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Photoionization of silicon particles in SiO2
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The density of electron states of nm-size Si particles in SiO2 layers produced by implanting O1 ions into Si
is analyzed using a newly developed total optical depopulation technique. The distribution of states is found to
be indistinguishable for neutral and negatively charged particles, and nearly independent of the particle size.
This indicates that the optical excitation is related to defects in the oxide surrounding the particles. Two
components of the defect spectrum are isolated, both related to the Si enrichment of the oxide, with energy
levels at 2.8 and 3.1 eV below the SiO2 conduction band. The latter is related to the H-complexed O vacancy
in SiO2 and its contribution is significantly enhanced upon hydrogenation. Electron states originating from
quantum confinement in Si particles are observed only in the smallest Si clusters; in all other cases electrons
are found to be trapped in the oxide. The blue luminescence, known for the oxidized Si particles, may be
consistently explained from the obtained electronic spectra suggesting the charge transfer between a Si particle
and neighboring oxide defects as a feasible mechanism.@S0163-1829~99!06003-8#
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I. INTRODUCTION

Silicon clusters embedded in SiO2 attract considerable in
terest because, like porous Si, they exhibit efficient photo
minescence ~PL! without, however, pronounced agin
effects.1–4 Moreover, the oxide present on the Si partic
surface leads to blue-green5–8 and ultraviolet~UV! PL,9–11 in
contrast with porous Si where the PL is typically in the re
orange spectral range.1,4,12–14Together with the observatio
of different luminescence dynamics~the blue-green band de
cays much faster than the red-orange one3,5!, the correlation
between the short-wavelength PL and the presence of S
bonds3 led several authors to suggest that there is a lumin
cence mechanism related to the coverage of the Si part
with oxide.3,4,7,13,14It is worth mentioning here that a rece
review14 indicated that the fast blue-green and UV PL a
only observed from oxidized porous Si layers. Therefore
addition to the quantum confinement effect which affects
spectrum of electron states in the Si core,13,14 there is an
Si/oxide interface-related component of electron states pr
to efficient optical excitation and/or radiative recombinatio
These are at the basis of the blue PL, with an efficiency
high as 0.1%.3 Indeed, the blue PL from oxygen deficie
silica is well known.15–19 It is believed to be related to th
intrinsic oxide defects: the diamagnetic oxygen vacan
(O3wSi—SiwO3) ~Refs. 16, 20–23! or the twofold coordi-
nated Si center~O-Si-O!.18,24 At first, one might expect the
presence of Si-enriched oxide at the Si/oxide interface,
may contain a high concentration of such centers. Effici
PL may be pictured in this case as occurring in three sta
light absorption in the Si core, transfer of the electronic e
citation to the Si particle/oxide interface, and radiative
combination at the interfacial defect.25,26 This scenario,
though intuitively acceptable, faces the problem that both
neutral O vacancy27–29 and twofold coordinated silicon29

have their energy levelEt of the negatively charged stat
only slightly below the SiO2 conduction band edge
PRB 590163-1829/99/59~3!/2025~10!/$15.00
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@EC(SiO2)2Et;1 eV#, i.e., they cannot directly trap a
electron from the conduction band of Si. The bottom of t
latter band lies at 3.2 eV belowEC(SiO2) at the bulk Si/SiO2
interface,30 and expecting it to be shifted;2 eV upwards is
unrealistic in a view of the shift of only;1–1.5 eV of the
optical absorption edge measured in porous Si upon red
tion of the crystallite size.1,31,32At the same time, the Si/SiO2
interfaces typically have a low density of interface sta
with energy levels in the Si bandgap~down to the range of
1010 cm22 eV21! ~Ref. 33!, which cannot account for the ef
ficient short-wavelength PL. Consequently, either defects
other types must be present at the interface,34,35 or else, the
PL of Si particles is due to an excitonic state36 of which the
PL spectrum incidentally coincides with the SiO2 PL.

In the present work evidence will be presented for t
feasibility of the defect-mediated blue PL mechanism. W
have attempted to analyze the energy spectrum of elec
states of Si particles in SiO2 in a most straightforward man
ner, i.e., by photoexciting the particles from the neutral to
positively charged state@photoionization~PI!# or from the
negative ~upon capturing an electron! to the neutral state
@photoneutralization~PN!#. We found that both PI and PN
occur by mediation of the optical excitation of oxide defec
at the Si core/SiO2 interface indicating a transfer of the op
tically excited ~PI! or trapped~PN! electrons to the energy
levels of these defects. Also, there is significant energy
distribution of these states upon annealing in H2, suggesting
one of the states to be the hydrogen-complexed oxygen
cancy center. This suggestion is confirmed, in combinat
with electron spin resonance~ESR! analysis, by the genera
tion of photoactive electron traps with similar energy spe
trum in stoichiometric SiO2 under heavy irradiation with 10
eV photons. Therefore, we conclude that electron trapp
by near-interfacial defects in SiO2 may be involved in the
highly efficient short-wavelength PL of oxidized (SiO2 cov-
ered! Si particles.
2025 ©1999 The American Physical Society
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TABLE I. Sample parameters and properties of Si particles in the oxide.

Type
O1 dose

(1018 cm22)
Oxide thickness

~nm!
N ~610%!

(1012 cm22)
s ~620%!

(10214 cm2)
r c ~610%!

~nm!

A 1.54–1.8 320–360 2.5–3 20 2
B 1.7 340 3.5 40 3
C 1.7 330 1.5 5 1
D (0.510.510.8) 360 0.7 1 0.5
E 0 36–400 0
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II. EXPERIMENT

A. Sample preparation

There exists a variety of methods to produce Si partic
with SiO2 overlayer, such as oxidation of porous Si,1–7,13,37

Si nanoclusters,8,36 thin Si overlayers,38,39 Si1 ion implanta-
tion into SiO2 ~Refs. 40–46!, O1 ion implantation into
Si,47–49 deposition of Si-enriched oxides,50–54 and epitaxial
Si growth under simultaneous O1 ion implantation.55 These
systems typically show PL in the red-infrared (hn
51.4– 1.7 eV), blue-green (hn52.2– 2.7 eV), and UV (hn
54.2– 4.4 eV) spectral ranges, with a good agreement
tween the different preparation methods thus pointing
common radiative channels. Therefore, we used only
technique to produce SiO2 containing Si particles: implanta
tion of O1 ions into ~100!Si substrates followed by high
temperature~1320–1350 °C! post-implantation annealing. I
provides several advantages for physical character
tion: ~i! the buried SiO2 layers have good insulating prop
erties in terms of electrical breakdown field an
conductivity.56 This allows charging of Si particles in th
oxide and keeping them in this state;47 ~ii ! the SiO2 layer
containing Si particles is formed on high-quality Si su
strates with the oxide/substrate interface defect density t
cally below 331010 cm22. This allows one to measure th
sign and the density of electrical charge related with Si p
ticles using the capacitance-voltage~C-V! technique;33 ~iii !
the presence of the superficial Si layer prevents diffusion
foreign atoms into the buried oxide, particularly hydroge
This enabled us to isolate the effect of H on the electro
spectrum by comparing as-prepared SiO2 layers with those
intentionally annealed in H2.

The studied samples, supplied by three independent
dustrial vendors, were prepared by implanting O1 ions into
low dopedn/p-type ~100!Si wafers. The O1 implantation
dose and ion energy were in the range (1.54– 1
31018 cm22 and 160–210 keV, respectively. Subsequent
nealing at 1320–1350 °C in Ar10.5% O2, resulted in the
formation of buried oxide~BOX! layers with thicknesses o
320–360 nm. More details on sample preparation and
oxide microstructure were published elsewhere.57,58 Impor-
tant for the present study is that the variation in the O1

implantation mode causes drastic changes in the density
size of Si particles embedded in the buried SiO2 layer. This
was suggested to be related to the pressure-driven forma
of a densified crystalline SiO2 polymorph, which prevents
outdiffusion of Si from the oxide.59 We will present results
for four types of samples~labeledA–D) that provide us with
a set exhibiting a monotonic variation in the average size
Si inclusions down to nm-sized Si clusters, undetectable
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transmission electron microscopy~TEM!. The samplesA-C
were prepared by a single step implantation of (1.5– 1
31018 O1/cm2 with the wafer being rotated during implan
tation ~A!, and the wafer fixed in a channeling~B! and non-
channeling~C! orientation with respect to the O1 ion beam.
Another set of samples typeC was obtained using random
ization of the O1 ion beam by a screen SiO2 layer, deposited
onto Si surface prior to implantation.58 The samples of type
D were prepared by triple implantation (0.510.510.8)
31018 O1/cm2 with additional anneals between the step
The samples of typeE were prepared by conventional the
mal oxidation of~100!Si at 1000 or 1350 °C; these oxide
contain no Si particles. The sample parameters are sum
rized in Table I.

After the sample preparation, the top Si layer was
moved by wet etching and replaced by semitransparent A
Au electrodes of 0.5 mm2 area evaporated from a resistive
heated source. Some of the samples were annealed in H2 ~1.1
atm, 1100 °C, 1 h! prior to metalization. The nonmetalize
samples of typesA, D, andE were analyzed by the electrolu
minescence~EL! technique.48 The first two samples show
blue (hn52.6– 2.7 eV) and UV (hn54.2– 4.3 eV) EL,
matching with that known for Si particles in SiO2.

60 The
intensity of the blue EL in these samples is;103 times
higher than in the particle-free samplesE. The samples were
also analyzed byK-band ESR at 4.3 K as describe
elsewhere.61

In order to estimate the size of Si particles, the oxid
were examined by transmission electron microscopy
atomic force microscopy ~AFM! as described
elsewhere.58,59 TEM shows the presence of platelet-shap
c-Si islands near the Si-substrate/BOX interface. They
hibit a broad size distribution: 40–200 nm across a
20–40 nm thick in samples typeA, and up to 300 nm acros
and 30–40 nm thick in samples typeB; No c-Si inclusions
could be distinguished in samplesC and D. AFM images
of the substrate after oxide etching in aqueous HF rev
inhomogeneities with a considerably reduced etch ra
which were found to consist of Si particles and a densifi
SiO2 phase~coesitelike!.58,59 However, comparison betwee
AFM images and TEM data, importantly, shows that;90%
of the etching inhomogeneities in AFM images do not p
vide a distinguishablec-Si diffraction contrast in the TEM
observations.58 Most indicative for this discrepancy here
the AFM observation of the inhomogeneities of smaller s
in samplesC andD in which TEM fails to observe anyc-Si
islands. Apparently, the vast majority of Si inclusions a
either too small or their crystalline structure is too distort
to provide any contrast distinguishable on the background
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PRB 59 2027PHOTOIONIZATION OF SILICON PARTICLES IN SiO2
electrons scattered by the surrounding SiO2. Obviously, nei-
ther TEM, which reveals only the largestc-Si inclusions, nor
AFM, which is unable to discriminate between Si inclusio
in slowly etching SiO2, can serve as a reliable tool for th
determination of the Si particles size. Therefore, we e
ployed a different physical principle to characterize Si inc
sions in the oxide. It is based on the fact that a Si part
imbedded into SiO2 constitutes a potential well for electron
from the oxide conduction band. Consequently, electrons
jected into the SiO2 layer will be trapped by these Si inclu
sions, thus generating negative fixed charge in the ox
layer. As the probability of the trapping event is proportion
to the size of Si inclusion, the latter can be estimated fr
the negative charging kinetics. Here, it is important to a
that these deep electron traps can be related only to an in
sion of Si, not to an inclusion of a different SiO2 polymorph,
however. This approach will be discussed in more detai
the next section.

B. Photoionization and photoneutralization spectroscopy:
Total optical depopulation technique

The routine way to investigate the depopulation of el
tron states consists of measurement of the photocurren
lated to their photoexcitation as a function of the phot
energy.62–65 However, because the photocurrent is prop
tional to the convolution of the density of states~DOS! avail-
able for depopulation and the energy-dependent photoion
tion cross section (sph), the photocurrent monitoring, in
general, is unable to provide the DOS in a straightforw
way. Therefore, we developed an approach employing
measurement of the oxide charge variation upon optical
citation: The determination of the energy spectrum of Si p
ticles in SiO2 is based on the optical excitation of electro
transitions from the populated states of the Si particles to
oxide conduction band. These transitions alter the cha
state of the particles that is detected by theC-V technique.

We used a total~exhaustive! depopulation of the traps in
incremental narrow spectral windows. As a result, the D
available for PI/PN in each energy window~corresponding
to the increase ofhn) is directly determined, while the cor
respondingsph can be obtained from the depopulation kine
ics at each photon energy. There is, however, an uncerta
in assigning the photon energy at which depopulation is
served, i.e., determining the ionization energy of the trapE
5EC(SiO2)2Et . The reason is that the depopulation is r
lated to the power dependence ofsph on the photon energy
sph;(hn2E)p at hn>E,66,67 which gives sph50 at hn
5E. Consequently, the photon energy at which an effici
depopulation is observed will be always larger thanE, thus
causing a systematic shift of the DOS distribution. In ord
to minimize this shift, the time allowed for detrapping w
kept long enough to allow nearly exhaustive photoionizat
of states in the vicinity of their photoionization threshol
We will show below that the maximal shift of the DOS
our experiments does not exceed 200 meV.

The PI measurements were performed using the spe
system described previously.68 The samples were biased b
applying a potential to the metal electrode to create an e
tric field F in the oxide of 0.3, 0.5, or 1.0 MV/cm~no sub-
stantial impact of the applied potential polarity on the d
population was observed!. Prior to illumination, the sample
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were aged for;105 s in darkness, and then exposed
monochromatic light with the photon energy increasing fro
1.7 to 5.5 eV. The spectral resolution was kept constan~6
nm! and the measurement time per spectral step was 1
110 min for the total depopulation and 20–30 s for the yie
measurements, during which 1 MHzC-V curves were re-
corded. All measurements were performed at room temp
ture.

An example of how the total PI curve~transition from the
neutral to the positive state! is obtained by monitoring the
shift of the flatband point (VFB) on theC-V curve is shown
in Fig. 1 for sampleA. After each increment inhn, the
depopulation was traced for 100–110 min to ensure that 8
90 % of the photoactive defects had changed their cha
state. The DOS, measured with respect toEC(SiO2), is cal-
culated for each energy window from the charge density
tained from theVFB shift33 normalized to the widthd(hn) of
the corresponding energy interval, given asDt
5DVFBCOX /qd(hn), whereq is the elemental charge, an
COX is the specific capacitance of the oxide layer. Beca
the saturationof the detrapping curve is the only criterio
employed, the obtained DOS requires no correction for
spectral distribution of the light source or top electrode tra
parency, optical interference in the oxide layer, etc., th
providing most reliable physical information. Thesph value
at each energy was determined by fitting first-order kine
using the photon flux penetrating the metal electrode, m
sured independently on coprocessed metalized quartz
dow samples. Eachsph value relates only to the states d
populated in the corresponding narrow energy ran
because almost all the states with lower photoionization
ergy were already emptied previously.

The PI/PN was also analyzed in a quantum yield~Y!
mode, that is, under conditions of a small change in
population of electron states. It was done by measuring
shift of theC-V curve after short~20 s! light exposure and
normalizing the charge density variation to the photon fl
nph: Y5DVFBCOX /qnph. In contrast with the total de-
population mode, all the states with the photoionizati
thresholds satisfyingEC(SiO2)2Et,hn contribute to the

FIG. 1. Shift of theC-V curve flatband voltage in sample typeA
during photoionization as a function of the illumination time. Th
photon energyhn increases from 3.25 to 3.52 eV in;0.1-eV steps.
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2028 PRB 59V. V. AFANAS’EV AND A. STESMANS
yield. The difference between the total depopulation and
yield modes of PI/PN measurements is illustrated in Fig
showing for sampleA the C-V curve shift and the yield for
both PI~open symbols! and PN~filled symbols! as a function
of the photon energy. The total depopulation curve indica
that nearly all the available states are ionized or depopul
in the spectral range of 3,hn,4 eV. In contrast, the yield
is low in this spectral range, particularly for PI, but it in
creases steeply athn.4.3 eV. Obviously then, the increas
in Y indicates an enhancement of thesph, but not the onset
of a high density of new states available for depopulation

Prior to PN measurements, electrons were injected
the oxide to fill the traps, which occurs most efficient for
inclusions.47,57,58 The injection was periodically interrupte
to record theC-V curve from which the density of trappe
electrons was determined. An example of the electron tr
ping kinetics is shown in Fig. 3 for samplesA–D. The
specimens exhibit a large variation in the total density
trapped electrons which reflects a different density of Si p
ticles included in the oxide~N!. The inferred values are liste
in Table I. The thermal SiO2 layers, free of Si inclusions
show no significant electron trapping in the covered range
the injected electron density. Analysis of the trapping cur
using the algorithm of Ning69 bears out a variation in the
capture cross section~s! of the dominant electron traps from
1310214 cm2 in sampleD to 4310213 cm2 in sampleB.
This refers to a different capture radius of the traps, wh
can be estimated70 as 2r c'(s)1/2. As s is found to be inde-
pendent of the electric field strength in the oxide,47 the ob-
tained value ofr c will be proportional to the geometric ra
dius of the trapping Si particle, i.e., the size of the larges
clusters available in a given sample. The thus inferredr c
values are also listed in Table I together with the measu
ment errors reflecting the data scattering. As to the abso
accuracy, the physical accuracy of this method is basic
governed by the assumption that the trapping event occu

FIG. 2. C-V curve flatband voltage~circles! and quantum yield
~squares! of photoionization~open symbols! and photoneutraliza-
tion ~filled symbols! measured in sample typeA as a function of the
exciting photon energy.
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an electron enters the Si particle. In a more complete pict
though, the trapping requires an additional stage, i.e., ine
tic scattering of the electron inside the particle, which m
cause the inferred capture radius to deviate from the
particle radius. The inelastic scattering event probability c
be calculated as@12exp(22rc /l)# ~Ref. 71! where we may
take l'1 nm for the photoelectron inelastic scatterin
length.72 For the smallest particles~in sample D!, r c
'0.5 nm yielding a scattering probability of 0.63. Withr c
51 nm ~sampleC! the scattering probability increases
0.86, i.e., the inaccuracy linked with the basic assumpt
becomes smaller than the measurement error~20%!. Obvi-
ously then, for particles of larger size~samplesA,B! the cap-
ture and geometrical radii of the particle will coincide, wi
reliable r c values as a result. The data listed in Table I im
portantly indicate that for a fixed number of injected ele
trons, for each sample type, particles of different size
automatically selected, and, in the course of PN experime
the DOS of only these particles is analyzed. For the pres
work, we fixed on an injection at 231014 electrons/cm2 at
F51 MV/cm, the metal being negatively biased.47,57,58,70

Subsequently, the samples were aged and analyzed in
same way as in the course of PI experiments.

III. RESULTS

A. DOS determined from PI and PN experiments

The DOS distributions determined from the total depop
lation PI ~dashed curves! and PN~dotted curves! are com-
pared in Figs. 4~a!–~d! for the samplesA–D, respectively.
The origin of the energy scale is put at the bottom of Si2
conduction band. The main observations are as follows:~i!
No PI/PN is observed in the particle-free samples typeE, in
contrast with samplesA–D. This importantly demonstrate
PI/PN to be related with the Si particles.~ii ! The PI and PN
DOS typically show two 0.2–0.4 eV-wide DOS band
aroundE;3.5 and;4.5 eV. ~iii ! With reduction ofr c ~see
Table I!, the DOS exhibits two trends:~1! the PI becomes
less efficient and~2! the PI band atE;4.5 eV increases rela

FIG. 3. Effective density of trapped negative charge in samp
A–D determined from theC-V curve shift as a function of density
of electrons injected into the oxide.
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PRB 59 2029PHOTOIONIZATION OF SILICON PARTICLES IN SiO2
tively to the PI/PN band atE;3.5 eV. ~iv! There is no
shift in the DOS that might be associated with the decre
in Si particle size. ~v! In samplesA–C, the DOS deter-
mined from PI and PN experiments are nearly identic
there is only some scaling and a global shift of the PI D
by 200–300 meV. ~vi! In sampleD, the PI exhibits only
one weak band atE;4.5 eV, while the PN shows theE
;3.5 eV band, similar to that in samplesA–C, and a band
of shallow traps at;2 eV.

To ensure that the observed PN spectra are related to
excitation of the Si particles that have trapped an electr
and not to the PI of neighboring neutral particles leading
charge compensation, we repeated the electron injec
upon reachingVFB50 ~cf. Fig. 2!. Analysis of the electron
retrapping kinetics gave the sames values as in the course o
first electron injection. Therefore, it is concluded that the
provides the DOS of the negatively charged Si clusters.

The positively charged state of the Si particles obser
after PI was analyzed by electron spin resonance~ESR!. We
found no paramagnetic states despite the high densit
positively charged centers. However, an intenseEg8 signal
originating from oxygen vacancies (O3wSi• center, where
the dot symbolizes an unpaired electron! is observed upon
hole injection into the SiO2.

58 From this, we conclude tha
the positive charge introduced during PI is likely localiz
on the Si particles, but not on the SiO2 defects, i.e., there is
no transfer of holes from the Si clusters into the oxide.

FIG. 4. Density of states in samplesA–D @~a!–~d!, respectively#
determined from PI~dashed line! and PN~dotted line! as a function
of energybelow the SiO2 conduction band.
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B. Effect of hydrogenation on DOS

The DOS distributions are shown in Fig. 5 for samplesA
~a,b! andD ~c! as determined from the PI~a! and PN~b,c! in
the untreated state~dashed curves! and after annealing in H2
at 1100 °C~dotted curves!. In sampleA the hydrogenation is
seen to result in a redistribution of the DOS in the 3.5
band by shifting its center of gravity;300 meV away from
EC(SiO2). At the same time, the onset of the PI/PN DO
curves remains unchanged within an accuracy of 50 m
This behavior suggests a complex nature of the DOS ba
exhibiting, among others, low-energy states barely affec
by H, and deeper states created upon H2 annealing. Hydro-
genation of sampleD has a dramatic effect on the PN DOS
its shallow portion is eliminated and a 1-eV-broad, app
ently two-component band appears at around 3.5 eV.
latter resembles the PN DOS of the hydrogenated samplA,
which may point to the same type of the H-generated defe
Upon hydrogenation, sampleD additionally shows a signifi-
cant portion of optically inactive electron traps, i.e., tho
which cannot be optically discharged.

The dependence ofsph on the trap energy ~not to be
mixed with the dependence ofsph on hn) was inferred from
the kinetics of PI and PN~not shown!. The states observed a
E;2 eV with PN on sampleD exhibit a largesph (3 – 6
310218 cm2) as compared to the states distributed in t
3–4 eV range (sph50.7– 1.5310218 cm2), which may refer
to a difference in atomic structure. The cross section of PI
turn, is lower than that for PN, which may be due to a d
ferent initial charge state of the center. In the energy rang
3,hn,4 eV, sph of both PI and PN show no substanti
variation: most of the excited states have a similarsph.
However,sph decreases by approximately 50% upon hyd
genation, which may be due to a structural change of
photoactive state.

FIG. 5. Density of states in control~dashed line! and hydroge-
nated~dotted line! samples determined from PI~a! and PN~b! in
sampleA and from PN in sampleD ~c! as a function of energy
below the SiO2 conduction band.
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C. Optical excitation of SiO2 defects

In order to get insight into the nature of the states cont
uting to the DOS of Si particles in SiO2, we separately stud
ied optical excitation of electrons from the oxide defe
present at the Si/SiO2 interface and defects generated in t
bulk of the oxide of sample typeE. A first result concerns
our previous work, revealing the presence of near-interfa
oxide defects which can trap electrons from Si in a level
eV belowEC(SiO2), as determined by the photon-stimulat
electron tunneling~PST! and photoexcitation of the electron
into the oxide conduction band.73–75 The density of these
defects is found to be substantially higher in the sample
typeA andB than in samplesC andD ~cf. Fig. 3 in Ref. 74!,
i.e., it likely correlates with the presence of Si particles in t
oxide. This result suggests the possible involvement of
2.8 eV defect level in the PI/PN studied in the present wo
This supposition is supported by the buildup of positi
charge in samplesA–C with densities reaching 2
31012 el.charges/cm2 and the elimination of negative charg
in samplesA–D observed under conditions of PST~excita-
tion with an Ar1 ion laser athn52.71 eV). It can also be
seen from Figs. 4 and 5 that the energy onset of the PN D
is in the range of 2.8–3.0 eV, that is, at nearly the sa
energy level as of the above discussed defects. Beside
independent affirmation of the trap energy level, this res
assures the reliability of the DOS energy scale within 2
meV.

Second, we also found previously that irradiation of
defect-free SiO2 with 10-eV photons generates a large co
centration (.1019 cm23) of electrically neutralEg8 centers,
which is pictured as removal of an O atom from a Si-O
bridge towards an interstitial position followed by decorati
with hydrogen~see Ref. 61 for details!. There are two im-
portant observations pertinent to the present study:~i! the
intense ESR signal from theEg8 center~see Fig. 9 in Ref. 61!
disappears upon hydrogenation~1.1 atm H2, 400 °C, 30
min!, but can be restored by hole injection indicating reve
ible switching between the paramagne
(O3wSi• HSiwO3) and the diamagnetic
(O3wSiH HSiwO3) states;~ii ! the electrons trapped by th
irradiation-generated defects may be optically detrap
both in the paramagnetic and H-passivated diamagnetic s
The latter is illustrated by Fig. 6 in which the photocurre
per incident photon is shown as a function of photon ene
for the control sample~type E! with 66-nm-thick oxide, the
same sample exposed to 1019 10-eV photons/cm2, and after
hydrogenation at 400 °C. All the curves are measured w
an appliedF54 MV/cm, the metal being positively biased
to inject electrons from Si into the defects located in t
near-interfacial SiO2 layers. In the control sample, a firs
observation is the intense internal photoemission of electr
from the Si substrate valence band: It is characterized bY
;(hn2F0)3 and a field-dependent~the Schottky effect!
spectral thresholdF0 , which, when extrapolated to zer
field, gives the barrier height of (4.2560.05 eV), the value
characteristic for electron emission from the Si valence b
to the SiO2 conduction band.30,76 Second, there is a muc
weaker emission, characterized byY;(hn2F1) and the
field-independent spectral thresholdF15(2.860.1) eV,
which, as we discussed in the previous paragraph, is rel
-
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to the electron emission from oxide defects near the Si/S2
interface. As apparent from the data, the irradiation has li
effect on the electron emission from these centers. Howe
the 10-eV irradiation is seen to lead to the development o
new band, characterized byY;(hn2F2)2 and the field-
independent spectral thresholdF25(3.160.1) eV. We
found this emission gradually increasing with irradiation
the oxide, and therefore, this band is associated w
radiation-induced defects near the Si/SiO2 interface. Subse-
quent annealing in H2 of the irradiated sample causes a wea
though distinguishable spectral redistribution of the quant
yield in this band~see Fig. 6! but does not eliminate it, while
no ESR-activeEg8 centers remain in the SiO2 after this an-
neal, and the density of Si/SiO2 interface states is found re
duced by about an order of magnitude as compared to
as-irradiated sample. Probably then, the optical activity
the H-complexed O vacancy is related to the localization
an electron at the (O3wSiH) fragment.

The insert in Fig. 6 shows the PN yield curve and tw
curves of photocurrent per incident photon measured a
electron injection into the irradiated and hydrogena
sample, leading to the buildup of negative charge to a den
of 631012 el./cm2 in the bulk of the oxide. The curves indi
cate two spectral thresholds of the electron detrapping, i.e
(3.160.2) and (4.360.2) eV. Obviously, the first threshold
corresponds to theF2 value determined above for the de
fects generated near the Si/SiO2 interface as particularly evi-
denced by the fact that the same power law of the spec
curveY;(hn2F2)2 is observed in both cases. Apparent
the hydrogenated oxygen vacancy may account for the
band athn.3.1 eV. The 4.3-eV feature on the photocurre
curves in Fig. 6 may be partially related to the well-know
optical reflection peak from crystalline Si.33 However, the

FIG. 6. Photocurrent per incident photon as a function of pho
energy in the control Si/SiO2~66 nm!/Al structure ~s!, after addi-
tional exposure to 131019 10-eV photons cm22 without ~h! and
with subsequent H2 anneal at 400 °C~n! measured at the electric
field strength in the oxide of 4 MV/cm under positive metal bia
The arrows mark the spectral thresholds. The insert shows spe
characteristics of photocurrent measured atF51 MV/cm with the
metal biased positively~s! and negatively~h!, and the quantum
yield of PN measured atF53 MV/cm ~metal positively biased! ~n!
for the irradiated H2-annealed samples after trapping
31012 electrons/cm2 in the bulk of the oxide.
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same threshold on the PN yield curve~see insert! refers to a
charge variation associated with Si particles. Therefore,
concluded that there exists an additional PN threshold
;4.3 eV.

IV. DISCUSSION

A. Origin of the PI/PN DOS

A most remarkable result of the present study is the ne
identical PI/PN DOS energy distribution in samples with
different average size of Si particles~cf. Figs. 4 and 5!, im-
plying that the transitions from neutral and negative sta
~states corresponding to a different number of electrons
the Si particle! occur by optical excitation of energeticall
indistinguishable states. This conclusion may be stren
ened further by taking into account that the observed 20
300 meV shift of the PI DOS with respect to PN DOS
probably related to the different charge state of the exc
particle: During PI, the electron interacts with the hole left
the Si particle; the simple Coulomb interaction with a cha
of opposite sign positioned at distancer c will shift the elec-
tron energy by 50–250 meV for ther c values listed in Table
I, when taking the relative permittivity equal to that of S
~«Si511.8, Ref. 33!. Obviously, this contribution must b
absent in PN because the excited electron leaves a ne
particle. Therefore, the experiments show that the occup
highest electron state involved in optical excitation has
same energy~within an accuracy of, say, 200 meV! in a
neutral Si particle and in that with an added electron~nega-
tively charged!.

The latter conclusion contradicts the simple picture of
citation of a Si cluster based on an electronic spectrum m
fied by quantum confinement:4,50 in this case the energ
splitting between the highest occupied states in a neutral
negatively charged cluster is expected to be close to
band-gap width and should increase with shrinking clus
size, starting from the bulk Si value@Eg(Si)51.12 eV at 300
K, Ref. 33# onward. Apparently, this is observed only in th
nonhydrogenated samplesD @cf. Fig. 4~d!#. Therefore, we
considered alternative explanations. First, small Si clus
exhibit a considerable reduction in the energy splitting
tween the highest occupied and the lowest unoccupied s
if atomic relaxation of the cluster is allowed. This conclusi
is based on theoretical DOS calculations77 in comparison
with photoelectron spectroscopy data for negatively char
free Si clusters (Sin

2 , n<12), some of which show a split
ting of only ;0.5 eV.78 However, this explanation is ex
cluded for several reasons:~i! Only clusters with large
splitting are expected to be thermodynamically stable,77,78 a
significant fact in the light of the high-temperatu
~;1350 °C! annealing used for the presently studi
samples;~ii ! Both the optical and electrical measureme
reveal the porous Si band gap to be 2–2.5 eV,31,32,79,80i.e.,
clusters with smaller gaps are insignificant already at ro
temperature;~iii ! The spectroscopic ellipsometry of sampl
of types A–C typically reveals the presence of inclusio
with dielectric response similar to that of Si—crystalline
amorphous81,82—exhibiting anEg.1 eV.

Second, one might refer to the possible influence of do
centers in the Si particles, i.e., if the Si particles were on
type, the PI and PN energies would be close. This hypo
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esis, however, is also discarded as no difference is obse
between the samples prepared onn- andp-type Si substrates
Moreover, the ESR measurements at 4.3 K, highly sensi
to unpaired electrons on donor centers, show no presenc
such states in the as-fabricated samples. Thus, the pos
influence of donor centers produced during postimplanta
annealing can be excluded.

Third, the favored alternative explanation for the coinc
ing PI and PN DOS distributions is that both processes oc
by optical excitation of an electron from the energetica
lowest localized state in the Si particle or in the interfac
SiO2 layer of the Si particle/SiO2 system, which will be filled
upon trapping the additional electron. The same may be
when an electron-hole pair is optically generated in the
particle: if the mean time for trapping is shorter than f
recombination, the generated electron will be transferred
the localized state. In this way the same state may be fi
both when starting from negatively charged and neutral p
ticles, and, if its lifetime is long enough, a similar DOS fo
PI and PN will be observed.

The distinction between the states originating form the
particle itself and from the surrounding oxide can be ma
on the basis of their behavior upon hydrogenation. The lo
experience of Si electronic device technology and thea-Si:H
studies clearly show that the primary effect of H consists
passivation of defect states, which removes the correspo
ing defect levels from the Si band gap. However, the tre
observed in the PN/PI DOS are just opposite: The hydro
nation shifts the 3.5-eV DOS band within the Si band gap
most prominently shown by the results for sampleD in Fig.
5~c!. The effect can be easily explained by modification
defects by hydrogen in the oxide surrounding the Si p
ticles. The buried SiO2 layers used in the present work a
well known to exhibit a strong H uptake83 which leads to
intense generation of Eg8 centers upon subseque
irradiation.84–86The sensibilization toEg8 center generation is
ascribed to the formation of O3wSiH fragments upon H2
annealing, which were shown to provide trapping sites
electrons atEC(SiO2)2Et53.1 eV~see Sec. III C!. This pic-
ture agrees with the presently observed shift of the D
distribution to higherE5EC(SiO2)2Et values~Fig. 5!. In
contrast, these effects cannot be explained by modificatio
the electronic spectrum of bulk Si, e.g., the SiO2 layers
formed in ultradry O2 and pyrogenic H2O are found to show
no difference in the Si/SiO2 band offsets within an accurac
of 30 meV. The suggested optical excitation from oxide d
fects is supported by two other important observations:~i!
The energy of the oxide trap should be insensitive to
electronic spectrum of the Si particle, i.e., no size eff
should be observed. The latter is evident from the exp
mental results~cf. Figs. 4 and 5!; ~ii ! The energy onset of the
PN DOS matches with the energy of the oxide centers
cussed in Sec. III C. Therefore, we conclude that the up
~3.5 eV! band in the PI/PN DOS corresponds to the ene
spectrum of the near-interfacial oxide defects—apparently
two different types—that trap electrons photoexcited ins
the Si particles or supplied additionally from the oxide. On
part of the 4.5 eV DOS bands—exhibiting a reduced sen
tivity to H—may be associated with valence states of a
particle.
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The trap mediated PI/PN mechanism explains consiste
the important trends observed in the DOS. Obviously,
least one defect state has to be located in the oxide surro
ing the Si particle so as to provide the necessary elec
state. If the particles are small, however, there is enhan
probability to find some with no defects in their vicinity
They will then exhibit the DOS corresponding to the intrins
electronic spectrum of the Si particle. Indeed, in samp
type D, the PN DOS shown in Figs. 4~d! and 5~c! reveals a
shallow component atE5EC(SiO2)2Et;2 eV, probably
related to the quantum confinement of electrons in the
particle conduction band. This also agrees with the attend
increase of the PI DOS band at;4.5 eV relative to the band
at 3.5 eV~Fig. 4!. A remarkable observation here is that t
splitting between these bands~;2.5 eV! is close to the range
of the band gap width values reported for porous Si a
attributed there to the influence of quantum confinement.79,80

When the density of defects is increased upon hydroge
tion, the shallow PN band disappears, as shown in Fig. 5~c!,
while the defect-related band at;3.5 eV is significantly en-
hanced. Similarly, the PI of small particles appears only p
sible in the UV range@cf. Fig. 4~d!#, which is ascribed to the
absence of oxide defects that may serve as intermediate
cited states for the 3.5-eV PI band.

A most interesting question, definitely, concerns t
atomic nature of the defects states revealed by PI and
The one with energy level atEC(SiO2)2Et53.1 eV ~see
Fig. 6! can be convincingly related to the hydrogenated
vacancy (O3[Si-H complex!, as discussed in Sec. III C. Re
garding the second state, atEC(SiO2)2Et52.8 eV, revealed
by PST, we notice that it is diamagnetic when neutral
correlates with Si enrichment of the oxide, and is sta
against interaction with H. This suggests this energy leve
belong to a saturated bonding configuration of an exces
atom. The choice is narrowed down to two types
bonds: Si-Si and Si-H. The latter configuration looks fav
able in view of the close energy level of trapped electro
~3.1 eV!, and close photoionization cross section~see Sec.
III B !. However, there is one experimental observati
namely, the absence of a PST signal from these 3.1
states, which may be indicative for a different defect str
ture: The PST probability is proportional to the lifetime
the excited state, and the fact that it is strongly decrea
may refer to an additional mechanism of energy dissipat
e.g., a different electronic/vibrational spectrum of the defe
At the same time, we observe a significant difference
tween the energy level measured in the present study
that @;1 eV belowEC(SiO2)# predicted by theoretical cal
culations for the oxygen vacancy in SiO2.

27,28For this, how-
ever, there is the option that the Si-Si distanceR may be
much less than that used for the Feigl-Fowler-Yip mode
Ref. 28 (R52.9 Å). This would lead to an increase of th
local positive charge related to the shift of the electron d
sity from Si to the backbonding O atoms, and accordingly
a deeper energy level for a trapped electron. We believe
distinction between these two models of the 2.8-eV def
can be made on the basis of ESR analysis, in which
H-related state would give rise to a proton hyperfine doub

B. Luminescence of Si particles in SiO2 in the perspective
of PI/PN DOS

From the inferred DOS distributions corresponding to o
tical excitation of Si particles in SiO2 ~Figs. 4,5! one may
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estimate the energies of the electronic transitions which
radiative, could give luminescence. First, the transitions
tween two bands in the DOS would have an energy in
range 1.2–1.7 eV. This range overlaps with the PL ba
from the confined exciton states in Si nanocrystals cente
at 1.72 eV,12–14,87 which would result in spectral re
distribution of the PL. However, because the red lumin
cence from our samples was not analyzed, it is difficult
discuss the corresponding variations of the PL spectra. M
over, if these transitions in the oxide would appear nonra
ative they would quench PL rather than produce an ad
tional band.

Second, the electron excitation from the populated 3.5
DOS band to shallow levels below the oxide conducti
band may result in transitions at higher energy. The PN D
and the yield spectra show that the highest occupied en
levels ~negatively charged state! are situated at 2.8 and 3.
eV below EC(SiO2). The excited states of the defects a
expected to be situated just below the conduction band of
oxide. At least for the 2.8 eV center, the PST reveals
presence of such excited states in the range 0.05–0.4
below EC(SiO2).

73 Therefore, blue PL~2.4–2.8 eV! might
be expected provided there is a radiative decay channel.
existence of such channel is supported by the observa
that the blue EL is strongly enhanced by the presence o
particles~Sec. II A!.

Regarding the 3.1-eV defects, they may probably prov
PL in a close spectral range. In addition, the latter defect
a second energy level atEC(SiO2)2Et54.3 eV, as sug-
gested by the PN yield spectra. Then, upon excitation of
electron from this state, two radiative transitions are p
sible: the blue one~from the excited state nearEC(SiO2) to
the empty 3.1-eV level!, and the UV band~transition from
the excited state nearEC(SiO2) to a hole left at the 4.3-eV
level!. The characteristic feature of these transitions is t
they require no tunneling of a hole; therefore, the PL dec
may be expected to be fast. The UV PL, indeed, shows de
times in the ns range.1,3,5,8,49,88By contrast, the blue PL ha
two components with the decay times differing by many
ders of magnitude: from the ns range in oxidized porous
@Refs. 3,5,6,38,42,45# to the 1022-s range in bulk SiO2.

15–17

This huge difference between the fast and slow PL com
nents may potentially also be explained within the pres
model by taking into account the different lifetimes of th
excited state for the two defects revealed in the present s
by PST, and the possibility of electron tunneling from
excited state back to the Si particle, which is absent in b
SiO2. We would like to mention here that the PL excitatio
peaks observed for the blue PL at;3 and;4.3 eV @Refs.
89–91# are consistent with the here proposed optical exc
tion of the electron states contributing to the PN DO
Finally, it is worth pointing out that, despite of the invoke
charge transfer to the defect state, the PL efficiency m
remain sufficiently high: Using the valuesph51
310218 cm2 inferred from PN experiments~Sec. III B!, the
observed efficiency of blue PL in the thermally oxidized p
rous Si of 0.1%~Ref. 3! would require a density of charge
defects of;1015 cm22. This, however, is certainly realistic
taking into account the long lifetime of the trapped electr
at the defect sites, the large thicknesses of the oxidized
rous Si layers~.10 mm!,14 and the tremendous area of in
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ternal Si/SiO2 interfaces, which may be 103 times enhanced
over the planar surface. Worthy of notice here is that
system remains neutral because upon electron transfer t
oxide defect the hole remains at the Si particle, i.e., no C
lomb blockage of the globally proceeding charge transfe
expected.92

The comparison between the short-wavelength PL pr
erties and the DOS of Si particles in SiO2 may be extended
further by analyzing the multicomponent nature of the gre
blue PL bands and their spectral width, the relation of s
effects to the broad energy distribution of the states involv
the influence of temperature, effects of hydrogen, etc. We
convinced, however, that only the direct correlative analy
of the PL and the PI/PN DOS may establish the firm re
tionship between particular defects and the PL bands. In
view, the above presented interpretation of PL has to be c
sidered only as a suggestion for the physical mechanism
PL, in addition to PL of the quantum-confined exciton stat
observed from the system composed of Si particles
rounded by SiO2.

V. CONCLUSIONS

The analysis of photoionization and photoneutralizat
of small Si particles in SiO2 importantly reveals that both th
d
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optically generated or externally supplied electrons
trapped by oxide defects situated at the Si particle/oxide
terface. The spectrum of the oxide traps is sensitive to
drogenation, and two oxide defects with energy levels in
required range are isolated. One of them is related to
enrichment of the oxide and has the energy level of the ne
tively charged state at 2.8 eV below the oxide conduct
band; Another defect, characterized as a H-complexed o
gen vacancy in SiO2, has the energy level of an additional
trapped electron at 3.1 eV belowEC(SiO2). Comparison of
the inferred density of states distribution and the photolu
nescence data available in the literature suggests the me
nism of PL mediated by electron trapping at oxide imperfe
tions as a feasible explanation of the luminescent proper
of oxidized Si particles in the green-blue and UV spect
ranges.
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