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Abstract

500 nm SiO, layers were implanted with 450 keV (F=3x10'¢ at./cm?) and 230 keV (F=1.8x10' at./cm?) Ge ions at
room temperature to obtain an almost constant Ge concentration of about 2.5 at.% in the insulating layer. Subse-
quently, the specimens were annealed at temperatures between 500°C and 1200°C for 30 min in a dry N, ambient
atmosphere. Cross-sectional TEM analysis reveal homogeneously distributed Ge nanoclusters arranged in a broad
band within the SiO, layer. Their mean cluster size varies between 2.0 and 6.5 nm depending on the annealing con-
ditions. Cluster-free regions are always observed close to the surface of the specimens independent of the annealing
process, whereas a narrow Ge nanocluster band appears at the SiO,/Si interface at high annealing temperatures, e.g.
> 1000°C. The atomic Ge redistribution due to the annealing treatment was investigated with a scanning TEM energy
dispersive X-ray system and Rutherford back scattering (RBS). © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

As a basic electronics material bulk single-
crystalline Si is of limited use for optoelectronic
applications due to its low intrinsic recombination
probability. Recently it has been demonstrated
that Si-based nanostructures can yield high-inten-
sity photoluminescence (PL) at room temperature.

* Corresponding author. Present address: The Institute of
Geological and Nuclear Sciences Limited, 30 Gracefield Road,
P.O. Box 31312, Lower Hutt, New Zealand. Tel.: +64 4 570
4785; fax: +64 4 570 4657; e-mail: a.markwitz@gns.cri.nz

After promising PL results from porous Si pro-
duced by wet etching [1], Si nanosystems have been
produced by microwave plasma decomposition of
SiH4 and H, [2], rf-magnetron sputtering of Si and
SiO, [3], laser breakdown of silane gas [4], and
crystallisation of amorphous Si [5]. One of the
most promising methods of producing nanometer-
sized structures bases on ion implantation of Si [6—
11] or Ge [12-15] into an SiO, matrix and subse-
quent heat treatment, because of a precise control
over the quantities and depth distributions of the
implanted ions, which allows full compatibility
with the Si technology.

Whereas most of the former investigations re-
ported about PL in the red spectral region
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[7,10,12,13], recent results demonstrate the possi-
bility to extract blue PL from Si and Ge implanted
SiO, [15-17]. There are also first reports on EL
from Si [18-20] and Ge implanted [21-24] SiO,.
Last year EL measurements revealed strong lu-
minescence in the blue spectral region with a
quantum power efficiency of 5x107* [24], which is
of general interest in finding a direct link between
Si-based micro-and optoelectronics. However, up
to now, the origin of this blue luminescence is still
under debate. To get more information about this
missing link between the luminescence and mi-
crostructure, the atomic distribution of Ge and its
relation to Ge nanoclusters is investigated in this
work as a function of implantation and annealing
conditions. Furthermore, the possibility in form-
ing homogeneously distributed Ge nanoclusters
with nearly the same size in the SiO, layer by using
double-energy implantation and standard furnace
annealing in dry N, ambient is investigated too.
In most cases single-energy implantations are
used, which result, however, always in a nearly
Gaussian shaped depth distribution of the im-
planted ions and largely unequal conditions for the
nucleation and growth of the second-phase inclu-
sions. Therefore, nucleation occurs preferentially
around the peak of the implantation profile. For
example, the size of the nanoclusters varies be-
tween 2 and 10 nm if implanting 350 keV Ge'ions
into 500 nm SiO, layers with F=5x10' at./cm?
and annealing the specimen at 1100°C for 1 h in
dry N, ambient, subsequently [25]. This disad-
vantage can be nearly completely avoided when
using multiple-energy implantations, as they en-
able the production of a thicker impurity-rich
layer of better uniformity to increase the number
of clusters/emitting centres. Several investigations
have shown an increase of the mean cluster size
with increasing annealing temperature [25,26].
However, the existence of nanoclusters is some-
times concluded only from Ge depth distributions
measured with RBS [21], which is ambiguous.
Only detailed cross-sectional TEM studies can
provide this information on nanostructuring at the
atomic scale. Additionally, energy dispersive X-ray
scanning TEM analysis (STEM-EDX) enables the
measurement of the Ge depth profiles with a high
depth resolution in each analysis depth, which is

the major advantage of STEM-EDX analysis [26]
compared to standard RBS measurements.

2. Experimental

500 nm thick SiO, layers were grown on flat-
surface single-crystalline Si substrates in a wet
ambient at 1000°C. Afterwards, the insulating
layers were implanted with 450 keV GeTions
(F=3x10' ions/cm?) and 230 keV Ge'tions
(F=1.8x10' ions/cm?) at room temperature in
order to achieve an almost constant Ge concen-
tration in the SiO, layer, refrained from the near-
surface region and a decreasing Ge amount at the
Si0,/Si interface. Post-implantation annealing was
performed in the temperature range from 500°C to
1200°C for 30 min in a dry N, ambient in a stan-
dard furnace to initiate Ge nanoclustering. A
PHILIPS CM300 transmission electron micro-
scope with a line resolution of 0.14 nm was used
for TEM analyses of cross-sectional specimens
prepared conventionally [26]. Additionally,
STEM-EDX was used to measure the depth pro-
files of Ge, Si, and O, simultaneously [27].

3. Results and discussion

Fig. 1 shows the alteration of the Ge depth
distributions by applying a subsequent annealing
at 800°C and 1200°C for 30 min, respectively, as
measured with STEM-EDX. The spectrum of the
as-implanted specimen is plotted, additionally. As
can be seen in the figure by the shape of the Ge
depth distribution of the as-implanted specimen,
the Ge double-energy implantation with 230 and
450 keV leads to an almost homogeneous Ge
amount in the SiO, layer, within a depth range of
100-350 nm. This is about half of the thickness of
the entire SiO, layer, where RBS measurements
yield an average Ge concentration of 2.5%0.2
at.%. At the SiO,/Si interface, the Ge concentra-
tion drops below 0.5 at.%, but Ge is detected up
to a depth of about 600 nm, where the detection
limit of standard RBS (1.7 MeV “He™) of about
0.1 at.% is achieved. For the Ge depth profiles
measured with STEM-EDX, the depth scales are
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Fig. 1. Distribution of implanted Ge after annealing as a
function of the annealing temperature measured with STEM-
EDX. The Ge implantations into 500 nm SiO, layers were
performed with 450 keV (F=3x10'" at./cm?) and 230 keV
(F=1.8x10' at./em?) Ge* ions at room temperature.

adjusted by the signals of O and Si of the SiO,
layer and the Si substrate, whereas the concen-
tration values are obtained from RBS measure-
ments.

After annealing, the shape of the Ge depth
distributions remained almost box-like up to the
temperature of 800°C. However, at this tempera-
ture, a Ge peak appears at the SiO,/Si interface in
the STEM-EDX and RBS spectra and becomes
more and more pronounced with increasing an-
nealing temperature (up to 1100°C), but finally,
disappears again at 1200°C. Theoretically, this Ge
peak at the SiO,/Si interface is a consequence of
the Ge diffusion in the SiO, layer during anneal-
ing, where the SiO,/Si interface acts as a very ef-
fective sink for dissolved Ge in SiO,. An extensive
theoretical description of Ge nanoclusters in SiO,
produced by ion beam synthesis including super-
saturation, nucleation, growth, and Ostwald rip-
ening will be published in [28].

The dependence of nanoclusters within the SiO,
layer and at the SiO,/Si layer on the annealing
process and their relation to the atomic Ge dis-
tributions are studied with cross-sectional TEM.

Fig. 2 shows a TEM micrograph of a specimen
annealed at 800°C for 30 min (Ge depth profile ref.
to Fig. 1) obtained with a reduced electron energy

Fig. 2. TEM micrograph of the specimen annealed at 800°C for
30 min (implantation parameters ref. to Fig. 1). A crystalline Ge
nanocluster is shown in the inset.

of 110 keV in order to enhance the Z contrast.
Close to the surface of the specimen, a nanoclus-
ters-free region is observed (thickness 115 nm)
being in agreement with the low Ge amount of <1
at.% in the Ge depth distribution. However, Ge
nanoclusters appear in the centre of the SiO, layer.
Their typical size is 2 nm and they are arranged in
a broad band, which covers about 80% of the en-
tire SiO, layer. It has to be pointed out, that the
size of the Ge nanoclusters in the broad band is
almost the same. Strong deviations from the mean
cluster size are not measured as in the case of a
single-energy Ge implantation with 350 keV into
500 nm SiO, layers under comparable conditions
[25,26]. As can be seen in the inset in Fig. 2 ob-
tained with the electron energy of 300 keV, the Ge
nanoclusters are crystalline and their (1 1 1) lattice
planes can be identified. A lattice parameter of
0.31 nm is calculated from the observed lattice
spacing. This value is about 5% lower than the one
of Ge bulk material. Deviations of lattice param-
eters from bulk values are often measured for
small particles, e.g., 5% smaller for Si nanoclusters
embedded in SiO, layers produced by magnetron
sputtering [29]. Following the broad nanocluster
band, another cluster-free region with a thickness
of about 40 nm is observed in the TEM micro-
graphs in direction to the SiO,/Si interface. It has
to be noticed, that Ge nanoclusters are already
found at lower annealing temperatures of 500°C
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and 700°C, but not in as-implanted specimens.
However, these nanoclusters are not crystalline, as
investigated with high resolution TEM (HRTEM)
and dark field imaging.

In addition to the observation of the broad
nanocluster band in the SiO; layer, a damage band
in the Si substrate is observed in the TEM micro-
graphs. It is caused by the high-energy implanta-
tion using an ion energy of 450 keV. The range of
the damage in the Si substrate is 70 nm, which
corresponds well with TRIM calculations reveal-
ing a critical nuclear energy deposition of
Serit =10%* eV/em? in this depth, that is necessary
for disordering the crystalline structure of the Si
substrate. The damaged region recrystallises dur-
ing annealing as a function of the annealing time
when applying temperatures > 700°C. For ex-
ample, after annealing at 800°C for 30 min, the
former amorphous region has crystallised, how-
ever, a band of dislocations remains at the position
of the end of range defects.

In Fig. 3, a TEM micrograph of the specimen
annealed at 1200°C is shown. Ge nanoclusters are

Si substrate

Fig. 3. TEM micrograph of the specimen annealed at 1200°C
for 30 min (implantation parameters ref. to Fig. 1). Inset (a)
shows a dark field micrograph of the specimen indicating the
crystallinity of the nanoclusters, whereas the almost homoge-
neously size of the nanoclusters is shown in inset (b).

already visible in the overview micrograph and in
the insets ((a) micrograph obtained in dark field
mode, (b) high resolution micrograph of Ge
nanocluster). Their size varies between 4.5 and 8
nm (mean cluster size 6.5 nm) and they are ar-
ranged in a broad band within the SiO, layer,
covering about 80% of the insulating layer, which
is in agreement with the nanoclusters presented in
Fig. 2. The crystallinity of the nanoclusters is
shown in inset (a) by bright spots in the dark field
micrograph indicating reflexes of the (1 1 1) lattice
planes. As in the case of the specimen annealed at
800°C, the cluster-free region in the upper part of
the SiO, layer corresponds to the absence of Ge in
the depth distribution, as measured with STEM-
EDX. However, in contrast to the specimen an-
nealed at 800°C a narrow Ge nanocluster band
appears in the SiO, layer very close to the SiO,/Si
interface.

Fig. 4 shows a more detailed micrograph of the
narrow nanocluster band at the SiO,/Si interface
with a thickness of about 10 nm. This band is
located in the SiO; layer and in a distance of about
10 nm from the SiO,/Si interface. The crystallinity

Fig. 4. Detailed TEM micrograph of the nanocluster band lo-
cated close to the SiO,/Si interface. The crystallinity of the
nanoclusters is shown in the inset.
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of the Ge nanoclusters can be seen in the inset in
Fig. 4 by the observation of (111) lattice planes
with the spacing of 0.31 nm, which is the same
for all the nanoclusters. It has to be noted, that
such Ge nanocluster bands are also observed in
specimens annealed at 1000°C and 1100°C. First
theoretical calculations [28] indicate that the for-
mation of this very narrow Ge nanocluster band is
strongly related to the Ge diffusion in SiO, layer
during annealing and the acting of the SiO,/Si
interface as a very effective sink for dissolved Ge
atoms in SiO,.

Finally, it has to be noted, that these implanted
and subsequently annealed SiO, layers exhibit
strong PL in the blue spectral region [30]. Al-
though, the intensity of the PL is correlated with
the mean Ge nanocluster size and decreases with
increasing nanocluster size, which is found by
comparing PL and cross-sectional TEM investi-
gations, its origin is still under debate. However,
combined analysis indicate that the outer shell of
the Ge nanoclusters, where Ge is bonded to GeO,,
plays a significant role for the strong blue PL.

4. Summary

Cross-sectional TEM investigations show the
possibility of forming Ge nanoclusters with almost
the same size by double-energy implantation into
500 nm SiO, layers and subsequent annealing at
appropriate high temperatures. These Ge nano-
clusters are single crystalline when applying an-
nealing temperatures > 800°C. Their typical sizes
vary between 2.0 and 6.5 nm and they are arranged
in a broad band within the SiO, layer, covering
about 80% of the insulating layer. The appearance
of the Ge nanoclusters is correlated with the Ge
amount in the SiO, layers, as investigated with
STEM-EDX and RBS Cluster-free regions are
always observed close to the surface of the speci-
mens as a result of the low Ge concentration in this
part of the SiO, layer. A narrow Ge nanocluster
band with a thickness of about 10 nm appears
additionally close to the SiO,/Si interface in the
SiO; layer at the distance of about 10 nm at high
annealing temperatures, e.g. > 1000°C.
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