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The continuous-wave/time-resolved photoluminescence �CWPL/TRPL� and capacitance–voltage �C-V� analysis of multirecipe
silicon-ion-implanted SiO2 �SiO2:Si+� are demonstrated to study the lifetime evolution of three radiative defects with luminescent
peaks at 415, 455, and 520 nm, which are identified as the weak oxygen bonding �O–O� defects, neutral oxygen vacancy �NOV�,
and precursors of nanocrystallite Si �E��� defects, respectively. The TRPL analysis reveals that the concentrations of weak oxygen
bonding and NOV defects with lifetimes of 12–16 ns in as-implanted SiO2:Si+ are 3–4 � 1017 cm−3, agreeing well with
those determined using C-V analysis. The NOV and weak oxygen-bonding defects reach their maximum densities and the
shortest emission lifetimes of 7.0 � 1018 cm−3 and 3.6–7.2 ns, respectively, after annealing for 1.5–3 h. These results support
the dissociation of SiO2 matrix during a Si-implanting process with a reaction of O3�Si–O–Si�O3 → O3�Si–Si�O3
+ Ointerstitial → NOV + �1/2� O–O, which is the origin of the strong blue-green CWPL observed in the SiO2:Si+. The regrowth of
SiO2 matrix after long-term annealing is also confirmed by the significant reduction of NOV and weak oxygen bonding defects.
In contrast, the concentration of the E�� center reveals a slowly increasing trend due to the less pronounced precipitation of
nanocrystallite Si in SiO2:Si+ during the annealing process.
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Si-implanted SiO2 �SiO2:Si+� materials1-5 with a damaged lattice
containing highly mobile vacancies and interstitials have been
shown to exhibit a strong photoluminescence �PL�, in which the
dominant PL mechanisms are correlated with both nanocrystallite Si
�nc-Si� with different sizes and the radiative defects near the
Si–SiO2 interface.6 In particular, the defect-related blue-green PL is
intriguing for white-light-emitting applications. Various PL peaks
have previously been observed in the Si-rich SiO2 formed by differ-
ent synthesizing methods, which is located in the blue-green range
�340–370, 415, 437, 470, and 490–540 nm�.1,7-9 The categorical
identification of these defects, their lifetimes, and concentrations in
SiO2:Si+ film have attracted much attention. In principle, Si-ion im-
plantation introduces various point defects in SiO2, such as the weak
oxygen bonding defect �O–O� at PL wavelength of 415 nm,10 neu-
tral oxygen vacancy �NOV� �O3�Si–Si�O3� at 450 nm,7,11 the E��
defect �Si↑Si�Si� at 516 nm,8 the nonbridging oxygen hole center
�NBOHC� �O3�Si–O · � at 630 nm,12 and some nonradiative cen-
ters such as the E� center �O3�Si· or O3�Si· +Si�O3�,

13,14 the
peroxy radical center �O3�Si–O–O · �, and the D center
��Si3�Si · �n�.15,16 Typically, high-temperature and long-term an-
nealing of SiO2:Si+ usually leads to the quenching of defect-related
PL and to the development of a red emission at 1.6–1.7 eV, which
are individually correlated with the decrease of oxygen vacancies
and interstitials and the formation of a large amount of precursors of
nc-Si. The variations in density of these defects are determined by
versatile techniques such as capacitance–voltage �C-V� analysis,
deep-level transient spectroscopy, and temperature-dependent con-
ductance, etc.

Recently, time-resolved PL �TRPL� has also been applied to
study the recombination dynamics of relaxed carriers in SiO2:Si+,
which also provides direct information on the evolution rate in con-
centrations of the principle radiative defects such as NOV and E�� in
SiO2:Si+. By using TRPL, lifetimes of 55–70 �s for Si dangling
bonds in SiO2:Si+ annealed at 1100°C for up to 2 h have previously
been reported.17 Kudrna et al. also determined the absorption cross
section and lifetime of photoexcited carriers in amorphous silicon
structure as 1 � 10−17 cm2 and 20 ps, respectively.18 Later on, the
wavelength-dependent TRPL lifetime of nc-Si embedded in SiO2
was reported by Garcia’s group,6 which is 20–200 �s for nc-Si size
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ranging from 2.5 to 7 nm with an associated absorption cross sec-
tion from 1 � 10−16 to 1 � 10−15 cm2. However, the emission life-
time and concentration of these radiative defects as well as their
ultrafast luminescent dynamics in the as-implanted and high-
temperature-annealed SiO2:Si+ materials have yet not been fully
characterized. Pifferi et al.5 observed that the 450–515 nm PL of
thermally annealed SiO2:Si+ exhibits multiple lifetimes of 0.4, 2,
and 10 ns, which are attributed to the radiative defects acting as
precursors of Si nanocrystals. Nishikawa et al.8 have reported
defect-dependent TRPL lifetimes ranging from 2.3 to 45 ns in
oxygen-implanted SiO2.

In this paper, the categories and lifetimes of three different ra-
diative defects in multirecipe SiO2:Si+ films with uniformly distrib-
uted Si excess density and the concentrations of NOV defects are
characterized. The optimized annealing durations for completely ac-
tivation of the weak oxygen bonding and NOV defects are deter-
mined via continuous wave photoluminescence �CWPL� results. The
absorption cross sections of defects in the SiO2:Si+ are determined
from a quantum-mechanical approach.19,20 Moreover, the lifetimes
and concentrations of these defects at different annealing periods are
determined from the TRPL and the two-level quantized radiation
model,21 which have also been compared with those determined by
using the C-V measurement. The experimental results further clarify
the interactions and changes among the silicon and oxygen vacan-
cies and interstitials in SiO2:Si+ during the annealing process.

Experimental

A 5000-Å-thick SiO2 film was grown on �100�-oriented n-type Si
substrate with resistivity of 4–7 � cm using plasma-enhanced
chemical vapor deposition �PECVD�. Tetraethoxysilane fluence of
10 sccm, O2 fluence of 200 sccm under a process pressure of
400 mTorr, and the radio frequency �rf� forward power of 150 W
were set for the PECVD process. The SiO2:Si+ samples were pre-
pared by multienergy implantation of the SiO2 film with Si recipes
of 5 � 1015 ions/cm2 at 40 keV, 1 � 1016 ions/cm2 at 80 keV, and
2 � 1016 ions/cm2 at 150 keV. The SiO2:Si+ samples were an-
nealed in a quartz furnace with flowing N2 gas at 1100°C from
0.25 to 5 h, which helps the activation of radiative defects, the
elimination of trapping centers, and the precipitation of nc-Si in
SiO2:Si+. The room-temperature CWPL of the SiO2:Si+, pumped by
He–Cd laser at a wavelength and the average power intensity of
325 nm and 5 W/cm2, was analyzed with a photon counting system,
which includes a fluorescence spectrometer �Jobin Yvon, TRIAX-
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320� with a wavelength resolution of 0.06 nm and a photomultiplier
�Jobin Yvon, model 1424M�. The pumping laser was focused and
the working distance between the focusing lens and the sample was
fine-tuned to obtain the highest PL intensity. The PL data of all
samples were offset by PL system response. In the TRPL experi-
ment, the SiO2:Si+ sample was pumped by a subnanosecond flash
lamp at wavelength and repetition rate of 325 nm and 40 kHz, and
was analyzed by a time-correlated single-photon counting system
�Edinburgh Instruments, model FL920� at wavelengths cor-
responding to the defect-related PL �i.e., � = 415, 455, and 520
nm�. The TRPL trace, IPL�t�, was then resolved to extract
the defect lifetime by using a deconvoluted equation,
IPL�t� = �−�

� �n=1
k Ine−t�/�n · ILaser�t − t��dt�, where In and �n are the

intensities and lifetimes for corresponding defects.
Because the NOV defect is a hole trapper, it becomes a nonradi-

ative E� defect after optical pumping due to the up-transition of
ground state electrons.22 Moreover, the holes can be trapped
by NOV defects under positive bias. Therefore, a hysteresis
on the capacitance of the SiO2:Si+ is attributable to the trapping
of holes �or electrons� in the sample. Experimentally, the defect
concentration in SiO2:Si+ can be measured by C-V analysis of a
Al/SiO2:Si+/n-Si/Al metal-oxide-semiconductor �MOS� diode with
an electrode area of about 1.26 � 10−3 cm2 using a C-V meter
�Hewlett Packard, 4280A� at modulation frequency of 1 MHz. The
hysteresis C-V curve was measured by backward and forward scan-
ning the biased voltage between −100 and +100 V with the
voltage step of 0.05 V/s. The density of hole-trapped NOV
defects in SiO2:Si+ �NNOV� is obtained from the equation
NNOV = −�VFBCOX/e, where Cox is the capacitance of the SiO2:Si+

in the strong accumulation regime and �VFB is the flatband voltage
shift.

Theoretical Model

According to Einstein’s two-level quantized radiation model,21

the correlation among emission �absorption� cross section, density,
and lifetime of the defects in SiO2:Si+ has to be obtained from the
rate equation of a two-level system. According to the rate equation
of the two-level system

−
dN1

dt
=

dN2

dt
= − A21N2 + B12N1	�
� − B21N2	�
� �1�

where N1 is the population density in the state 1, N2 is the popula-
tion density in state 2, A21 is the spontaneous emission coefficient,
B21 is the stimulated emission coefficient, and 	�
� is the radiation
density per frequency interval. Because there is no stimulated emis-
sion in the PL of the SiO2:Si+, the rate equation is simplified as

−
dN1

dt
=

dN2

dt
= − A21N2 + B12N1	�
� �2�

In the steady state, we have

N2 =
B12

A21
N1	�
� �3�

By assuming that N1 equals Ndefect and A21 equals a reciprocal life-
time of �defect

−1 , that is

N2 = B12�defectNdefect	�
� �4�

according to the Einstein relations of B21 = B12 and
B21 = c3A21/8�n2nghv3, we have

N2 =
c3

8�n2nghv3Ndefect	�v� =

� IPLAdt

hv
�5�

where A is the spot size of the pumping source. By expressing
	�
� = ���t�Adt, where ��t� denotes the pumping flux density, we
then have
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� IPLdt =
c3

8�n2nghv3Ndefect
hv
A � ��t�Adt �6�

That is,

IPL�PL 	
c3

8�n2ngv
2Ndefect��t��pump �7�

IPL 	
c3

8�n2ngv
2Ndefect��t�

�pump

�PL

 �Ndefect��t�

�pump

�PL
�8�

IPL = ��Ndefect��t�
�pump

�PL

 �Ndefect��t��PL

−1 �9�

where IPL is the PL intensity yield of the emitting centers, � is a
relative coefficient, � is the emission �absorption� cross section of
the radiative defect, �pump is the lifetime of the pumping source, �PL
is the defect lifetime in the SiO2:Si+, and Ndefect is the total number
of the defect centers that are able to emit. Equation 9 was also
adapted and expressed as I 
 ����/�R�N in previous reports17,22-24

to estimate the correlation between varied PL intensity and lifetime
of the radiative defects. The absorption cross section ��� of the
radiative defects in SiO2:Si+ can be theoretically simulated from the
equation20 �defect = �2/8��
�defect, where � is the peak wavelength
of the defect, �
 is the linewidth of the PL spectrum, and �defect is
the lifetime of the defect. Accordingly, the corresponding �s of the
weak oxygen bonding, NOV, and E�� defects are also listed in Table
I.

Results and Discussion

The composition of the SiO2:Si+ film.— The excessive Si den-
sity is about 1.57 atom % �or a total Si concentration of 34.9 atom
%� obtained by Rutherford backscattering spectrometry �RBS�
analysis. The RBS analyzes the composition of the Si-rich SiO2
�SiO2:Si+� film by bombarding the SiO2:Si+ film with 2 MeV He+

ions and picks up the backscattering signal at an angle of 170°. The
composition of the SiO2:Si+ film was analyzed using commercial
software “Genplot.” The RBS spectrum of SiO2:Si+ film indicates
clear signals of Si and oxygen at 1.147 MeV and 742.0 keV, respec-
tively, as shown in Fig. 1, revealing that the thickness of the as-
implanted SiO2:Si+ film is about 500 nm, which is in good agree-
ment with that measured by a surface profiler. After dividing by the
received probability of the Si and O �1.039 and 0.3122, respec-
tively�, the calculated ratio of O/Si in the SiO2:Si+ film is 1.86,
corresponding to a total Si concentration of about 34.9 atom %. That
is, the as-implanted SiO2:Si+ film is SiO1.86. The total Si concentra-
tion in the SiO1.86 is about 34.9 atom %, which is 1.57 atom % more
than that in an ordinary SiO2 sample. An as-implanted SiO2:Si+ film
with 34.9 atom % Si at depth between 100 and 500 nm below the
sample surface is also obtained �see Fig. 1�. The excessive Si in the

Table I. Lifetimes, cross sections, and defect concentrations of the
SiO2:Si+ samples in as-implanted and 1.5-, 3-, and 4-h annealing
conditions.

As-implanted
1.5-h

annealed
3-h

annealed
4-h

annealed

�O–O �ns� 12.4 9.8 7.2 11.0
�NOV �ns� 15.0 3.6 4.7 7.9
�E

��
�ns� 15.7 12.8 11.1 10.0

�O–O �cm2� 9.4�10−17 1.4�10−17 1.2�10−17 1.6�10−17

�NOV �cm2� 8.1�10−17 2.3�10−17 1.8�10−17 1.5�10−17

�E
��

�cm2� 4.3�10−17 4.9�10−17 5.0�10−17 5.7�10−17

NO-O �cm−3� 2.4�1017 4.8�1018 7.0�1018 2.5�1018

NNOV �cm−3� 3.5�1017 6.6�1018 4.8�1018 4.2�1018

NE
��

�cm−3� 1.8�1018 2.4�1018 3.6�1018 3.9�1018
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SiO2:Si+ film is uniformly distributed at depth between 100 and
500 nm below the sample surface, corresponding with the result
using transport of ions in matter TRIM simulation �see the inset of
Fig. 1�.

Continuous-wave photoluminescence of SiO2:Si+.— The CWPL
spectra of SiO2:Si+/Si samples including the unimplanted SiO2 on
the Si substrate, the as-implanted SiO2:Si+, and the SiO2:Si+ an-
nealed at 1100°C for 1.5, 3, and 4 h are shown in Fig. 2. Orbons et
al.25 have demonstrated that the thickness �larger than 650 nm� of a
SiO2 film is shown to have a significant effect on the measured PL
spectrum from nc-Si embedded in the SiO2 film. To characterize the
effect of substrate reflectivity, the reflectivity spectrum of the 3-h
annealed SiO2:Si+ sample is characterized �see the inset of Fig. 2�.
Indeed, the enhanced reflectivity �due to the Si substrate� slightly
modulates the PL spectrum; however, its influence is tiny. In com-
parison, the original and calibrated spectra are similar. To confirm
the finite influence of the sample reflectivity on the PL spectrum, a
500-nm SiO2 layer was deposited on a quartz substrate and im-
planted the sample with identical recipe. Although the intensity of
the PL spectrum for the 3-h-annealed, Si-implanted SiO2 on quartz

Figure 1. RBS spectrum of the as-implanted SiO2:Si+ film. Inset: TRIM
simulation of the multirecipe Si-ion implantation.

Figure 2. The PL spectra of SiO2:Si+/Si samples: �a� unimplanted SiO2 on
Si substrate, �b� as-implanted SiO2:Si+, and SiO2:Si+ annealed at 1100°C for
�c� 1.5 h �d� 3 h, and �e� 4 h. Inset: PL and reflectivity spectra from the
3-h annealed sample.
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is much lower than that of the SiO2:Si+/Si sample. Both the normal-
ized spectra from SiO2:Si+/quartz and SiO2:Si+/Si are almost un-
changed.

A high density of dangling bond defects such as paramagnetic E�
centers and diamagnetic NOV defects can be observed in most ion-
implanted or radiation-damaged SiO2. However, only few of these
defects were observed in Si-rich SiO2 or porous Si samples prepared
by PECVD and sputtering technologies without using ion implanta-
tion. This indicates that the effect of the ion implantation on the
generation of such defects are more pronounced. The PL spectra
results from the direction transition between excited and ground
states of defects. The CWPL of the multirecipe SiO2:Si+ at
415–520 nm is enhanced after annealing at 1100°C for 1.5, 3, and
4 h, which is not observed in the unimplanted SiO2 film on Si sub-
strate and is relatively weak in as-implanted SiO2:Si+ �see Fig. 2�.
The curve fitting of the broadened and unsymmetrical PL spectrum
of the SiO2:Si+ reveals three dominated emissions at peaks of 415,
455, and 520 nm with linewidths of 35, 52, and 150 nm, respec-
tively. After 150-min annealing, the PL peak wavelengths of the
SiO2:Si+ become stable, as shown as Fig. 3. The intensities of the
decomposed PL spectra at different wavelengths of 415, 455, and
520 nm as a function of annealing time are shown in Fig. 4. The
CWPL intensity of peaks at 415–455 nm increases over one order of
magnitude at this stage. Such a strong blue-green emission results
mainly from the activation of dense radiative defects such as weak
oxygen bonding and NOV defects in SiO2:Si+ film, which is par-
ticularly enhanced by physically bombarding the SiO2 matrix using
such as multirecipe Si-ion-implantation process. The strongest PL
peaks at 415–455 nm with linewidth of 35–50 nm correlates well
with those obtained by Nishikawa et al.,8 which are found in the
Si-implanted thermal SiO2 �2–3 � 1017 cm−2, 80–190 keV�,3 Ge-
implanted SiO2 �5 � 1015 cm−2, 80 keV�,7 and Ir2+-implanted silica
glass �0.6–7 � 1016 cm−2, 2 MeV�.10 The luminescence at 455 nm
reported by Bae et al.7 is attributed to the transition between the
ground state �singlet� and the elevated state �triplet� of the NOV
defect.15,26 Liao et al.1 also interpreted that the 2.65–eV band is
attributed to the oxygen vacancy defect �O3�Si–Si�O3�.

According to the PL spectra of the annealed SiO2:Si+ film, as
shown in Fig. 2, a red shift of PL peak from 826 to 856.5 nm and a
maximum PL intensity found for the 3-h-annealed sample are ob-
tained. In fact, the near-infrared PL is contributed by the precipitated
Si nanocrystals, however, their density is much lower than the irra-
diative defects because the dosage of the Si ion-implantation process
in this experiment is not enough. Our low-dosage Si-implanted
SiO2:Si+ sample gives rise to a relatively weak near-infrared PL
peak as compared to those reported for other Si-rich SiOx samples
with excessive Si densities of up to 6–10 atom %.23,24

Figure 3. The decomposed peak wavelength as a function of annealing time.
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Origins and evolutions of the weak oxygen bond and NOV de-
fects.— To confirm, the absorption spectroscopy of the SiO2:Si+

layer on quartz is also performed to characterize the absorption
peaks corresponding to the NOV defects, as shown in Fig. 5a. The
derivative absorption spectrum shown in Fig. 5b clearly reveals an
absorption peak at 248 nm, which is corroborated as the contribu-
tion of a B2 center �O3�Si–Si�O3� by Barthou et al..27,28 Addition-
ally, another absorption band at 214 nm attributed to the nonradia-
tive E� defect27,29 �i.e., the ionized NOV center� is also observed.
These two absorption peaks are the direct evidence for the existence
of oxygen vacancies in the SiO2:Si+. Recently, the B2 center with
absorption at about 248 nm in oxygen-deficient or ion-implanted
SiO2 has been theoretically and experimentally confirmed by
Skuja.30 According to previous reports, two PL bands at 4.3–4.4 and
2.6–2.7 eV for the B2 and NOV centers, respectively, have been
observed.31,32 The singlet-band down transition from the B2 center
exhibits a decay time of �10 ns, whereas the lifetime of the triplet-
band down transition from the NOV center is about 10.2 ms.33,34 In
the SiO2:Si+ sample, both the B2 center and the NOV center have
been observed by the absorption spectroscopy and by continuous-
wave PL, respectively. The lifetime of the NOV center in the
SiO2:Si+ is determined as 15 ns.

After Si implantation, the oxygen vacancies were created by the
displacement of oxygen from a normal network site,13 and the oxy-
gen interstitials �the precursors for the weak oxygen bonding de-

Figure 4. The annealing-time dependent PL intensities at different wave-
lengths of 415, 455, and 520 nm.

Figure 5. �a� The transmission spectrum of the SiO2:Si+ layer on a quartz
substrate after 1.5 h annealing. �b� The derivative absorption spectrum of the
SiO :Si+ layer on a quartz substrate.
2
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fects� are generated concurrently. This can be described by the re-
action rule of O3�Si–O–Si�O3 → O3�Si–Si�O3 + Ointerstitial.
The Si implantation not only induces strong displacement of the
oxygen bonds but also generates enormous silicon/oxygen intersti-
tials from the damaged lattice. The oxygen interstitials in the silica
glasses induced under different ion-bombardment �Si, P, Cr, or Ir�
processes were also found in previous reports,10,35,36 which can be
completely activated with appropriate annealing condition but elimi-
nated under excessive thermal energies. These results correlate well
with our PL observation of weak oxygen bonding defects in the
SiO2:Si+. It is mandatory to discuss the intrinsic and extrinsic photo-
ionization mechanisms in SiO2:Si+ material. The intrinsic process
involves the displacement of oxygen atoms from their positions in
the perfect SiO2 network and the generation of an E� center under
UV illumination

O3�Si–O–Si�O3 → O3�Si·+Si�O3 + O− �10�
Such a process is rarely difficult to initiate. In contrast, the ex-

trinsic process transforms the NOV defects to the E� center, which is
described by

O3�Si–Si�O3 → O3�Si·+Si�O3 + e− �11�

As the absorption at 248 nm is much stronger than that at
214 nm, it is realized that the extrinsic process dominates defect
formation in the SiO2:Si+. The creation of oxygen interstitials fol-
lows from the implant-induced dissociation rather than the photo-
ionization. In addition, the CWPL at 415 nm was confirmed to be
originated from the weak oxygen-bonding defects transformed from
the oxygen interstitials via the longer thermal annealing time after Si
implantation.10,14 The increasing trends in CWPL intensities of weak
oxygen bonding and NOV defects after annealing are similar, be-
cause the formation of the oxygen bonding defects from oxygen
interstitials is initiated after annealing for 0.75 h, and the density of
NOV defects linearly increases with that of the weak oxygen bond-
ing defects. After annealing for more than 1.5 h, the CWPL intensity
of NOV defects reaches its maximum, while the weak oxygen-
bonding-related PL intensity increases at a lower rate. This is due to
the additional energies required for the formation of weak oxygen
bonding defects from the oxygen interstitials. Although the complete
activation of the NOV defect happens earlier than that of the weak
oxygen bonding defect, the maximum CWPL intensities of both
radiative defects are within the same order, which confirms again the
reaction rule of oxygen vacancies and interstitials generated in the
SiO2:Si+ after Si-ion-implantation.

The exhibition and evolution of the E�� defect in SiO2:Si+.— The
origin for the CWPL at 520 nm was previous identified as the emis-
sion of E� defect �a delocalized variant of the E center� by Chou et

Figure 6. The EPR spectra for the SiO2:Si+ samples before and after anneal-
ing from 45 to 180 min.
� �
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al.4 They concluded that a deficiency of oxygen and hydrogenous
species could create the E�� defect in SiO2:Si+ films after rapid ther-
mal annealing at �950°C. Some observations5,14,37 suggest that the
E�� defect is based on the existence of small amorphous Si
clusters14,38 or their precursor5 in SiO2:Si+ or Si:O+ materials. The
E�� center is generally an unpaired spin delocalized over five
silicons,37-39 which can be examined by electron paramagnetic reso-
nance �EPR� measurement. Figure 6 shows the EPR spectra for the
SiO2:Si+ samples before and after annealing. No significant EPR
feature can be observed in the as-implanted SiO2:Si+. After anneal-
ing, a gradually enlarged EPR signal with zero crossing g value of
2.0019, which is attributed to the formatted E�� defect �generally
depicted as Si↑Si�Si�.40-42 The EPR intensity increases by two
times as the annealing time lengthens to 3 h, which is in relatively
good agreement with the CWPL analysis. In contrast, the increasing
E�� defect density is relatively slow, which corroborates well with the
increasing trend of nc-Si density after annealing. The complete ac-
tivation of weak oxygen bonding defects at annealing times of up to
2–3 h is observed, while the slight elimination of NOV defects in-
evitably leads to a slight red-shift of the PL from 415 to 455 nm. As
the annealing time lengthens to 4 h, the decay of NOV and oxygen
defects is more significant than the formation of E�� centers. The
reduction in density of weak oxygen bonding defects is more pro-
nounced than that of NOV defects at this stage, whereas the
E��-related PL intensity tends to remain or slightly grows up. The
longer thermal annealing procedure required for the formation of
weak oxygen bonding defect from the oxygen interstitials is thus
elucidated by our experimental results.

Moreover, our experiments also reveal that the long-term and
high-temperature annealing process is expected for complete recom-
bination of point defects through diffusion of mobile oxygen and for
the precipitation of nc-Si through E�� defects in SiO2. The E�� defects
which result from the oxygen-deficient structures and small a-Si
clusters are preferable to the origin of CWPL at 520 nm. These
results have concluded the enhancement in defect-related CWPL
intensity due to the complete activation of corresponding defects
with optimized annealing times. The optimized annealing tempera-
ture and annealing time of 1100°C and 3 h for the multirecipe
SiO2:Si+ film are well below reported conditions �1350°C and 8 h
for Si:O+ by Nishikawa et al.�,8 which indicates that the enhance-
ment in defect-related CWPL is much faster than that contributed by
the nc-Si in SiO2:Si+. In comparison, Nishikawa et al. also observed
three PL components at 3.1, 2.7, and 2.4 eV, which is similar to our
results.8 The PL peak intensity for three defects concurrently in-
creases during the first 0.25-h annealing, which is due to both the
elimination in nonradiative defects and the activation of radiative

Figure 7. The normalized TRPL spectra of weak oxygen bonding defects in
the SiO2:Si+/Si samples annealed for different times.
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defects at this stage. Similar elimination phenomenon of E� centers
in SiO2:Si+ with dosage of 2 � 1016 ions/cm2 was also observed
after thermal annealing at 600°C for 0.5 h.1 After annealing for 1 h,
the radiative defects compete well with the nonradiative defects and
show a balanced situation. The nonradiative defects are probably
annealed out after 1 h. The densities of these radiative defects be-
come far higher than those in as-implanted samples and are changed
�usually reduced� at different rates during thermal annealing. A re-
markable stabilization of these defects thermally activated after
2-h annealing is observed �see Fig. 2�. However, a longer annealing
process ��3 h� only leads to the abrupt decay of CWPL intensities
for these defects �except E���. The strong correlation between the
generation of NOV and weak oxygen bonding defects has also been
explained from the CWPL results.

Time-resolved photoluminescence of radiative defects in
SiO2:Si+.— The normalized TRPL traces of SiO2:Si+ for weak oxy-
gen bonding, NOV, and E�� defects with different annealing condi-
tions are shown in Fig. 7-9, respectively. A nonlinear least-squares-
fitting has revealed that the corresponding amplitudes and lifetimes
of the two-step exponential decayed PL traces are varied after an-
nealing. The first step, exponential-like decayed PL trace is attrib-
uted to the system response �
1 ns�, which has been ruled out
during the deconvolution process. The TRPL result of the SiO2:Si+

sample measured at one of the detected wavelengths may be com-
posed by other defects because the spectral distribution of the indi-
vidual defects are overlapped. The CWPL analysis reveals that the

Figure 8. The normalized TRPL spectra of NOV defects for the SiO2:Si+/Si
samples annealed for different times.

Figure 9. The normalized TRPL spectra of E�� defects for the SiO2:Si+/Si
samples annealed for different times.
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relative PL intensity detected at 520 nm is mainly contributed by the
E�� centers themselves. The contributions of the other two defect-
related PL components are negligible at this wavelength. In contrast,
the NOV defects predominate the PL intensities at 455 nm; how-
ever, the contribution of PL component at 520 nm �caused by the E��
center� is not neglected. A similar situation is also found in the
analysis of PL at 415 nm �mainly caused by weak oxygen bonding
defects�. Therefore, the luminescent decay detected at 455 and
415 nm should be dissolved using the following equations

fNOV�t� = ANOVe−t/�NOV + AE
��
e−t/�E��

and

fO–O�t� = BO–Oe−t/�O–O + BNOVe−t/�NOV + BE
��
e−t/�E��

As a result, the carrier lifetimes of these different radiative defects
as a function of annealing time obtained by fitting the TRPL trace of
each SiO2:Si+ sample are shown in Fig. 10. The TRPL lifetime of
the weak oxygen bonding defects shortens from 12.4 to 7.2 ns as
the annealing time increases up to 3 h, while the NOV defects ex-
hibit a similar decreasing trend but with much longer lifetimes �from
15.0 to 4.7 ns�. Instead, the TRPL lifetimes of the oxygen and NOV
defects lengthen from 7.2 to 11.0 ns and from 4.7 to 7.9 ns as the
annealing further increases to 4 h. The TRPL analysis has confirmed
that the weak oxygen bonding defects exhibit higher emission rate
and larger density than the NOV defects. In contrast, the TRPL
lifetime of E�� centers at different annealing conditions shows a mod-
erately decreasing trend �from 15.7 to 11.1 ns�. This again corrobo-
rates with the gradual formation procedure for the precursors of
nc-Si in SiO2:Si+.

Capacitance-voltage characterization of densities of NOV de-
fects in SiO2:Si+.— Subsequently, the density of NOV defects is
also measured via C-V analysis to verify the concentrations of de-
fects obtained from TRPL results. It is known that the E� center is a
positively charged NOV defect in the SiO2:Si+; the holes can be
trapped by the NOV defects during the applied positive bias of the
Al/SiO2:Si+/n-Si/Al MOS diode. The C-V curve reveals a clear
hysteresis associated with a flatband voltage shift ��VFB�. For ex-
ample, the high-frequency C-V curves for as-implanted SiO2:Si+

MOS diodes are shown in Fig. 11. The NOV defect concentration of
about 3.5 � 1017 cm−3 can thus be determined by the flatband volt-
age shift of −42.1 V. The oxygen and NOV defect concentrations of
the SiO2:Si+ after annealing for 1.5 h or longer are nearly two and
three times higher than those of the as-implanted sample, respec-
tively �see Fig. 12�. However, the TRPL results also support that
both the weak oxygen bonding and NOV defects are gradually

Figure 10. The lifetime of weak oxygen bonding �dashed line�, NOV �short
dashed line�, and E�� defects �dotted line� as a function of annealing time.
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eliminated after annealing for longer than 4 h, as shown in Fig. 12.
Conversely, the E�� defect concentration after 4-h annealing shows a
slowly increasing trend. By analyzing the TRPL at wavelengths of
650–850 nm, the size-dependent lifetime and absorption cross sec-
tion of SiO2:Si+ with nc-Si size of 2.5–7 nm were reported as
20–200 �s and 5–8 � 10−16 cm2.6 In comparison, the cross section
of E�� centers �5.7 � 10−17 cm2� calculated from our results, as
shown in Fig. 13, is very close to that obtained from the extrapola-
tion of the plot �cross section � vs �PL� given by Garcia et al.6 With
a pumping photon flux of about 8.2 � 1018 cm−2 s−1 and the calcu-
lated excitation cross section of 9.4 � 10−17 cm2, a product of
�� = 7.7 � 102 s−1 is obtained. The PL measurement is performed
under a low pumping regime because the �� is much smaller than
the de-excitation rate ��−1� of all SiO2:Si+ samples. In this case, the
defect concentrations of the SiO2:Si+ samples with different anneal-
ing conditions can be calculated from the PL intensity of the emit-
ting centers �I = ���N/��,12-15 as shown in Table I. These results
are consistent with the trend of CWPL intensity of the SiO2:Si+

sample. Furthermore, the increasing but low concentration of E��
defects as opposed to that of the weak oxygen bonding and NOV
defects after long-term annealing has also been explained, which is
mainly attributed to the slower gathering rate of Si atoms during the
annealing process. However, it is also revealed that the current im-
planting dosage for the SiO2:Si+ may not be sufficient for precipi-

Figure 11. The C-V hysteresis measurement of as-implanted SiO2:Si+.

Figure 12. The defect concentration of weak oxygen bonding �dashed line�,
NOV �short dashed line�, and E�� defects �dotted line� as a function of an-
nealing time.
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tation of dense and large nc-Si in the SiO2 matrix. The lowest con-
centrations of the weak oxygen bonding and NOV defects in the
SiO2:Si+ films at 1100°C after 4-h annealing are 2.5 and 4.2
� 1018 cm−3, respectively.

From these observations, it is realized that ion implantation can
introduce more dangling bond defects than other synthesizing meth-
ods for Si-rich SiO2 such as PECVD and sputtering. After Si im-
plantation �or the physically bombarding process with the high-
energy ions�, the oxygen vacancies and the oxygen interstitials
�the precursors for the weak oxygen-bonding defects� are
created due to large amounts of the displacement of oxygen
from the SiO2 matrix.14 The Si-implantation-induced reaction
O3�Si–O–Si�O3 → O3�Si–Si�O3 + Ointerstitial enhances the
blue-green PL. In comparison with NOV defects, an additional en-
ergy is required for the formation of weak oxygen bonding defects
from the oxygen interstitials. Although complete activation of the
NOV defects happens earlier than that of the weak oxygen bonding
defects, the increasing magnitudes of both radiative defects are
within the same order of the magnitude. This again confirms the
reaction rule for oxygen vacancies and interstitials in SiO2:Si+. The
reduction in density of weak oxygen bonding defects is more pro-
nounced than that of NOV defects because two oxygen interstitials
are required to generate a weak oxygen bonding defect. The slowly
rising E��-related PL intensity indicates that the formation of nc-Si
requires longer annealing times and larger mobile energies for Si
atoms. The complete activation of the E�� defects does not happen in
the experimental results, which reveal the nc-Si structures have not
yet been well constructed.

Conclusion

The evolutions in concentrations, lifetimes, and absorption cross
sections of the defects in multidose silicon-ion-implanted SiO2
�SiO2:Si+� annealing at 1100°C with different annealing times have
been studied by using CWPL, TRPL, and C-V measurement. After
Si implantation �or the physically bombarding process with the
high-energy ions�, the oxygen vacancies and the oxygen interstitials
�the precursors for the weak oxygen bonding defects� are created
due to large amounts of the displacement of oxygen from the SiO2
matrix. After annealing, three principle luminescences at 415, 455,
and 520 nm, corresponding to the weak oxygen bonding, NOV, and
E�� defects, are observed. The optimized annealing times of 1.5 and
3 h for complete activation of the NOV and weak oxygen bonding
defects are obtained. The dominant radiative defect is changed from
weak oxygen bonding to NOV defects as annealing time lengthens.
The TRPL analysis indicates the lifetime of weak oxygen bonding

Figure 13. The absorption cross section of weak oxygen bonding �dashed
line�, NOV �short dashed line�, and E�� defects �dotted line� as a function of
annealing time.
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and NOV defects in SiO2:Si+ are shortened from 12.4 to 7.2 ns and
from 15 to 4.7 ns after annealing, which reveals that the concentra-
tion of the fully activated NOV defects is increasing by nearly 1
order of magnitude. In contrast, the lifetime of E�� defects is only
changed from 15.7 to 10 ns with the increasing annealing time. By
analyzing the clear hysteresis corresponding to the hole trapping by
the NOV defects, the calculated NOV density corroborates the
TRPL analysis. The highest concentrations of the completely
activated weak oxygen bonding, NOV, and E�� defectS are
around 6.6–7.0 � 1018 cm−3, respectively. Our results interpret
the dominated reaction of O3�Si–O–Si�O3 → O3�Si–Si�O3
+ Ointerstitial → NOV + �1/2� O–O happened in SiO2 during the Si
implanting process, which is the origin of the strong blue-green
CWPL observed in the SiO2:Si+ material. The regrowth of SiO2
matrix after long-term annealing is also confirmed by the significant
reduction of NOV and weak oxygen-bonding defects. The slowly
rising intensity of E��-related PL interprets that a longer annealing
time and larger mobile energy is required to precipitate the nc-Si as
compared to the activation of the structural defects in SiO2:Si+ ma-
terial.
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