dynamic implantation
profiles at large ion fluences, and the fluence-dependent
preferential sputtering of multicomponent materials.

In Fig. 1 the atomic concentration profiles of implanted
Siþ, and the natural constituents silicon Si and oxygen O are
presented in dependence of the sample depth. In the non-
treated sample SiO2/Si we see a sharp interface at a depth of
28 nm from the expected 33 at% Si and 67 at% O toward pure
Si of the substrate. The Siþ implantation profile is shown
at the bottom of Fig. 1 with a maximum concentration of
7 at% around 20 nm for the given ion influence of 1016 cm�2.
Obviously, increased ion fluences produce increased ion
beam mixing and formation of SiOX, with x< 2 on the oxide
side and x> 0 on the Si substrate side. The transition
becomes gradual within a wide zone between 10 and 40 nm,
i.e., a width of about 30 nm. While on the oxide side a
formation of SiOX with a stoichiometry of 1� x< 2 can be
expected, on the substrate side an oxide with a stoichiometry
of 0< x< 1 is indicated. In the first case, x� 1, we will
expect the phase separation into SiO2 and Si nanoclusters
according to Eqs. (1)–(3). Within the substrate, with a
stoichiometry of x< 1, we can expect the phase transition
according to Eq. (2) into a-Si and SiOX2 nanoclusters and
www.pss-a.com
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Figure 2 Energy filtered (EF) TEM image of the ion-beam mixed
SiOX buffer layer at the SiO2/Si interface. A 4 eV energy slit was
centered on the Siplasmon peakat 17 eVtodemonstrate the different
SiOX zones.
amorphous a-Si, the more, as in this region beyond the
previous interface the oxygen incorporation prevails the
silicon implantation rate, as clearly shown in Fig. 1. More-
over, beneath the SiO2 surface down to 3 nm we recognize an
oxygen deficit, due to preferential sputtering of O-atoms into
vacuum during Siþ ion implantation, see also the XPS results
in Ref. [16].

Thus, we can conclude that the current mode of Siþ

implantation leads to the appearance of an ion beam mixed
interface buffer layer, consisting of a gradual non-stoichio-
metric SiOX matrix with 2� x� 0 and, probably, of Si
precipitates and Si nanoclusters (nc) near the interface
between the SiO2 and the c-Si substrate.

Such a SiOX interface transition was made visible by
EELS and annular dark field scanning transmission electron
microscopy (ADF-STEM) [19]. The authors used the EELS
losses of the electronic states O-K and Si-L2,3 (as in the
present work). There the interface transition in a non-
implanted very thin a-Si–SiO2–c-Si sample occurs very
abruptly over 1–2 atom layers. On the other hand, in Siþ

implanted thick (500 nm) SiO2 layers the Si cluster growth
during subsequent thermal annealing has been made visible
by energy filtered transmission electron microscopy
(EFTEM) and tomography using the Si (17 eV) and SiO2

(23 eV) plasmon losses for EFTEM, [14]. Si clusters of 1–
5 nm size at a concentration of 1.5� 1018 cm�3 embedded in
an under-stoichiometric SiOX matrix became visible. This
means that some kind of ion-beam mixing associated with
processes of self-organization and cluster growth by Ostwald
ripening occur.

In the present paper the structure and bonding across the
SiOX buffer layer will be studied using EFTEM, spatially
resolved EELS and STEM performed on a 200 keV FEI
Tecnai F20 TEM/STEM. The electron transparent sample
was prepared using mechanical tripod polishing followed by
a short, low angle, low energy ion-milling cleaning step, see
also Ref. [14].

The respective luminescence measurements were car-
ried out in a special cathodoluminescence (CL) spectrometer
in the Ioffe Institute (St. Petersburg). It is extended to near
infrared (NIR) wavelengths of 1550 nm (0.8 eV) with a high
resolution of 0.2 nm (0.02 eV) and a special photoelectron-
multiplier (PMT 83) for NIR detection [20]. However, for the
weak luminescence of SiO2 we used a lower resolution of
5 nm (0.01 eV). The control of this spectrometer and of the
electron beam is done on the basis of a CAMAC
microanalysis system.

Further on VUV photoluminescence (PL) and photo-
luminescence excitation (PLE) spectra were measured
on the SUPERLUMI station of HASY-LAB/DESY in
Hamburg/Germany under excitation by pulsed synchrotron
radiation at temperatures of 9–10 K and 287 K. The
luminescence spectra were obtained using an ARC Spectra
Pro-308i monochromator and an R6358 P photomultiplier
(Hamamatsu). The luminescence spectra were measured
with a wavelength resolution of Dl¼ 3.2 Å. More details see
in Ref. [21].
www.pss-a.com
3 Results and discussion In EFTEM the structure
was imaged with inelastically scattered electrons in a narrow
energy range. To enhance the contrast from the implanted Si
a 4 eV energy slit was centered on the Si plasmon peak,
Fig. 2. It was one aim of the present work to visualize
collective electronic effects of SiOX by EFTEM fixed on the
Si plasmon peak at 17 eV. Obviously, in Fig. 2 there appears
a clear contrast change between SiOX (x> 1) and SiOX

(x< 1) at about 28 nm as well as to pure Si at about 40 nm.
No lattice fringes were observed in this layer and

convergent electron beam diffraction (CBED) confirmed the
layer to be amorphous. To study the chemistry and the
bonding of the system spatially resolved EELS was
performed in STEM mode. A narrow electron beam was
scanned along a line across the interfaces and an electron
energy loss spectrum was recorded at each point. By
integrating across the Si-L and the O-K edges the Si and O
concentration profiles were obtained, as shown in Fig. 3. At
the SiO2/Si interface the concentration profiles show a
transition region, where the Si concentration gradually
increases to the value in Si. This region corresponds to the
expected SiOX buffer layer. This is further confirmed by
analyzing the Si-L edge fine structure variations across the
layer as shown in Fig. 4. The Si-L edge fingerprints for SiO2

and c-Si are distinct and well known. In the buffer layer the
Si-L edge fine-structure transitions from SiO2 to a-Si is
observed, see Ref. [22] for an EELS fine structure database.
A drastic change can be recognized near a depth of 30 nm,
however, only over a distance of about 5 nm when SiOX

changes from x> 1 to x< 1.
The structure of the system was further studied using

STEM imaging. By varying the detector angles, the imaging
conditions can be switched from high-angle annular dark
field (HAADF) to low-angle annular dark field (LAADF). To
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Silicon (Si-L) and oxygen (O-K) concentration profiles
across the SiO2/SiOX/Si structure measured by spatially resolved
EELS performed in an STEM. The dotted line in the LAADF STEM
image (top) indicates where the profile was measured; the dotted
lines in the bottom part show the SiOX buffer layer zone in the widest
range and in comparison to Fig. 1.

Figure 5 High angle (HA) and low angle (LA) ADF STEM
images of the structure. Dark patches in the HAADF image below
thebuffer layersuggest that this regionof theSisubstrate isdefective,
whichismost likelycausedbytheimplantationprocess.TheLAADF
shows additional strain contrast at the buffer layer/Si substrate
interface.
a first approximation, HAADF images are determined by
chemical contrast. Due to channeling of the electron probe in
crystalline material the contrast can, however, strongly be
modified. Similarly, atomic disorder in the crystal can lead to
a reduced contrast by dechanneling off of the atomic column.
Figure 4 Evolution of the Si-L and O-K edge fine structure across
the layers shown in Fig. 3. The large differences between the
characteristic Si-L edge fine structure of c-Si and SiO2 are apparent.
The Si-L edge fine structure in the buffer layer shows a transition
from SiO2 to amorphous Si.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
In LAADF imaging additional contrast can arise from strain
fields at interfaces, grain boundaries and around defects [23,
24]. Figure 5 shows a comparison of the HAADF and the
LAADF image of the SiO2/buffer layer/Si system. Dark
patches in the HAADF image below the buffer layer suggest
that this region of the Si substrate is defective, which is most
likely caused by the implantation process. This defective
layer is also clearly visible in the high magnification EFTEM
image of Fig. 6. The LAADF image shows a bright layer at
the buffer layer/Si substrate interface. Similar contrast has
been previously observed at the a-Si/c-Si interface [23]. The
strain field around the defects can give rise to additional
contrast in the LAADF image.
Figure 6 High magnification EFTEM image of the ion-beam
mixed SiOX buffer layer at the SiO2/Si interface. As in Fig. 2, a
4 eV energy slit was centered on the Si plasmon peak. Lattice fringes
are visible in the Si substrate, however, the fringe contrast is reduced
or missing in patches directly below the buffer layer suggesting that
this layer is defective.

www.pss-a.com
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After rapid thermal annealing (RTA) the EFTEM image
in Fig. 7 shows a more rapid transition from the SiOX region
to the Si substrate beginning in the original interface near
30 nm. However, in the Siþ implanted zone between 10 and
30 nm one may recognize small silicon clusters with
diameters less than 4 nm as we have observed previously in
Siþ implanted silica SiO2:Siþ, see [14, 27]. Quantum
confinement with changes of the electronic structure of
nanoclusters will be observed at cluster sizes below 3 nm in
diameter. However, the EELS signal at the 17 eV Si plasma
frequency simply increases when crossing an Si cluster.
Thus, it is recorded by EELS signal intensity and not by a
peak shift. In Ref. [14], the EELS spectra of SiO2 and SiOX

with 1.9 are compared! They show already a clear difference
in intensity. Thus, all EFTEM images are done with a 4 eV
window around the 17 eV plasma frequency.

The zones of non-stoichiometry SiOX, of defects, and
lattice strains should strongly affect the PL and CL spectra as
already shown in Ref. [14]. Commonly, CL emission spectra
of pure SiO2 are identified with particular defect centers
within the atomic network of silica including the nonbrid-
ging oxygen-hole center (NBOHC): ––Si–O(–) . . . (þ)Si––
associated with the red luminescence band R at 650 nm
(1.9 eV) and the oxygen deficient centers (ODC): ––Si–Si––
with the blue B (460 nm; 2.7 eV) and ultraviolet UV band
(290 nm; 4.3 eV), respectively [25]. In Si doped SiO2 the
ODC blue emission is increased as has been shown already in
Ref. [14] and additional emission bands are observed in the
green–yellow region G (560 nm, 2.2 eV) caused by Si atom
agglomeration up to Si nanoclusters.

On the other hand, the wide extend of the NBOHC red
band R (1.85 eV) in Fig. 8 into the NIR region may indicate
additional luminescence centers of silicon aggregates as
Figure 7 Siþ implanted sample after thermal annealing; Si nano-
clusters (nc) are observed between 10 and 30 nm depth within the
former SiOX buffer layer with x> 1, followed by a soft transition
zone with x< 1 down to 40 nm to pure Si (x¼ 0), recorded for the Si
plasmon peak.

www.pss-a.com
found in Siþ ion implanted thick (500 nm) SiO2 layers, see
Refs. [14, 27]. Indeed, when resolving the R band shoulder
by a high spectral resolution we find a side-band shifted
Figure 8 (online color at: www.pss-a.com) NIR CL spectra of a
thick (500 nm) SiO2:Si layer, see Ref. [14], in dependence on the
annealing temperature Ta showing the red band R (1.85 eV) with a
side band moving to lower energies with Ta; electron beam excita-
tion: E0¼ 2.5 keV; j0¼ 0.9 A/cm2.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10 CL spectra (E0¼ 1.5 keV) in the NIR (left) and visible
region (vis) (right) showing the typical Si band around 1.2 eV before
Siþ implantation and appearing again after RTA annealing. The
‘‘as-implanted’’ sample shows a very broad band with a maximum
around 1.35 eV, probably, due to quantum confinement of low-
dimensional nanoclusters with various size (left). The vis spectra
(right) demonstrate the three main SiO2 bands: red R (1.85 eV),
green–yellow G (2.2 eV), and blue B (2.65 eV) where the G-band
dominates in the as-implanted and highly disordered sample.
toward NIR with increasing annealing temperature Ta of
the implanted sample SiO2:Siþ, Fig. 8. We observe an initial
side-band with a position at 1.5 eV for pure SiO2, 1.45 eV for
the as-implanted sample, and at lower energy 1.35 eV for the
thermally annealed sample at Ta¼ 1300 8C. The lower
luminescence energies may indicate the increasing Si cluster
growth and their approach toward bulk Si. The bulk Si
features will be obtained already at cluster sizes of about
5 nm [14].

Also in the present paper the ion beam mixed layers have
been investigated by luminescence spectroscopy. For that
reason the electron beam excitation for CL in the 20 nm
SiO2/Si heterostructure is demonstrated by an MC simu-
lation, Fig. 9. For the given incident electron beam energy
E0¼ 1.5 keV the depth of maximum excitation is positioned
around the maximum implantation zone in 20 nm depth.
Thus, we will get an optimum CL signal from the SiOX buffer
layer up to a depth of 35 nm. The respective CL spectra are
presented in Fig. 10; for the NIR region on the left and for
the visible (vis) region on the right hand side in Fig. 10. The
vis spectra (right) show the main bands in SiO2 and
its suboxides, also called SROs: R (1.85 eV), G (2.2 eV),
and B (2.7 eV) which we find well developed for the non-
implanted SiO2/Si sample. In Ref. [26] we could show that
this typical luminescence band structure appears for silica
suboxides SiOX with a stoichiometric factor x> 1.5. After
Siþ implantation a wide band over the full visible region
(1.8–3.0 eV) dominates the spectra with a maximum in the
green–yellow region (2.1 eV). RTA annealing leads again
to silica-like spectra but now with a dominating blue B-band
at 2.65 eV.

A similar spectra change due to implantation and RTA
annealing is obtained for the NIR spectra, Fig. 10 (left). Here,
a broad band around 1.25 eV (992 nm) is shown, probably,
due to amorphous silicon formations, [27]. After Siþ ion
implantation this band becomes sharper and is shifted to
1.35 eV (918 nm). This spectra region is typical for Si
nanoclusters, with diameters less than 4 nm, appearing in
Figure 9 (online color at: www.pss-a.com) MC simulation of CL
excitationwithE0¼ 1.5 keVelectrons; thus themaximumexcitation
zone lies in the implantation maximum depth 20 nm, still near the
Si/SiO2 interface at 28 nm.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
a SiOX matrix [10–12, 27]. After RTA annealing these
clusters mostly have grown to a more extend and reach
diameters above 4 nm, thus this band shifts again to the
longer wavelengths and lower energies 1.15 eV (1078 nm)
approaching the spectra of bulk crystalline c-Si [27].

A comparison with PL and high energy excitation by
synchrotron radiation (13.8 eV, 90 nm) is presented in
Fig. 11. Here, as expected, the red R (1.85 eV) and the blue
B (2.65 eV) bands appear in the non-implanted sample.
Obviously, the B band is highly broaden and, probably,
includes parts of the green band G (2.2 eV). After RTA
annealing we observe a contrary effect: the B band becomes
much sharper while the red band B seems to take over parts of
the green band G, i.e., this sub-band G should been shifted
toward lower energies. According to Ref. [25], both the B
and the G bands are ODC and should indicate the Si
agglomeration too. So we were looking to the PLE spectra in
Fig. 12. For excitation of the blue B band, appearing here at
2.67 eV there are relative maxima around 5.1 eV, well-
known as ODC defect excitation, [25], as well as at 10.5 and
11.8 eV. Obviously, these high energy excitations are band–
band transitions in the SiOX matrix.

4 Conclusions After high fluence Siþ ion implan-
tation into and around the interface of a thin 20 nm a-SiO2
www.pss-a.com
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Figure 11 (online color at: www.pss-a.com) VUV-synchrotron
radiation (13.8 eV) excited PL showing the red NBOHC (1.85 eV)
and the blue ODC (2.65 eV) luminescence.

Figure 12 VUV PLE spectroscopy for the blue B (hnem¼ 2.65 eV)
luminescence band (ODC) showing relative excitation maxima at
hnexc¼ 5.1, 10.5, and 11.7 eV.
layer on a c-Si substrate the formation of an ion-beam mixed
buffer layer SiOx in this region was imaged by EFTEM/
STEM microscopy and compared with TRIDYN computer
simulations. This structure modulation is due to atomic
knock-off and knock-on effects and respective ion beam
www.pss-a.com
mixing processes during the high-fluence Siþ ion implan-
tation into the interface region. Thus, the buffer layer SiOX is
extended over about 30 nm, even extended 10 nm into the
previously crystalline Si substrate followed by a highly
defective (probably amorphized) Si zone of about 10 nm.
The buffer layer consists mainly of a gradual under-
stoichiometric SiOX matrix with decreasing x toward and
into the Si substrate.

The CL and PL spectra in the visible (vis) region show
the typical silica defect bands R, G, B but with changing
weighting after Siþ implantation and after RTA thermal
annealing. In the NIR region sub-bands appear between the
NBOHC band R at 1.85 eV and that of amorphous silicon at
1.2 eV shifting to lower energies with thermal annealing.
Thus we may conclude that they are associated with growing
Si nanoclusters in the SiOX matrix finally confirmed by
EFTEM imaging in Fig. 7.
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