
Cluster coarsening and luminescence emission intensity of Ge nanoclusters in SiO 2
layers
J. M. J. Lopes, F. C. Zawislak, M. Behar, P. F. P. Fichtner, L. Rebohle, and W. Skorupa 
 
Citation: Journal of Applied Physics 94, 6059 (2003); doi: 10.1063/1.1616995 
View online: http://dx.doi.org/10.1063/1.1616995 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/94/9?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.130.19.173 On: Tue, 18 Mar 2014 18:14:43

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=J.+M.+J.+Lopes&option1=author
http://scitation.aip.org/search?value1=F.+C.+Zawislak&option1=author
http://scitation.aip.org/search?value1=M.+Behar&option1=author
http://scitation.aip.org/search?value1=P.+F.+P.+Fichtner&option1=author
http://scitation.aip.org/search?value1=L.+Rebohle&option1=author
http://scitation.aip.org/search?value1=W.+Skorupa&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1616995
http://scitation.aip.org/content/aip/journal/jap/94/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 9 1 NOVEMBER 2003

 [This a
Cluster coarsening and luminescence emission intensity
of Ge nanoclusters in SiO 2 layers

J. M. J. Lopes, F. C. Zawislak,a) and M. Behar
Instituto de Fı´sica–UFRGS, Caixa Postal 15051, 91501-970 Porto Alegre, Brazil

P. F. P. Fichtner
Departamento de Metalurgia, Escola de Engenharia–UFRGS, Porto Alegre, Brazil

L. Rebohle
Nanoparc GmbH, D-01454 Dresden, Germany

W. Skorupa
Forschungszentrum Rossendorf eV, 01314 Dresden, Germany

~Received 27 June 2003; accepted 12 August 2003!

SiO2 layers 180 nm thick are implanted with 120 keV Ge1 ions at a fluence of 1.231016cm22. The
distribution and coarsening evolution of Ge nanoclusters are characterized by Rutherford
backscattering spectrometry and transmission electron microscopy and the results are correlated
with photoluminescence measurements as a function of the annealing temperatures in the 400 °C
<T<900 °C range. At 400 °C we observe a monomodal array of clusters characterized by a mean
diameter̂ f&52.2 nm which increases tôf&55.6 nm at 900 °C. This coarsening evolution occurs
concomitantly with a small change of the total cluster–matrix interface area and an increase of the
Ge content trapped in observable nanoclusters. However, at 900 °C a significant fraction of up to
about 20% of the Ge content still remains distributed in the matrix around the nanoparticles. The
results are discussed in terms of possible atomic mechanisms involved in the coarsening behavior
that lead to the formation of the oxygen deficiency luminescence centers. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1616995#
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I. INTRODUCTION

Because of its notable mechanical, chemical and elec
properties, silicon is the dominant material in the curre
technology of microelectronic devices. However, the indir
band gap makes Si a poor light emitter and conseque
unsuitable for optoeletronic application. Light-emitting d
vices using compound semiconductors are produced,
their integrability with silicon technology is difficult and s
far this has prevented satisfactory development of Si-ba
optoelectronic devices.

Since the discovery of intense visible light emission
porous Si,1 a significant amount of effort has been dedica
to the production of nanostructured Si-based systems.2–4 The
formation of nanoparticles by ion implantation of semico
ductor elements in SiO2 layers thermally grown on crystal
line Si is an alternative of special interest because of
compatibility with Si technology in the fabrication proces
Several studies have used ion implantation of group IV e
ments in SiO2 and heat treatment to obtain nanostructu
that exhibit photoluminescence~PL!. Red or infrared PL of
Si-implanted oxides with post-annealing at diverse tempe
tures has been reported by various authors.5–8 Recently
Fernandezet al.8 have shown a correlation between the P
emission and the mean size and density of Si nanocrys
embedded in SiO2 , suggesting that the mechanism of em

a!Author to whom correspondence should be addressed; electronic
zawislak@if.ufrgs.br
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sion is a fundamental transition located at the Si–SiO2 inter-
face assisted by local Si–O vibration. In other studies, wh
visible and ultraviolet~UV! PL from Si-, Ge- and Sn-
implanted silicon oxide is obtained there is general agr
ment that emission is caused by oxygen deficiency cen
~ODCs! created during the implantation and anneali
processes.9–13 In Ge-implanted SiO2 layers the formation of
Ge nanoparticles was observed upon high thermal annea
and strong PL in the blue–violet region was achieved, w
the values of excitation and emission energy being indep
dent of the annealing temperature and consequently of
cluster mean size.13 These results led the authors to exclu
quantum confinement effects in Ge nanoclusters and sug
that the PL emission is due to radiative transitions of OD
located in the interfacial region between the clusters and
oxide matrix. However, concrete understanding of the form
tion of the PL-emitter structure that involves nanoclust
and ODCs is still being debated.

In the present work, the formation and coarsening
havior of Ge nanoclusters in SiO2 are investigated using a
combination of Rutherford backscattering spectrome
~RBS! and transmission electron microscopy~TEM!. Using
this combination of techniques, in addition to thermal evo
tion of the nanoparticle size and depth distributions, we w
also able to estimate the fraction of Ge concentration
contained in large clusters and evolution of the total cluste
matrix interface area. The results obtained are correla
with the intensity of the PL emission and discussed in ter
of more specific features of the microstructure evolutio
il:
9 © 2003 American Institute of Physics
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 [This a
thus providing insight into the atomic mechanism involv
in the formation of luminescence centers.

II. EXPERIMENT

SiO2 films 180 nm thick were thermally grown on~100!
n-type Si substrates in wet ambient at 1000 °C. These fi
were implanted at room temperature~RT! with 120 keV Ge1

ions and fluence of 1.231016cm22 corresponding to a
Gaussian-like Ge concentration-depth profile with peak c
centration of about 3 at. % formed at depth of'100 nm
below the sample surface. After implantation, pieces fr
the above samples were thermally annealed under N2 flux at
temperatures from 400 to 900 °C for 30 min. Th
concentration-depth distribution profiles of the Ge atoms
fore and after heat treatment were determined by RBS u
a 800 keVa-particle beam. Thea particles were detected b
a surface barrier detector 170° with respect to the beam
rection. The overall detector and electronic resolution w
better than 12 keV.

The size and depth distribution of the Ge nanoclust
were obtained from cross-sectional and plan-view TEM
servations using a JEM 2010 microscope from CME-UFR
operating at 200 kV. The cross-sectional samples were
pared by ion milling and the plan-view ones by etching t
Si substrate~mechanically dimpled to a fewmm thin layer!
using KOH solution at 60 °C for 2 h. We want to remark th
in spite of its much lower etching rate compared with pu
Si, a fraction of about 20%–30%, of the SiO2 layer could be
removed if exposed to KOH solution during the time r
quired to remove the pure Si substrate. Therefore, in orde
avoid removal of the SiO2 layer from the surface and cons
quently the implanted Ge content, the sample surface
glued in a glass support. In this way the SiO2 surface was
protected against direct exposure to KOH, thus only resul
in a negligible loss of SiO2 near the SiO2 /Si interface as a
consequence of exposure to KOH solution for a short ti
~less than about 5 min! after removal of the Si substrate.

Finally, PL and PL excitation~PLE! measurements wer
performed at RT in a Spex Fluoromax spectrometer wit
R298 Hamamatsu photomultiplier. All spectra were correc
for the Xe lamp spectrum, photomultiplier sensitivity an
interference effects.

III. RESULTS

A. Photoluminescence measurements

Figure 1 shows PL spectra of Ge-implanted SiO2 films at
different annealing temperatures under 5.17 eV excitat
The spectra consist of UV and blue–violet emission pe
around 4.25 and 3.2 eV, respectively. The PL intensity
both peaks increases with the annealing temperature whe
their relative intensity ratio only increases slightly. Max
mum PL intensity of the blue–violet peak was reached
900 °C, approximately 12 times higher than that at 400
The emission energy and the full width half maximu
~FWHM! of the two bands do not change significantly wi
the temperature or with the nanocluster mean size incre
The PLE spectra are shown in Fig. 2. Both the blue–vio
and UV emissions have excitation peaks between 5.1 and
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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eV and the PLE peak of the blue–violet is accompained b
very weak transition around 3.7 eV. Similar to the PL em
sion, the intensity of the PLE peaks increases and reach
maximum value for the larger cluster system at 900 °C.
addition, Fig. 2 shows that the excitation energy of the sp
tra remains unchanged for different annealing temperatu
The most important features of the blue–violet PL emiss
are listed in Table I.

B. Microstructure characterization

Figure 3 displays cross-sectional TEM images~underfo-
cused! showing Ge-implanted SiO2 layers thermally an-
nealed at 400@Fig. 3~a!# and 900 °C@Fig. 3~b!#. In contrast to
previous observations where Ge crystalline clusters were

FIG. 1. PL spectra of Ge-implanted SiO2 layers after implantation~as im-
planted! and at different anneal temperatures, under energy excitatio
5.17 eV.

FIG. 2. PLE spectra of Ge-implanted SiO2 layers at different anneal tem
peratures for blue–violet emission~a! and UV emission~b!.
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TABLE I. Blue–violet PL values of the Ge-nanocluster system in SiO2 for all the annealing temperatures.

Blue–violet PL values

Anneal
temperature

~°C!

PL emission
intensity,I

~relative units! I /I (400 °C)

Emission
peak position

~eV!
FWHM

~eV!

Excitation peak
position

~eV!

400 812 1.0 3.22 0.48 ;5.16; ;3.71
600 1130 1.4 3.21 0.45 ;5.12; ;3.74
800 4660 5.7 3.19 0.45 5.10; 3.72
900 9760 12.0 3.19 0.44 5.11; 3.73
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ticed only at higher temperatures,14,15 clusters in the crystal-
line phase can even be observed atT5400 °C@see the inset
in Fig. 3~a!#. At this temperature, the monomodal size dist
bution of nanoclusters is characterized by mean diameter^f&
52.2 nm and standard deviations50.5 nm. With an increase
of the annealing temperature, the particle size distribut
~PSD! evolves monotonically. At 900 °C it can be charact
ized by ^f&55.6 nm ands51.7 nm. The^f& and s values
were obtained by considering populations of more than
particles. Concomitant with the evolution in size as a fun
tion of T, the depth distribution of the precipitate syste
becomes narrower and is centered in the region around

FIG. 3. Cross-sectional TEM images of Ge nanoclusters in SiO2 layers after
post-implantation annealing at 400~a! and 900 °C~b!. The insets show
lattice images of the nanoclusters. The solid lines give the concentrat
depth distribution of Ge obtained from RBS.
s indicated in the article. Reuse of AIP content is sub
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maximum of the implanted profile. We also note@see Fig.
3~b!# that smaller clusters are present at the ‘‘wings’’ of t
depth distribution, while larger ones are located at the ce
of the distribution. With an increase of annealing tempe
ture, the RBS measurements@see Figs. 3~a! and 3~b!# also
demonstrate that the depth distribution of the Ge cont
becomes narrower and is centered in the region where
larger clusters formed. In addition, the RBS measureme
show that the total Ge content is conserved within the S2

layer. However, with an increase of temperature, a sm
fraction of the implanted Ge atoms tends to segregate at
SiO2 /Si interface. For the 900 °C case, the segrega
amount corresponds to'3% of the implanted content an
careful TEM observations have not detected Ge cluster
the interface region. Table II summarizes the above TEM a
RBS results.

Assuming standard coarsening theory, it is expected t
concomitant with cluster growth as a function of the te
perature~see Table II!, exponential reduction of the Ge so
ute concentration should take place. In order to test this c
cept, we performed a detailed investigation of the
nanocluster/SiO2 system via plan-view bright field~BF!
TEM observations. In this geometry, we were able to de
mine the PSD and the total cluster concentration per u
area by directly evaluating the precipitate dimensions fr
the micrographs shown in Fig. 4. It is important to menti
that the PSDs obtained from the plan-view samples w
consistently similar to the ones obtained from cross-sectio
measurements. Furthermore, by using the total Ge con
determined by the RBS measurements and taking into
count the density of crystalline Ge, we have estimated
fraction of Ge content trapped in the TEM observable cl
ters~i.e., clusters with diameterf.0.8 nm!, which are plot-
ted in Fig. 5 as a function of the annealing temperature. T
Ge fraction at 400 °C could not be calculated because
high density of small Ge nanoclusters leads to superimp
tion of the observed cluster images in the two-dimensio
projection recorded by the micrograph. For 900 °C, ab
75% of the Ge atoms are trapped in clusters, and as sh
by the RBS spectrum 3% of the implanted Ge atoms is
distributed outside the cluster region, and it moves towa
the SiO2 /Si interface without the formation of TEM observ
able clusters. This means that at this temperature a ra
significant fraction of about 20% of the Ge atoms
distributed in the matrix or in nanoclusters with diamete
f,0.8 nm.
–
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TABLE II. Microstructure and RBS results of the Ge-nanocluster system in SiO2 for all the annealing tem-
peratures. The typical error in RBS measurement is65%.

Particle size distribution
~TEM!

Ge depth distribution
~RBS!

Anneal
temperature

~°C!

Mean
diameter

~nm!

Standard
deviation

~nm!

Mean
depth
~nm!

Standard
deviation

~nm!

Ge fraction
in clusters

~at. %!

Total interface
area

~cm2/cm2!

400 2.2 0.5 92 33 ¯ 0.55a

600 3.6 0.7 84 33 42.5 0.51
800 4.1 1.0 83 25 55 0.49
900 5.6 1.7 71 21 75 0.48

aThis value was obtained assuming a Ge fraction in the clusters of 40 at. % estimated by extrapolation
fitted curve in Fig. 5.
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Additionally, the evolution of the total cluster–matri
interface area was studied for the present Ge–SiO2 system.
The values of the areas were obtained by considering
PSD of the Ge nanoclusters determined by cross-secti
TEM and the total cluster concentration of the region o
served. However, a cluster concentration in the cro
sectional image cannot be accurately obtained due to the
known thickness and the thickness variations over the are
observation of TEM specimens. On the other hand, tak
into account the known Ge fraction incorporated into t
clusters~see Table II!, the Ge concentration obtained fro
the RBS measurements can be used to scale the proper
ter concentration. Hence, correlating this result with
PSD, we can obtain the total interface area of the obser
Ge nanoclusters located within the SiO2 layer. The results are
listed in the Table II. Here, it is important to remark that, f
the 400 °C case, the value was estimated by considering
trapolation of the Ge fraction in clusters provided by t
fitted curve shown in Fig. 5.

FIG. 4. Plan-view BF TEM micrograph showing Ge nanoparticles obtai
after 900 °C thermal annealing for 30 min. Notice that the Ge nanoparti
are well defined and separated, allowing determination of the particle a
density.
s indicated in the article. Reuse of AIP content is sub
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IV. DISCUSSION

The results shown in Figs. 1 and 2~and summarized in
Table I for the blue–violet PL! reveal that the PL emission
and excitation peaks remain unshifted in energy and no
nificant change in the FWHM is observed for different clu
ter mean diameters~from 2.2 to 5.6 nm! as a function of the
temperature. This is in agreement with the PL data in Ref.
and means that one can exclude quantum confinement ef
in Ge nanoclusters as a main mechanism for the origin of
bands in the present Ge–SiO2 system. In addition, the au
thors of Ref. 13 have also shown that the existence
oxygen-related defects that formed in the SiO2 matrix as a
consequence of implantation-induced radiation damage it
can be ruled out as an alternative source of luminescenc
the visible and UV spectral regions since inert gas impl
experiments did not produce such a large increase in the
intensity. As a consequence, the intense PL from G
implanted SiO2 layers has been heuristically attributed to t
formation of ODCs in[Ge-Ge[ or [Ge-Si[ structures,
denoted as neutral oxygen vacancies~NOVs!. These
molecule-like luminescence centers have a three-level en
system in which blue–violet emission~;3.2 eV! and UV
emission~;4.25 eV! are due to a triplet-to-singlet transitio
(T1→S0) and a singlet-to-singlet transition (S1→S0), re-

d
s
al

FIG. 5. Ge fraction in clusters~observed by plan-view BF TEM! as a func-
tion of the annealing temperature. The line is drawn only to guide the e
The error bars correspond to a combination of a 5% RBS error and
estimated 5% error from TEM observations.
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spectively. As also seen previously,13 NOVs are created in
the oxide layer after postimplantation thermal treatment
may also occur at the Ge nanocluster–oxide interface
annealing at high temperatures.

Therefore, it seems reasonable to consider that the
lution of specific structural characteristics of the clust
themselves, or of their interfaces with the matrix, should p
a central role related to the increase of PL intensity with
annealing temperature. The coarsening evolution show
Fig. 3 is very similar to what is typically observed in pr
cipitate systems produced by ion implantation.16,17 It can be
characterized as nonhomogeneous Ostwald ripening coa
ing behavior driven by minimization of the system interfac
free-energy. This is a consequence of the reduction of
total cluster–matrix interface area, which occurs conco
tantly with cluster growth and a reduction of the solute co
centration, as summarized in Table II. In the present case
have observed that in spite of the very small reduction
total interface area~i.e., reduction of Ge atoms on the clust
surface! the PL intensity increases monotonically by a fac
of 12 from 400 to 900 °C annealing temperature. Hence
this case it seems to be rather contradictory to attribute
increase of the PL intensity directly to the creation of NO
centers formed by Ge atoms located at the cluster surface
400 °C, despite the observed nucleation of the Ge nanoc
ters, the highest fraction, about 60%, of Ge atoms is dist
uted in the matrix~see Fig. 5!, probably located in solution
or in small clusters~f,0.8 nm!, or in the form of nonradi-
ative paramagneticE8 centers~[Ge"! formed during implan-
tation. Since the PL intensity has its lower value the
content trapped in NOV luminescence centers seems to
be small. The results in Fig. 5 show that the expected red
tion of solute concentration as a function of the temperat
occurs concomitantly with cluster growth. However,
900 °C, a rather significant fraction, about 20%, of the
atoms is still distributed in the matrix within the regio
where the cluster band formed.

Hence, in order to explain the coarsening and the
behavior as a function of the annealing temperature, it se
necessary to consider alternative atomic processes that
place during precipitate growth in order to provide supp
for the NOV formation concept. First, it is obvious that th
precipitate growth process takes place via the incorpora
of individual Ge atoms that exist in solution. The sources
Ge atoms are the solute field and the smaller precipit
which tend to dissolve according to the Ostwald ripen
concept. The diffusion process of Ge in SiO2 has not been
systematically investigated. Nevertheless, it is plausible
Ge is a rather insoluble fast diffusing element in the am
phous SiO2 network since precipitation and significa
atomic redistribution towards the depth layer containing
larger precipitates takes place. Second, it also seems p
sible to assume that the precipitate growth process requ
the dissolution of SiO2 molecules and the out-diffusion o
the atomic species~Si and O! in order to accommodate th
volume increase of the growing precipitates. Third, on
basis of dry oxidation experiments, it has been establis
that O2 molecules are fast diffusion species whereas Si ato
redistribute over a very limited range~1–2 nm! near the
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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SiO2 /Si interface.18 Assuming that similar behavior occur
at the Ge nanocluster/SiO2 interfaces, the diffusion kinetics
of these species can cause enrichment of Si atoms nea
growing clusters concomitantly to a deficiency of oxyge
which would not allow temperature-dependent recovery
the oxide network~i.e., [Si-O-Si[! around the precipitates
Hence, we speculate that the Si enrichment and possible
nealing of theE8 centers lead to the trapping of Ge atom
present in solution and allow the formation of NOV cente
in [Ge-Si[ or [Ge-Ge[ structures. Thus, in spite of th
fact that at 900 °C a lower fraction of Ge atoms is presen
solution, at this temperature the diffusion of the O2 species is
more pronounced and a higher number of Ge atoms
trapped in NOV centers, thus explaining the increase of
PL intensity as a function of the annealing temperature.

V. SUMMARY

In contrast to previous results for Ge-implanted SiO2

layers, where Ge crystalline nanocrystals were observed
at higherT, our data show that crystalline clusters have
ready formed at an annealing of 400 °C.

Upon annealing at higher temperatures, the cluster s
tem follows conservative~Ostwald ripening! coarsening be-
havior characterized by the increase of the Ge nanopar
mean diameters from 2.2 nm at 400 °C to 5.6 nm at 900
The coarsening evolution occurs concomitantly with the
crease of PL intensity by a factor of 12 within the sam
temperature range. This PL behavior is demonstrated to
inconsistent with quantum confinement concepts or only
the formation of ODCs at the cluster–matrix interfacial r
gion because no significant change was observed in the
cluster–matrix interface area in the same temperature ra
described above. Furthermore, a combination of TEM obs
vations and RBS measurements has shown an increase o
Ge fraction in the clusters with the temperature increa
However, at the higher temperature~900 °C! a significant
fraction of the implanted Ge content~'20%! is still not lo-
cated in the Ge nanoparticles, but, rather, distributed aro
them. The dissolution of SiO2 molecules that allows a vol
ume increase of the growing nanoparticles, as well as
diffusion properties of the Si and O2 species within the SiO2
matrix is invoked to propose a model. In this model we a
sume that the formation of an oxygen deficient region arou
the nanoparticles allows temperature-dependent trappin
Ge atoms in the form of[Ge-Ge[ or [Ge-Si[ NOV struc-
tures, thus explaining the increase of PL intensity as a fu
tion of the annealing temperature.
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