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The mechanisms for the formation and oxidation of Si nanoclusterssSi-nclsd are elucidated by
means of the study of their effects on the photoluminescence of Er in Er-doped Si-rich SiOx sx
,2d films. We find that the light emission of Er is the most intense in films with a Si concentration
of ,40% after annealing at 875 °C in an argon ambient, which yields an optimum Si-ncl size. The
nucleation rate of Si-ncls increases with temperature, however, they stabilize around a critical size
which increases with annealing temperature. We determine that the activation energy for the
formation of Si-ncls is 1.4±0.5 eV. During annealing in an oxygen ambient Si-ncls are oxidized.
The resultant oxide reduces the efficiency of energy transfer from them to Er ions and thus the light
emission of Er. The activation energy for the oxidation is 1.06±0.03 eV. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1894600g

The development of efficient Si-based light-emitting de-
vices operating at room temperature is the subject of intense
research activity.1,2 Significantly, it has been demonstrated
that Er-doped Si-rich SiOx sx,2d sSRSOd can be processed
to generate Si nanoclusterssSi-nclsd, which greatly enhance
the light emission of Er around the wavelength of
1.53mm.3–5 It is also well known that such Si-ncls are effi-
ciently pumped through direct optical absorption, which can
be followed by energy transfer from the resultant excitons in
the Si-ncls to Er ions that subsequently radiatively decay.
The efficiencyht of the energy transfer decreases with the
distanced between the Si-ncls and Er ions.6,7 Because of the
negligible diffusion of Er during device fabrication with tem-
peratures,1050 °C,8 d is predominantly determined by the
size of the Si-ncls, which randomly form throughout the
doped layer. An increase of Si-ncl size reduces the average
value ofd, leading to the increase ofht. Further, large Si-ncls
support excitons with an energy close to that corresponding
to a maximum for absorption by the Er ions.9 The formation
of a high concentration of large Si-ncls would appear, there-
fore, to be beneficial for maximizinght.

It has been demonstrated that the concentration of ex-
cited Er ions is proportional to that of Si-ncls in Er-doped
SRSOsRef. 10d giving I ~htC, whereI andC are the inten-
sity of light emission of Er and the concentration of Si-ncls,
respectively. For a fixed concentration of Si in a SRSO film,
C decreases as the size of Si-ncls increases. Therefore, the
change of Si-ncl size has a contradictory effect on the inten-
sity of light emission of Er. This justifies the search for an
optimum value of Si-ncl size for a specific value of Si con-
centration. It has been shown previously that Si-ncl size is
mainly determined by the annealing temperature and time.
Although optimum annealing conditions have been described
for specific sample sets,11–13 a comprehensive study of the
annealing, leading to the elucidation of the underlying for-

mation mechanism of Si-ncls in Er-doped SRSO, has not
been reported. The annealing ambient may also impact Si-ncl
size, especially when active elements such as oxygen are
incorporated. In this letter, we present a study of the forma-
tion and oxidation of Si-ncls by annealing Er-doped SRSO
films at 800–950 °C for up to 7 h in argon or oxygen am-
bients. We show that the formation of Si-ncls can be consis-
tently described using classical nucleation theory. Oxidation
reduces the effective Si-ncl size, leading to a decrease in the
intensity of light emission of Er.

Two Er-doped SRSO filmssA andBd were grown on Si
substrates by electron cyclotron resonance plasma-enhanced
chemical-vapor depositionsECR-PECVDd, in which an or-
ganic Er source was employed to achieve high-concentration
doping of Er. The deposition system has been described
elsewhere.14 The atomic concentrations of Si and Erfprevi-
ously determined using Rutherford backscattering spectros-
copy sRBSdg in film A were ,40% and 1.8%, respectively,
and in film B were ,40% and 2.4%, respectively. FilmA
was 440 nm thick and filmB was 250 nm thick. Both films
were divided into smaller samples and annealed at
800–950 °C for up to 7 h in a furnace with flowing argon or
oxygen gas. Their photoluminescencesPLd at a wavelength
of ,1.53mm was measured at room temperature after each
annealing step. The PL setup is comprised of a Cd–He laser
operating at a wavelength of 325 nm, a grating monochro-
mator, a lock-in amplifier with a chopper, and an InGaAs
detector. The effective power density of the laser beam on
the surface of the films was,0.26 W/cm2. A 3-mm-wide
slit for the monochromator was used.

The PL spectra from the films are representatively illus-
trated in Fig. 1 by those for filmA annealed in an argon
ambient at 800 °C for 10 min, 30 min, and 3 h. The wave-
length range of 1400–1700 nm for this measurement con-
tains the dominant luminescence intensity observed for all
samples in this study. No significant luminescence intensity
was observed for wavelengths from 600 to 1000 nmstheadElectronic mail: mascher@mcmaster.ca

JOURNAL OF APPLIED PHYSICS97, 096108s2005d

0021-8979/2005/97~9!/096108/3/$22.50 © 2005 American Institute of Physics97, 096108-1

 [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:

128.59.226.54 On: Mon, 08 Dec 2014 10:03:18

http://dx.doi.org/10.1063/1.1894600
http://dx.doi.org/10.1063/1.1894600


usual response for Si-nclsd, suggesting that all of the Si-ncls
in these samples are coupled with Er ions.

The integrated PL intensity for the peak at,1.53mm
from films A andB annealed at 800–950 °C for up to 6 h in
an argon ambient is shown in Figs. 2sad and 2sbd, respec-
tively. For this range of annealing time, it is clear that fol-
lowing a rapid increase in PL intensity, the signal reaches a
maximum value which is dependent on the annealing tem-
perature. Further annealing after this maximum has been
achieved has little effect on the integrated intensity. In terms
of classical nucleation theory15,16 it is expected that follow-
ing initial nucleation of the Si-ncls, there is little subsequent
growth in Si-ncl size, mainly as a consequence of the anneal-
ing temperatures being much lower than the melting point of
Si. Here then, we can treat the films as containing Si nuclei
sSi-nclsd of a certain critical sizer* . The resultant static val-
ues forr* and Si-ncl concentration lead to the stabilized PL
intensity of Er observed for long annealing timessi.e., . a
few thousand secondsd.

It is known thatr* is a function of nucleation tempera-
ture T: r* =Ac/ sTm−Td, whereAc is a constant determined
by the molar enthalpy of nucleation at the melting pointTm,
the interfacial energy per unit area, and the volume of a Si
atom. With an increase in annealing temperature the size of
the Si-ncls increases, creating a simultaneous decrease in
both d and C. Owing to their contradictory effects on the
intensity of light emission of Er, an optimum processing tem-
perature exists at 875 °C, characteristic of an optimum Si-
ncl size. The same Si-ncl concentration exists in both filmsA
andB after the same annealing process because of their simi-
lar Si concentration and temperature-determined Si-ncl size,
and therefore, the same PL intensity might be expected from
both films if they had the same thickness. Allowing for the
thickness differences440 nm for film A versus 250 nm for
film Bd, the PL intensity of filmA might be expected to be no
more than two times larger than that of filmB. In fact, the
ratio is ,8 fFigs. 2sad and 2sbdg. It has been reported previ-
ously that deexcitation processes such as cooperative up-
conversion and energy migration occur between Er ions
when they are very close.17 We believe that such deexcitation
processes occur in filmB because of the increased concen-

tration of Er as compared to that of filmA, which gives rise
to the large ratio of PL intensity for the two films.

The time needed to reach the maximum PL intensity
decreases with increasing temperaturefFigs. 2sad and 2sbdg.
This is consistent with the increase in the formation rate of Si
nuclei with temperature. We have fitted the data in Figs. 2sad
and 2sbd using I = I0+sImax− I0dexps−1/kftd, whereI, I0, and
Imax are the PL intensity at timet, the PL intensity from the
as-grown films, and the maximum PL intensity after long
annealing times, respectively; andkf is the formation rate of
Si-ncls with the assumption that the PL intensity is propor-
tional to the concentration of Si-ncls in both filmsA and B
despite the deexcitation processes between Er ions in the
latter. Figure 2scd shows the change ofkf with temperature
obtained from the data fitting. Using the Arrhenius equation
we calculate the activation energyEa for the formation of
Si-ncls to be 1.4±0.5 eV. This result approximates the pre-
viously reportedEa of 1.9 eV for Si diffusion in SiOx.

18 A

FIG. 1. The PL spectra of Er-doped Si-rich SiOx sx,2d film A for wave-
lengths around 1.53mm annealed in an argon ambient at 800 °C for 10 min,
30 min, and 3 h.

FIG. 2. The change in the intensity of PL at a wavelength of,1.53mm in
sad film A and sbd film B during annealing at 800–950 °C in an argon
ambient. The solid lines indicate PL intensity from fitting, which givesscd
the formation rate of Si-ncls at each temperature.kB is the Boltzmann con-
stant. The derived activation energyEa for the formation of Si-ncls is also
shown.
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similar Ea can also be derived from a recent work19 by sub-
tracting the Si–O bond energys2.9 eVd from the Ea

s4.74 eVd for Si diffusion in SiO2. Therefore, we suggest that
the formation of Si-ncls in these Er-doped SRSO films is
controlled by Si diffusion, which does not require the break-
ing of Si–O bonds because of the already existent excess Si.

The formation of Si-ncls naturally introduces Si surfaces
where thermal oxidation may easily take place. Figures 3sad
and 3sbd show the PL results for annealing at 800–950 °C
for up to 7 h in an oxygen ambient. At the beginning of the
annealing process, the formation of Si-ncls dominates, lead-
ing to the increase in PL intensity. However, the oxidation of
the Si-ncls eventually dominates when oxygen has com-
pletely diffused into the film and reacted with the Si-ncl sur-
face. This causes the effective Si-ncl size to decrease, result-
ing in a decrease in the intensity of light emission of Er as is
observed for long annealing times. The values of maximum
PL intensity after annealing in an oxygen ambient are smaller
than those obtained in an argon ambient. This indicates that

there are periods during which Si-ncl formation and oxida-
tion occur simultaneously.

Assuming that the decrease of PL intensity is propor-
tional to the volume of oxidized Si-ncls, we have fitted the
decay of PL intensity in Figs. 3sad and 3sbd with the expres-
sion I = Imaxexps−kotd, whereI and Imax are the PL intensity
at timet and the maximum PL intensity obtained in the films,
respectively; andko is the oxidation rate of Si-ncls. The
value of ko at each temperature obtained from the fitting is
illustrated in Fig. 3scd. In spite of the thickness-induced dif-
ference inko between filmsA andB, the same value ofEa of
1.06±0.03 eV for the oxidation of Si-ncls is derived for
both. Both theoretical and experimental works have shown
that theEa for O2 diffusion in SiO2 is 1.04–1.26 eV.20,21

Therefore, our result suggests that the oxidation of Si-ncls is
controlled by O2 diffusion.

In summary, we find that the light emission of Er is the
most intense in Er-doped SRSO with a Si concentration of
,40% after annealing at 875 °C in an argon ambient, which
results in an optimum Si-ncl size. It is indicated that the
formation of Si-ncls is controlled by Si diffusion, while their
oxidation is controlled by O2 diffusion. The oxidation re-
duces the energy transfer and thus the light emission of Er.
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