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Photoluminescence from SiO 2 films containing Si nanocrystals and Er:
Effects of nanocrystalline size on the photoluminescence efficiency of Er 31
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SiO2 films containing Si nanocrystals~nc-Si! and Er were prepared and their photoluminescence
~PL! properties were studied. The samples exhibited PL peaks at 0.8 and 1.54mm, which could be
assigned to the electron-hole recombination in nc-Si and the intra-4f transition in Er31,
respectively. Correlation between the intensities of the two PL peaks was studied as functions of the
size of nc-Si, Er concentration, excitation power and excitation wavelength. It was found that the
1.54mm PL of Er31 is strongly enhanced by incorporating nc-Si in films. Furthermore, the intensity
of the 1.54mm peak was found to depend strongly on the size of the incorporated nc-Si. ©1998
American Institute of Physics.@S0021-8979~98!06320-8#
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I. INTRODUCTION

Recently, Er-doped Si has been attracting much inte
because of its potential application in Si-based optoelectro
devices. The Er31 ions incorporated into Si produce ligh
emission from the intra-4f transition (4I 13/2–

4I 15/2) at
around 1.54mm, which corresponds to the absorption min
mum in silica-based glass fibers.1–5 Interest has also bee
focused on Er-doped porous Si, which emits strong 1.54mm
photoluminescence~PL! even at room temperature and e
hibits very week thermal quenching of the PL.5–9 Porous Si
consists of nanometer-size Si crystals~nc-Si!. In porous Si,
excitation of Er31 is considered to occur through the recom
bination of photogenerated carriers in the nc-Si and the s
sequent energy transfer to Er31.7–9

The electronic band structure of nc-Si, as small as s
eral nanometers, is much different from that of the bulk
crystal due to the quantum confinement effects of electro
holes and phonons~quantum size effects!. The most promi-
nent feature of the quantum confinement effects is the w
ening of the band gap from that of the bulk-Si crystal. T
widening of the band gap is considered to result in the sm
thermal quenching of the PL observed for Er-doped por
Si.7–9 Since the electronic band structure of nc-Si depe
strongly on the size, the efficiency of the 1.54mm PL of
Er31 excited by the energy transfer from nc-Si may a
depend strongly on the size of nc-Si.

As is well known, nc-Si as small as several nanomet
in diameter emits light at the near-infrared and visible
gions due to the band-to-band transition between the w
ened band gap.10–12 If the Er31 is excited by the energy

a!Electronic mail: fujii@eedept.kobe-u.ac.jp
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transfer from nc-Si, the 1.54mm PL of Er31 and the visible
or near-infrared PL of nc-Si are considered to correlate
each other depending on the size of nc-Si, number of ac
Er31 ions and excitation energy and power. Detailed stud
of these dependences will give deeper insight into the nc
mediated excitation mechanism of Er31.

To study these dependences of the two PL bands, st
nc-Si with well-defined size and shape as well as chem
composition is indispensable. For this purpose, porous S
not appropriate because of its instability, complexity in
structure and chemical composition, and resulting ambigu
in the origin of the PL. Instead of porous Si, in our previo
work, we employed SiO2 films containing nc-Si~Refs. 10,
13, and 14! as a host of Er31 and studied the PL properties a
a function of Er concentration.15 For the samples containin
both nc-Si and Er, two PL peaks corresponding to the reco
bination of electron-hole pairs in nc-Si and the intra-4f tran-
sition in Er31 could be observed simultaneously. From t
correlation of the two PL peaks, we clearly demonstra
that the excitation of Er31 is made by the energy transfe
from nc-Si. This work is an extension of the previous wo
In order to further clarify the nc-Si mediated excitatio
mechanism of Er31, we performed systematic PL studies f
SiO2 films containing nc-Si and Er. In particular, we hav
studied in detail the effects of nanocrystalline size on the
efficiency of Er31. We will demonstrate that the intensity o
the 1.54mm PL of Er31 is strongly enhanced by incorpora
ing nc-Si in films, and that the PL intensity depends stron
on the size of nc-Si.

II. EXPERIMENT

Samples were prepared by a rf cosputtering method
our previous studies,10,13,14,16we demonstrated that nc-Si em
5 © 1998 American Institute of Physics
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bedded in SiO2 films can be obtained by cosputtering Si a
SiO2 and postannealing at 1100 °C or higher. In this work,
an attempt to dope Er in the films, Er2O3 pellets were added
as the sputtering targets.15 In actual sputtering procedure
small pieces of Si chips 5315 mm2 in size and Er2O3 pel-
lets 10 mm in diameter were placed on a SiO2 target~10 cm
in diameter! and they were cosputtered. Films of about 1mm
in thickness were deposited onto fused quartz plates. A
the deposition, the samples were annealed in an atmosp
of N2 gas for 30 min at 1100 °C.

In this method, the size of nc-Si can be controlled
changing the number of Si chips during the cosputtering.
concentration (CEr) can also be controlled by changing th
number of Er2O3 pellets during the cosputtering. TheCEr

and the volume fraction of nc-Si in the films (f Si) were de-
termined by electron-probe microanalyses@using JCXA-733
~JEOL!#. The size of nc-Si was determined by cros
sectional high-resolution transmission electron microsco
~HRTEM! observations. An electron microscope@JEM-2010
~JEOL!# operated at 200 kV was used. In this work, we ha
studied the samples withCEr ranging from 0 to 0.11 at. %
and f Si ranging from 7 to 21 vol. %. By varyingf Si from 7 to
21 vol. %, the average diameter of nc-Si (dSi) was changed
from 2.7 to 3.8 nm.

The PL spectra were measured using a HR-320~Jobin-
Yvon! monochromator and an EO-817L~North Coast! Ge
detector. The excitation sources were six lines of an Ar-
laser and a He-Ne laser with a power density of less than
W/cm2. Spectral responses of the detection systems w
corrected by reference spectra of a standard tungsten la
The temperature dependence of the PL spectra was mea
from 15 to 300 K in a CF1204 continuous-flow He cryos
~Oxford!.

III. RESULTS

A. HRTEM observation

Figure 1 shows a typical cross-sectional HRTEM ima
of the SiO2 film containing nc-Si (f Si511 vol. %!. We can
clearly see lattice fringes in the image. The lattice fring
correspond to the$111% planes of Si crystals with the dia
mond structure. The crystallinity of the nanocrystals is rat
good. The nanocrystals are not aggregated and are isolat
SiO2 matrices. The average diameter of the nanocrystals
timated from the image was about 3.1 nm. It should be no
here that the size of nc-Si is almost independent ofCEr and
depends only onf Si for the samples withCEr<0.11 at. %. In
the case of an Er-implanted SiO2 film annealed at 1200 °C
precipitates of Er as large as several tens of nanometers
been observed in HRTEM observations.5 In the present
samples, such large precipitates were not found in
HRTEM images. However, we cannot neglect the possibi
that much smaller Er clusters exist in films, because Er c
ters smaller than about 2 nm are considered to be not de
able by HRTEM observations due to the strong backgro
images of SiO2 matrices.
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B. Dependence of PL spectra on the size of nc-Si

Figure 2 shows the PL spectra of SiO2 films containing
nc-Si and Er as a function off Si (dSi). The inset is an ex-
pansion of the region between 1.46 and 1.65mm. The vol-
ume fraction of nc-Si (f Si) was changed from 0 to 21 vol. %
while CEr was fixed at about 0.04 at. %. Asf Si was changed
from 7 to 21 vol. %,dSi changed from 2.7 to 3.8 nm. Th
film thickness was fixed at about 1.2mm. For the sample no
containing nc-Si, we can see a very week peak at about
mm, corresponding to the intra-4f transition of Er31

(4I 13/2–
4I 15/2).

2 By adding nc-Si to the films, the intensity o
the 1.54mm peak increases drastically. Although the inte
sity increases drastically by adding nc-Si, its dependence
f Si is not simple. It was found that the intensity becom
maximum~about 200 times stronger than that of the sam
not containing nc-Si! when f Si'7 vol. % (dSi' 2.7 nm!. By
further increasingf Si from 7 to 21 vol. %, i.e., by increasing
dSi from 2.7 to 3.8 nm, the PL intensity decreased rapidl

In addition to the 1.54mm peak, the samples containin
nc-Si show a peak at about 0.8mm. From our previous PL
studies,10 the 0.8mm peak can be assigned to the recom
nation of electron-hole pairs in nc-Si. In Fig. 2, we can s
that the peak energy and the intensity of the 0.8mm peak
depend strongly on the size of nc-Si. As the size decrea
the peak becomes intense and shifts to higher energies.
high-energy shift is caused by the widening of the band g
due to the quantum size effects.10 The increase in the PL
intensity is considered to be due to the increase in the os
lator strength,17 and/or the decrease in the nonradiative A
ger recombination process.18

Figure 3 shows the intensities of the 1.54 and 0.8mm
peaks as a function ofdSi . The intensities are corrected b

FIG. 1. Typical HRTEM image of SiO2 films containing nc-Si (f Si511
vol. %!. Lattice fringes corresponding to the$111% planes of Si can clearly
be seen. The average diameter of the nanocrystals estimated from the
is about 3.1 nm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the amount of nc-Si contained in the films by dividing t
observed intensities byf Si . For comparison purposes, th
intensities are normalized at their maximum intensities
tained fordSi'2.7 nm. We can see that asdSi decreases from
3.8 to 2.7 nm, the 0.8mm peak of nc-Si becomes abo

FIG. 2. PL spectra of SiO2 films containing nc-Si and Er. The inset is a
expansion of the region between 1.46 and 1.65mm. The Er concentration
and film thickness for all the samples are fixed at 0.04 at. % and 1.2mm,
respectively, and the concentration of the Si nanocrystals is varied from
21 vol. %.

FIG. 3. PL intensities@(d) 1.54mm peak, (s) 0.8 mm peak# as a function
of the diameter of nc-Si. The intensities are corrected by the amount of n
contained in the films by dividing the observed intensities by the Si conc
tration (f Si). The intensities are normalized at their maximum intensities
dSi52.7 nm for the comparison purposes.
Downloaded 10 Jun 2002 to 133.30.106.15. Redistribution subject to A
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two orders of magnitude more intense. At the same time,
1.54mm peak of Er31 also becomes more intense depend
on the size of nc-Si. It should be stressed here that the in
sity of the 1.54mm peak of Er31 exhibits nearly the same
size dependence as that of the 0.8mm peak of nc-Si.

C. Dependence of PL spectra on the Er concentration

Figure 4 shows the dependence of PL spectra onCEr .
The size~volume fraction! of nc-Si is fixed at about 2.7 nm
in diameter (f Si'7 vol. %!. The inset is an expansion of th
region between 1.46 and 1.61mm. For the sample not con
taining Er, we can see a peak of nc-Si at about 0.8mm. As
CEr increases, the intensity of the 0.8mm peak decrease
rapidly. It is noted that, in spite of the drastic change in t
intensity, the peak energy is independent ofCEr . This sug-
gests that the size of nc-Si is not affected byCEr , because
the peak energy is very sensitive to the size.10 In contrast to
the 0.8mm peak, the 1.54mm peak of Er31 becomes intense
asCEr increases. Figure 5 compares the intensities of the
peaks as a function ofCEr . We can see that the 1.54mm
peak becomes intense almost linearly withCEr , while the 0.8
mm peak decreases rapidly.

D. Temperature dependence of the PL spectra

Figure 6 shows the temperature dependence of the
spectra for the samples withCEr'0.04 at. % anddSi'2.7
nm. At room temperature, we can see peaks at about
and 0.8mm. As the temperature decreases, the intensity
the 1.54mm peak increases slightly, while that of the 0.8mm

to

Si
n-
t

FIG. 4. PL spectra of SiO2 films containing nc-Si and Er. The inset is a
expansion of the region between 1.46 and 1.61mm. The size of nc-Si is
about 2.7 nm and the Er concentration is varied from 0 to 0.11 at. %.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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peak first increases and then decreases. In addition to t
peaks, another peak appears at about 1.2mm below 150 K.
This peak becomes intense with decreasing temperature.
origin of the 1.2mm peak is considered to be the recom
nation of carriers trapped atPb centers at the interfaces be
tween nc-Si and SiO2 matrices.19,20 Figure 7 shows the in-
tensity of the 1.54mm peak as a function of a temperatur
Although the intensity slightly decreases as the tempera

FIG. 5. PL intensities of 1.54 and 0.8mm peaks as a function of Er con
centration. The lines are drawn to guide the eye.

FIG. 6. Temperature dependence of the PL spectra of SiO2 films containing
nc-Si and Er. The size of nc-Si is about 2.7 nm and the Er concentratio
about 0.04 at. %. The inset is an expansion of the region between 1.46
1.61mm.
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increases, the degree of thermal quenching is very small.
PL is quenched only about 30% from 15 to 290 K. Th
value is much smaller~about two orders of magnitude! than
that reported for the Er-doped bulk-Si crystal.4 Similar very
small thermal quenching has been observed for all
samples.

In Fig. 6, the energy of the 1.54mm peak is almost
independent of the temperature, while that of the 0.8mm
peak depends on the temperature. As the temperature
creases, the 0.8mm peak shifts to higher energy. The degr
of the high-energy shift was nearly the same as that of
band-gap of the bulk-Si crystal@about 45 meV~300 to 5 K!#.
We have studied in detail the size and temperature dep
dence of the 0.8 and 1.2mm peaks for the samples not con
taining Er. The results will be published elsewhere.

IV. DISCUSSION

As shown in Figs. 2 and 3, the intensity of the 1.54mm
peak of Er31 is strongly enhanced by incorporating nc-
into the films. Furthermore, the intensity of the 1.54mm peak
depends strongly on the size of nc-Si, and the size dep
dence is almost the same as that of the 0.8mm peak of nc-Si,
i.e., the intensity ratio of the 1.54 and 0.8mm peaks is a
constant independent of the size of nc-Si provided thatCEr is
the same. The results of Figs. 2 and 3 suggest that m
more intense 1.54mm PL may be achieved by codopin
much ‘‘brighter’’ nc-Si. Since the PL intensity of nc-Si be
comes intense as the size decreases, PL study of the sa
containing much smaller nc-Si (,2.7 nm! is promising in
learning more.

In this work, we controlleddSi by changingf Si . As f Si

increases, an interaction between nc-Si may increase, an
interaction may affect the PL efficiency of Er31. Therefore,
in order to study purely the size dependence,dSi should be
controlled without changingf Si . Unfortunately, until now,
we have not succeeded in controllingdSi under fixedf Si and
thus cannot discuss the effects of the interactions in deta

is
nd

FIG. 7. The intensity of the 1.54mm peak as a function of temperature. Th
line is drawn to guide the eye.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Although the intensity ratio of the 1.54 and 0.8mm
peaks does not depend on the size, it depends strongly onCEr

as can be seen in Figs. 4 and 5. The intensity of the 1.54mm
peak increases asCEr increases, while the 0.8mm peak de-
creases. By assuming an energy transfer from nc-Si to E31,
these results can be explained as follows. First, the excita
light is absorbed mainly by nc-Si and the electron-hole pa
are generated in the nanocrystals. A part of the recomb
tion energy of the electron-hole pairs is then transferred
Er31. The amount of energy transferred to Er31 increases as
CEr increases. This results in growth of the 1.54mm peak
and quenching of the 0.8mm peak with increasingCEr .

Since the intensity of the 1.54mm peak in Fig. 5 de-
pends nearly linearly onCEr , the energy transfer from nc-S
to Er31 is considered to be limited by the number of op
cally active Er31 in the films~i.e., almost all optically active
Er31 ions are excited by the energy transfer!. In this case, we
can expect much different excitation power (Pex) depen-
dence for the Er31 and nc-Si peaks. Since the amount of t
energy transferred to Er31 is limited by the number of Er31,
the intensity of the 1.54mm peak will not depend linearly on
Pex but will be saturated at rather lowPex, while that of the
0.8 mm peak will not be saturated. The saturated intensity
the 1.54mm peak will depend onCEr .

Figure 8 shows thePex dependence of the intensities
1.54 mm @Fig. 8~a!# and 0.8mm @Fig. 8~b!# peaks for the
samples withCEr of 0.02 and 0.07 at. %. The average dia
eter of nc-Si is about 2.7 nm. For comparison purposes,
PL intensity of the sample not containing nc-Si and withCEr

of 0.07 at.% is also shown in Fig. 8~a!. Since the PL intensity
of the sample not containing nc-Si is very weak, the r
intensity is multiplied by a factor of 30. We can see that t
1.54mm peak of the samples containing nc-Si exhibits ve
small Pex dependence and is almost saturated@Fig. 8~a!#,
while that of the 0.8mm peak increases monotonously@Fig.
8~b!#. As is expected, the saturated intensity of the sam
with CEr of 0.07 at. % is much larger than that of the sam
with CEr of 0.02 at. %. It should be noted here that the
intensity of the sample not containing nc-Si is much sma
than those containing nc-Si and saturation was not obse
@Fig. 8~a!#.

To further investigate the nc-Si mediated excitati
mechanism of Er31, we also studied the excitation wave
length (lex) dependence of the 1.54 and 0.8mm peaks. Fig-
ure 9 shows thelex dependence of the intensities of the 1.
and 0.8mm peaks for the sample withdSi of 2.7 nm andCEr

of 0.11 at. %. For comparison purposes, the data for
sample not containing nc-Si is also shown~multiplied by a
factor of 10!. First, we compare thelex dependence of the
1.54mm peak with that of the 0.8mm peak for the sample
containing nc-Si and Er31. We can see that, aslex increases,
the intensities of the two peaks decrease almost mon
nously, and the overalllex dependence of the two peaks
very similar except for a dip at 488.0 nm for the 1.54mm
peak.

We now compare thelex dependence of the 1.54mm
peak between the samples containing and not those con
ing nc-Si. We can see a completely differentlex dependence
between the two samples. For the sample not containing
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Si, the 1.54mm PL was detectable only when the film wa
excited by 488.0 and 514.5 nm light, and no signal was
tected with otherlex for the power density~1.5 W/cm2) used
in the experiment. The 488.0 and 514.5 nm correspond to
4I 15/2–

4F7/2 and 4I 15/2–
2H11/2 transitions of Er31,

respectively.2 On the other hand, the sample containing nc
shows a dip at 488.0 nm. Although the origin of the dip
not clear at present, one possible explanation is as follo
At 488.0 nm excitation, Er31 is excited both by the energ
transfer from nc-Si and by the direct absorption of the ex
tation light. The direct absorption causes filling of the e
cited states, and thus the efficiency of the energy tran
may be reduced. This may result in a dip at the 488.0
excitation. The results of Fig. 9 clearly demonstrate that
excitation of Er31 is not due to a direct absorption by Er31,
but made by the energy transfer from nc-Si.

FIG. 8. PL intensities of~a! 1.54 and~b! 0.8 mm peaks as a function of
excitation power for the samples with Er concentration of 0.02 and 0
at. %. The diameter of nc-Si for both the samples is about 2.7 nm.
comparison purposes, the PL intensity of the sample without nc-Si is
shown. The lines are drawn to guide the eye.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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As shown in Figs. 6 and 7, the thermal quenching of
1.54 mm peak of the present samples is much smaller t
that of the Er-doped bulk-Si crystal.4 In the case of the Er-
doped bulk-Si crystal, the large thermal quenching is con
ered to be due to the increase in the probability of the p
non assisted back transfer of the energy from Er31 to host Si
crystals4. In the present samples, the band gap of nc-S
much larger than the bulk band gap, and thus the probab
of the back transfer becomes much smaller because the
transfer requires multiple phonons. The band gap widen
of nc-Si due to the quantum size effects is thus considere
be the primary cause of the small thermal quenching
served.

Similar small thermal quenching has been reported
Er-doped porous Si5,6,8 and semi-insulating polycrystallin
silicon ~SIPOS!.4 The small quenching of Er-dope
porous-Si is often explained in the same manner as tha
the present samples, because it consists of nanometer-s
grains.8 However, since porous Si is very complex in i
structure and chemical components, PL mechanism of
doped porous Si is not fully understood. In particular, so
authors claim that Er-related PL from Er-doped porous S
not related to the quantum size effects in nc-Si but due to
atoms incorporated into amorphous-Si:H:O regions in por
Si.5,6 In the case of SIPOS, a large band gap due to a h
oxygen content~typically several tens of at. %! is considered
to be the cause of the small quenching.5

A question arises as to whether the Er31 responsible for
the strong 1.54mm PL is located inside or outside the nc-S
Since the shape of the 1.54mm peak depends on the loc
environment of Er31,6 we compared the spectral shape of t
samples containing nc-Si with that not containing nc-Si. A
though the PL intensity became stronger by incorporat
nc-Si, the spectral shape was almost identical for all
samples. This result and a relatively low solid solubility

FIG. 9. PL intensities of 1.54 and 0.8mm peaks as a function of excitatio
wavelength for samples with an Er concentration of 0.11 at. % and a n
diameter of about 2.7 nm. For comparison purposes, the PL intensity o
sample without nc-Si is also shown.
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Er in Si (;1018/cm3) 21 suggest that the Er31 responsible
for the strong PL is around the interface region betwe
nc-Si and SiO2, although a few Er31 ions may exist in the
nanocrystals.

V. CONCLUSION

We have studied PL properties of SiO2 films containing
nc-Si and Er. Peaks attributable to nc-Si~0.8 mm! and Er31

~1.54 mm! were observed simultaneously. The correlati
between the intensities of the two PL peaks was studied
function of the size of nc-Si, Er concentration, excitati
power and excitation wavelength. The most interesting re
observed was that the 1.54mm PL of Er31 is strongly en-
hanced by incorporating nc-Si into the films, and the
intensity depends on the size of nc-Si. Furthermore,
found that the intensity ratio of the 1.54 and 0.8mm peaks is
a constant independent of the size of nc-Si, provided that
Er concentration in the films is fixed. This implies that i
corporation of ‘‘brighter’’ nanocrystals results in the strong
1.54mm PL. Since the nc-Si becomes ‘‘brighter’’ as the si
decreases, the 1.54mm PL will be more intense as the size o
the nc-Si incorporated decreases. The 1.54mm PL exhibited
very small thermal quenching. The small thermal quench
is considered to be due to the widening of the band gap
the quantum size effects. Therefore, we can conclude
two major features of the quantum size effects of nc-Si, i
the band gap widening and the increases in the PL efficie
with decreasing the size, contribute to the improvement
room temperature PL efficiency of Er31.
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