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Visible photoluminescence from silicon-ion-implanted SiO2 film and its multiple mechanisms

H. Z. Song and X. M. Bao
National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing 210093,

People’s Republic of China
~Received 1 October 1996!

Strong photoluminescence from silicon-ion-implanted thermal SiO2 film was investigated under various
conditions. The photoluminescence spectrum of as-implanted samples or samples annealed in N2 at a tempera-
ture below 1000 °C consists of three bands centered at about 470, 550, and 630 nm. Annealing at a temperature
above 1000 °C for a long enough time brings about one photoluminescence band peaking at about 730 nm. The
peak wavelengths of these four bands are all independent of annealing or excitation conditions. As the anneal-
ing temperature is increased, 470-, 550-, and 630-nm bands are initially intensified and then weakened with the
intensity maxima at 600, 300, and 200 °C, respectively; as the annealing time increases from 1 min, they are
monotonously weakened. The 730-nm band is always strengthened whether with increasing annealing time or
temperature within our experimental range. In addition, these four bands show different excitation behaviors.
The discussion section argues that the 470-, 550-, and 630-nm bands result from different point defects in the
bulk of silicon implanted SiO2, while the 730-nm one results from luminescence centers at the interface
between the nanocrystal silicon and SiO2 matrix. @S0163-1829~97!03011-7#
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I. INTRODUCTION

The observation of intense visible luminescence at ro
temperature from low-dimensional silicon structures1 created
an opportunity for incorporating optoelectronic functions
silicon integrated-circuits technology. From then on, cou
less studies focused on silicon-based light-emitting mater
Following the electrochemical technique fabricating poro
silicon,1 many other methods such as plasma deposition f
silane,2–5 silicon-ion implantation into SiO2,

6–11 glass-melt
reaction,12 crystallization of amorphous silicon,13 silicon and
SiO2 rf cosputtering,

14 and reactive ion-etching techniques15

were used to make silicon nanostructures. Among these
most attention was paid to silicon-ion-implanted SiO2 be-
cause of many advantages of the method of ion implantat
routinely used in integrated-circuits technology, enhanc
the mechanical and thermal stability, and enabling one
rule out some of the alternative luminescence sourc
Shimizu-Iwayamaet al.6 used silicon-implanted silica glas
to prepare silicon nanostructure and obtained visible ph
luminescence~PL!. They observed two bands at 1.9 and 1
eV, and ascribed them toE8 center defects and the presen
of silicon nanocrystals, respectively.6–9 Thermally grown
SiO2 is much closer to silicon-based light-emitting materia
and much more compatible to the microelectronic techn
ogy than silica glass, so silicon-implanted thermal Si2
grown on crystal silicon is a promising candidate for silico
based light-emitting materials. With respect to this syste
Komoda et al.11 reported 600–800-nm luminescence, a
Mutti et al.10 observed 490–540-nm luminescence. Th
both ascribed the luminescence to quantum confinemen
nanocrystal silicon. Cheonget al.6 supplied more evidence
for the quantum confinement effect by the hydrostatic pr
sure measurement. However, Liaoet al.17,18 observed 470-
and 550- nm emission and found them defect related
seems that there are multiple luminescence origins
silicon-implanted SiO2. Considering the controversial lum
550163-1829/97/55~11!/6988~6!/$10.00
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nescence mechanism and a lack of overall knowledge,
intend to study the PL evolution of the silicon-implante
thermal SiO2 layer in a wide treatment and measureme
range, to show a complete description of the luminesce
property of this prospective silicon-based light-emitting m
terial.

II. EXPERIMENTS AND RESULTS

Samples were prepared by Si1 implantation at an energy
120 keV and with a dose 231016 cm22, at room temperature
into the SiO2 layer thermally grown on~100!-oriented, 5
V cm, p-type silicon substrate. The thickness of the Si2
layer was 360 nm. The implantation region is at a de
between 90 and 170 nm below the surface. Silicon-implan
wafers were subsequently annealed at temperatures
100 °C to 1150 °C in a controlled N2 atmosphere. Annealing
for shorter than 2 min was performed in a KST-2 rapid th
mal processor, and that for a longer time was in a qua
furnace. The PL spectra and PL excitation~PLE! spectra
were measured on a Hitachi 850 fluorescence spectro
tometer at room temperature. The excitation wavelength
250 nm in this work unless noted otherwise.

Intense visible light emission from our samples was ea
observed at room temperature. The samples with the st
gest PL have intensities higher than 10% of that for a typi
aged porous silicon sample under the same ultraviolet e
tation. As shown in Fig. 1, the PL spectrum for the a
implanted sample without annealing or the sample anne
below 1000 °C~these two cases will be just termed as ‘‘b
low 1000 °C’’ in the following text! appears broad with a tai
at the longer-wavelength side. Comparing the PL spectra
as-implanted and 600 °C, 60-min annealed samples in Fig
it can be seen that the spectrum tails become relativ
weaker with annealing. Through a number of spectrum
compositions, it is found that each of these PL spectra
composed of three bands located at about 470, 550, and
6988 © 1997 The American Physical Society
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55 6989VISIBLE PHOTOLUMINESCENCE FROM SILICON-ION- . . .
nm. Their peak positions change little with the anneal
condition. Naturally, the shape evolution of the PL spectr
with annealing below 1000 °C is caused just by the relat
variation between the three bands. As shown in Fig. 1,
intensity of the 550- or 630-nm band is about one-third
that for the 470 nm one in the PL spectrum of the
implanted sample. A higher annealing temperature lead
weaker 550- and 630-nm bands compared with the 470
one, and the 630-nm band decreases more rapidly with
nealing temperature than the 550 nm one. Figure 1 show
an example: after annealing at 600 °C for 60 min, the int
sity of the 550-nm band is reduced to one-forth of 470-
band, and the 630-nm band disappears. When the anne
temperature is above 1000 °C, the above three bands
quenched; in the mean time, another PL spectrum appea
the annealing time is more than 10 min. As shown in Fig
the PL spectrum for 1100 °C, 60 min annealing is centere
about 730 nm. However, annealing never changes the p
position and the shape of the spectrum obtained by annea
above 1000 °C, so it can be regarded as one band.

By now, we have observed four PL bands, two stronge
470 and 730 nm and two weaker at 550 and 630 nm, fr
silicon-implanted thermal SiO2. Now let us observe thei
variations in detail. At first, the full width at half maximum
~FWHM! of all four PL bands weakly decrease with increa
ing annealing temperature and time~not shown!. Figure 2
shows the temperature and time dependencies of the
grated intensity for each band. As can be seen in Fig. 2~a!,
the 470-, 550-, and 630-nm bands have a similar annea
behavior: with increasing temperature, the PL intensity fi
increases slowly and then decreases rapidly in an isochr
annealing. The maxima for 470-, 550-, and 630-nm ba
are at 600, 300, and 200 °C, respectively. Obviously,
470-nm band is the most stable among these three ba
However, the 730-nm band monotonously increases with
creasing annealing temperature from 1000 °C to 1150
Figure 2~b! shows that the 470-, 550-, and 630-nm ban
decrease with annealing time at similar rates~at 600 or

FIG. 1. Typical PL spectra for an as-implanted sample a
samples annealed at 600 °C for 60 min and at 1100 °C for 60 m
The dashed lines show the decomposed PL bands at about 470
and 630 nm.
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500 °C!, but the 730 nm band increases more rapidly w
annealing time~at 1100 °C!. As a matter of fact, this result is
qualitatively true for any effective temperature. Additionall
although the 730-nm band cannot be detected for sho
annealing, it is very stable once produced.

The observed PL spectra also vary with the excitat
wavelength. In Fig. 3, one can observe a redshift of the
spectrum for 600 °C, 60-min annealed sample with the
creasing excitation wavelength. Spectrum decompositi
show that with increasing excitation wavelength, the 470-
band decreases, while the 550 nm one increases and
becomes the sole band under 300-nm excitation. In gen
longer-wavelength excitation brings about a relatively stro
ger emission of 550- and 630-nm bands compared with
470 nm one. The 550- and 630-nm bands increase almo
the same rate. Finally, the PL spectra never shift when
excitation wavelength is longer than 300 nm. The PL ba
for annealing above 1000 °C, exhibits no change in sh
and FWHM with excitation wavelength.

d
n.
50,

FIG. 2. Dependencies of the PL intensity on~a! annealing tem-
perature and~b! annealing time for the four PL bands at 470, 55
630, and 730 nm. A common annealing time of one hour is cho
for any band in~a!, but different temperatures are selected in~b! for
different bands. Note that the scales of intensity and time are lo
rithmic.
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6990 55H. Z. SONG AND X. M. BAO
To clarify the photoabsorption process of each PL ba
we measured the PLE spectra at various emission positi
which are shown in Fig. 4. Although annealing can chan
the PLE intensity, it cannot change the PLE spectra shap
470, 550, and 630 nm. The PLE spectrum monitored
470-nm emission is a sharp~FWHM 20-nm! peak around
250 nm. That at 550 nm includes the 250-nm peak toge
with a shoulder around 280–290 nm. The 630-nm emiss
has a PLE spectrum almost the same as that of 550
However, the PLE spectrum of the 730-nm band is differ
from the other three. As shown in Fig. 4, it has a backgrou
absorption, which decreases with increasing wavelength.
this background is superimposed a sharp peak at 230 nm
another weak shoulder. More noticeably, a broad PLE p
appears at longer wavelengths, and it redshifts with incre

FIG. 3. Typical PL spectra for 600 °C, 60-min annealing und
different excitation wavelengths and their decomposed bands at
and 550 nm which are shown by dashed curves.

FIG. 4. PLE spectra monitored at 470, 550, and 630 nm for
treatment, and that at 730 nm for annealing at 1100 °C for diffe
times. The intensity scales for 470-, 550-, and 630-nm emission
selected arbitrarily since their shapes are independent of annea
but both spectra for 730 nm have the same intensity scale.
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ing annealing temperature and time. In Fig. 4, we show
results of two samples annealed for 20 and 240 min
1100 °C for comparison.

In order to reveal the microstructure evolution which m
be responsible for the observed PL property, we measu
the electron paramagnetic resonance~EPR! and x-ray photo-
electronic spectra~XPS!. From Fig. 5~a!, the as-implanted
sample was found to involve a broad resonance line for
E8 center defect~O3wSi• •••1SiwO3 or •SiwO3!.

9,10,19,20

The large width forE8 centers has been ascribed to hom
geneous broadening by the dipole-dipole interaction.21 The
asymmetry of this EPR spectrum suggests that it inclu
other lines besides theE8 center. Longer annealing time
especially higher annealing temperature results in the sha
and weaker EPR spectrum and then makes the spec
structure more and more clear. A typical EPR spectrum
600 °C, 10-min annealing is also shown in Fig. 5~a!, from
which we can see the sharpenedE8 line together with an-

r
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FIG. 5. ~a! EPR spectra for as-implanted and 600 °C, 10-m
annealed samples;~b! temperature dependence of the total spin d
sity for one hour of annealing, and time dependences of the
densities ofE8 centers andD centers for annealing at 600 °C. Not
that the scales of spin density and time are logarithmic.
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other low-field resonance, which has been referred to as
D center„~•SiwSi3!n… .

9 In fact, due to their large width, the
E8 andD center cannot be resolved separately until 400
annealing. We estimated the spin density by comparing
resonance area with that of a known standard sample.
total spin density versus temperature is shown in Fig. 5~b!.
Different from the temperature dependence of the PL int
sity in Fig. 2~a!, the spin density just degrades with tempe
ture, which is not in accordance with the reports by Shimi
Iwayama et al.9 who observed a correlation betweenE8
defects and a PL intensity for silicon-implanted silica gla
At temperatures higher than 800 °C, the spin density is
low the detection limit of our EPR instrument. In Fig. 5~b!,
also shown are spin-density variations ofE8 andD centers at
600 °C with annealing time. It is clear thatD centers keep
almost constant, butE8 centers remarkably decrease wi
increasing time. Another fact thatE8 centers degrade mor
rapidly than the PL intensity in isothermal annealing supp
us with more evidence for no exact correlation between
E8 center and PL in our samples. In fact,D centers also
decrease with increasing temperature, but much slower
theE8 center. XPS was measured focusing on the implan
tion layer. It is found that the samples as-implanted and
nealed below 1000 °C show their broadened XPS peak
silicon 2p core level at positions lower than 103.4 eV, whi
is that of stoichiometric SiO2. Figure 6 shows us a XPS pea
at 102.3 eV corresponding to 300 °C, 60-min annealing. T
kind of lower energy XPS has been reported for silico
riched oxide, SiOx ~see Ref. 29, Cookeet al.!. We noted that
the XPS peak deviation from standard SiO2 coexists with the
PL for annealing below 1000 °C. With increasing anneal
temperature and time, this peak sharpens and gradually s
towards 103.4 eV. When the annealing temperature is
1000 °C or higher, this peak is located at 103.4 eV and ne
shifts, while a different peak at about 99.4 eV appears
shown in Fig. 6. This peak corresponds to that for crys
silicon, and becomes more and more intense with increa
temperature and time. The above facts imply that, with
strengthened annealing condition, the as-implanted hom
neous SiOx network tends to be separated into the followi

FIG. 6. Two typical XPS spectra for a Si 2p core level after
annealing at 300 °C for 60 min and at 1100 °C for 60 min.
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two phases: SiO2 and crystal silicon. More important, thi
evolution correlates with the appearance of the 730-nm
band.

III. DISCUSSION

The original purpose of silicon implantation into SiO2 is
to form silicon nanostructure buried in oxide matrix, and
realize strong visible-light emission from quantum confin
ment of nanocrystal silicon. The detectedD centers in our
samples supply evidence for the existence of silicon clus
scattered in the silicon-implanted thermal SiO2 layer. ForD
centers, the slower decrease with temperature and little va
tion with time mean their better stability, especially the pr
cipitation trend of silicon atoms under thermal treatme
However, the silicon cluster will not be well crystallized un
til a critical temperature. The appearance of 99.4-eV X
peak for crystal silicon only above 1000 °C implies that cry
tallized silicon particles, nanosized from many reports,7–9

will not be numerously produced until annealing abo
1000 °C, which is in accordance with the reported results
transmission electronic microscopy.7

According to the above discussion about microstructu
the PL of samples annealed below 1000 °C may not be
cribed to nanocrystal silicon, but to the bulk silicon oxid
As is well known, the visible luminescence centers in Si2
are various defects. Almost all intrinsic point defects of Si2
can be formed by ion implantation. Therefore, the three
bands for samples treated below 1000 °C should be in
preted by the defects in the silicon-implanted layer in SiO2.
The 470-nm~2.7-eV! PL has been thoroughly studied i
silica glass22,23and ion-implanted SiO2 layer.

24 Hayeset al.23

associated this emission with a transient pair of oxygen
cancy and oxygen interstitial. This is less reasonable for
samples because all of them are oxygen deficient.
250-nm ~5 eV! PLE peak of the 470-nm PL band is ofte
observed in SiO2 and has been proved corresponding to
photoabsorption of neutral oxygen vacancy def
~O3wSi2SiwO3!.

22 Consequently, the 470-nm PL band
caused by neutral oxygen vacancy, which agrees with
conclusion by Tohmonet al.22 and Nishikawaet al.24 Al-
though the PLE of 550- and 630-nm band includes
250-nm peak, their difference from that of 470-nm band
apparent. They should be associated with other defects
we know, any bulk point defect in SiO2 has not been ob-
served to be related to a PL band around 550 nm. W
silicon implantation in a large quantity into SiO2, Mutti
et al.10 observed stable PL at 540 nm after 1000 °C anne
ing, and they think it resulted from quantum confineme
effect. Nonetheless, this band is often observed without th
mal treatment at high temperature. The 550-nm band mus
assigned as due to some defect in SiO2, with the microstruc-
ture presently unsettled. As referred to the 630-nm PL ba
Shimizu-Iwayamaet al.9 ascribed it to theE8 defect accord-
ing to their observed identical dependencies on tempera
for their silica samples. In our results there is not such
exact correlation, so we do not think of theE8 center defect
as the just origin of 630-nm PL for silicon-implanted therm
SiO2. In SiO2, another radiative defect is the nonbridgin
oxygen hole center~NBOHC!, whose luminescence re
sembles our observed 630-nm PL band.25,26 As a local oxy-
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6992 55H. Z. SONG AND X. M. BAO
gen excess center, the NBOHC must be unstable and
low in density in our oxygen-deficient material. As a resu
the 630-nm PL is the weakest and the most unstable am
the three bands for annealing below 1000 °C. It is plaus
for us to regard the NBOHC as the very origin of the 630-n
luminescence band.

What is the role of theE8 center defect, which is the mai
EPR signal in the implantation layer? It is necessary to t
account of the nonradiative recombination~NRR! effect in
our samples. Since theE8 center is a hole trap and defe
degrading the electronic properties of thin-film SiO2,

24 we
may regard it as a NRR center. Then, its decrease br
about an increase in PL intensity.17 Nevertheless, the radia
tive center such as the neutral oxygen vacancy, as a de
produced by implantation, also decreases with increasing
nealing time and temperature. That is the very reason for
observed PL degradation by isothermal annealing. From
chemical stability, it may be certain that the bonded neu
oxygen vacancy is more stable than theE8 center with a
dangling bond. Provided that the radiative centers are
duced more slowly than the NRR centers, the tempera
dependencies of PL intensity for the three bands at 470,
and 630 nm can be easily explained. With increasing te
perature, the decrease of the NRR probability first predo
nates in PL variation, so all the three bands become stro
and stronger. When the NRR centers are greatly quenc
the decrease of radiative centers will be more preval
which inevitably weakens the PL.

The distinct behavior of the 730-nm PL band from t
other three suggests its special luminescence mechan
Experiments indicate that the appearance of 730-nm ban
correlated with the crystallization of nanosized silicon a
the disappearance of defects. It is certain that the mean
of nanocrystal silicon particles, will increase with anneali
time at a high temperature.7 However, the little dependenc
of the peak position of the 730-nm band on the annea
condition conflicts with an explanation by quantum confin
ment of nanocrystal silicon. Thus, it can only originate fro
the interface between nanocrystal silicon and disorde
SiO2.

7–9 In detail, it is some localized luminescence cente
the interface that is responsible for 730-nm emission. Str
ger treatment means a larger interface area, including n
crystal silicon increase in size and number. As a result,
730-nm PL intensity rises with increasing annealing te
perature and time. In the PLE spectrum, the character
absorption band at 230 nm cannot be ascribed to point de
because of the diminished defect density. It is most proba
also from the interface between nanocrystal silicon and Si2.
More important, the shifting PLE band in the longer wav
length range can be reasonably referred to as the opt
absorption transition inside nanocrystal silicon. Its reds
r,
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results from the decreased band gap. The absorption in
nanocrystal silicon together with the emission process at
interface has been described in the luminescence mecha
of porous silicon suggested by Kochet al.27 and Qin and
Jia28 which have been supported by more and more exp
mental results.29 After annealed at temperatures higher th
1000 °C, silicon-implanted SiO2 film is much like porous
silicon in structure, i.e., nanocrystal silicon surrounded by
amorphous matrix, so it is comprehensive for them to ha
the same photoluminescence mechanism. On the other h
the interfacial luminescence center emitting 730-nm light h
never been found for the interface between bulk silicon a
the SiO2 layer, but often observed in oxidized porou
silicon.29 It may be a certain local state which is produc
only at the interface between nanocrystal silicon and am
phous silicon oxide.

The PL so far observed from silicon-implanted therm
SiO2 has covered the whole visible range. This is helpful a
valuable to application research. Due to the lack of an int
sity balance between different luminescence bands, howe
it is urgent to thoroughly improve the luminescence e
ciency. The photoabsorption of nanocrystal silicon provid
an available path to strengthen the PL. That is to const
nanocrystal silicon particles small enough together with
numerous presence of the luminescence centers. Ano
topic for further study is to separate those coexisting defe
produced by ion implantation to obtain single band emissi

In summary, we systematically investigated the PL
silicon-implanted thermal SiO2 film. The PL of samples an-
nealed below 1000 °C~including as-implanted! and above
1000 °C were discovered to have different behaviors. T
former is composed of three PL bands at 470, 550, and
nm, which show an intensity maxima at 600, 300, a
200 °C, respectively, in isochronal annealing and decreas
similar rates with time in isothermal annealing. The latter
band at 730 nm, always rises with increasing annealing t
perature and time in our measurement range. Among th
four PL bands, 470 and 730 nm are strong and stable, w
550 and 630 nm are weak and unstable. Microstruct
analysis and excitation research indicate that the 470-, 5
and 630-nm bands originate from different defects in
silicon-implanted SiO2 layer, while the 730-nm band result
from luminescence centers at the interface between na
rystal silicon and silicon oxide matrix.
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