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Photoionization of silicon particles in SiG
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The density of electron states of nm-size Si particles in,$@ers produced by implanting'Gons 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 Si@onduction band. The latter is related to the H-complexed O vacancy
in SiO, and its contribution is significantly enhanced upon hydrogenation. Electron states originating from
guantum 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 mechaniS61.63-18209)06003-9

. INTRODUCTION [Ec(SIO,)—E;~1eV], i.e., they cannot directly trap an
electron from the conduction band of Si. The bottom of the
Silicon clusters embedded in Si@ttract considerable in- |atter band lies at 3.2 eV belo®(Si0,) at the bulk Si/SiQ

terest because, like porous Si, they exhibit efficient ph0t0|uin’[erface3,0 and expecting it to be shiftedt2 eV upwards is
minescence (PL) without, however, pronounced aging unrealistic in a view of the shift of only-1-1.5 eV of the
effects!™ Moreover, the oxide present on the Si particle gptical absorption edge measured in porous Si upon reduc-
surface leads to blue-gre¥fiand ultraviole{UV) PL2in ion of the crystallite sizé?-3At the same time, the Si/Sio
contrast with porous S'l‘é‘iqfre the PL is typically in the red-jnterfaces typically have a low density of interface states
orange spectral randé: Together with the observation with energy levels in the Si bandgdgown to the range of
of different luminescence dynamiéthe blue-green band de- 10 cm2 eV ) (Ref. 33, which cannot account for the ef-

- 3 i
cays much faster than the red-orange“éhethe correlation _8cient short-wavelength PL. Consequently, either defects of

between the short-wavelength PL and the presence of Si Qiher tvpes must be present at the interf8 or else. the
bonds led several authors to suggest that there is a lumines: ypes o€ p o ' S
L of Si particles is due to an excitonic stitef which the

cence mechanism related to the coverage of the Si particles D o . :
with oxide 347131t is worth mentioning here that a recent PL spectrum incidentally coincides with the Si©L.

review* indicated that the fast blue-green and UV PL are N the present work evidence will be presented for the
only observed from oxidized porous Si layers. Therefore, infeasibility of the defect-mediated blue PL mechanism. We
addition to the quantum confinement effect which affects thdave attempted to analyze the energy spectrum of electron
spectrum of electron states in the Si cbté there is an  states of Si particles in Sin a most straightforward man-
Si/oxide interface-related component of electron states pronker, i.e., by photoexciting the particles from the neutral to the
to efficient optical excitation and/or radiative recombination.positively charged statgphotoionization(Pl)] or from the
These are at the basis of the blue PL, with an efficiency agegative(upon capturing an electrprio the neutral state
high as 0.19%. Indeed, the blue PL from oxygen deficient [photoneutralizationPN)]. We found that both PI and PN
silica is well known>~°1t is believed to be related to the occur by mediation of the optical excitation of oxide defects
intrinsic oxide defects: the diamagnetic oxygen vacancyat the Si core/Si@interface indicating a transfer of the op-
(0O=Si—S=0,) (Refs. 16, 20—2Bor the twofold coordi- tically excited(PI) or trapped(PN) electrons to the energy
nated Si centefO-Si-0).1%24 At first, one might expect the levels of these defects. Also, there is significant energy re-
presence of Si-enriched oxide at the Si/oxide interface, thatistribution of these states upon annealing i Blggesting
may contain a high concentration of such centers. Efficienone of the states to be the hydrogen-complexed oxygen va-
PL may be pictured in this case as occurring in three stagesancy center. This suggestion is confirmed, in combination
light absorption in the Si core, transfer of the electronic ex-with electron spin resonand&SR analysis, by the genera-
citation to the Si particle/oxide interface, and radiative re-tion of photoactive electron traps with similar energy spec-
combination at the interfacial defet*?® This scenario, trum in stoichiometric SiQunder heavy irradiation with 10
though intuitively acceptable, faces the problem that both theV photons. Therefore, we conclude that electron trapping
neutral O vacand/~?° and twofold coordinated silicGf by near-interfacial defects in SjOnay be involved in the
have their energy levekE; of the negatively charged state highly efficient short-wavelength PL of oxidized (Si©ov-
only slightly below the Si@ conduction band edge ered Si particles.
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TABLE |. Sample parameters and properties of Si particles in the oxide.

O* dose Oxide thickness N (+10%) o (£20%) r. (£10%)

Type (10" cm™?) (nm) (102 cm™?) (10”4 cm?) (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 (0.5+0.5+0.8) 360 0.7 1 0.5
E 0 36-400 0

Il. EXPERIMENT transmission electron microscofyEM). The sample#\-C

were prepared by a single step implantation of (1.5-1.8)
X 10* O*/cn? with the wafer being rotated during implan-
fation (A), and the wafer fixed in a channelii§) and non-
channeling(C) orientation with respect to the '‘Oion beam.
Another set of samples typ@ was obtained using random-
ization of the O ion beam by a screen SjIayer, deposited
onto Si surface prior to implantatioi.The samples of type

A. Sample preparation

There exists a variety of methods to produce Si particle
with SiO, overlayer, such as oxidation of porous!si;*3%7
Si nanocluster&>® thin Si overlayers®® Si* ion implanta-
tion into SiO, (Refs. 40—-4% O' ion implantation into
Si#"~%9 deposition of Si-enriched oxidéS;°* and epitaxial

Si growth under simultaneous*don implantatior® These D were prepared by triple implantation (6:8.5+0.8)

systems _typically show PL in the red-infraredhi(  j5s otjen with additional anneals between the steps.

=1.4-1.7 eV), blue-greerhfp=2.2—2.7 eV), and UV l{v .
—4.2-4.4eV) spectral ranges, with a good agreement be‘[he samples of typ& were prepared by conventional ther-

tween the different preparation methods thus pointing tgn@ ©xidation of(100Si at 1000 or 1350 °C; these oxides
common radiative channels. Therefore, we used only on&°Ntain no Si particles. The sample parameters are summa-

technique to produce Siontaining Si particles: implanta- "zed in Table I. _ .
tion of O* ions into (100Si substrates followed by high- ~ After the sample preparation, the top Si layer was re-
temperaturg1320—1350 °¢ post-implantation annealing. It moved by wet etching and replaced by semitransparent Al or
provides several advantages for physical characterizaAU electrodes of 0.5 mfarea evaporated from a resistively
tion: (i) the buried SiQ layers have good insulating prop- heated source. Some of the samples were annealeg(ih H
erties in terms of electrical breakdown field andatm, 1100 °C, 1 hprior to metalization. The nonmetalized
conductivity®® This allows charging of Si particles in the samples of types, D, andE were analyzed by the electrolu-
oxide and keeping them in this stdte(ii) the SiQ layer — minescenceEL) technique’® The first two samples show
containing Si particles is formed on high-quality Si sub-blue (hv=2.6-2.7¢eV) and UV ljy=4.2—-4.3eV) EL,
strates with the oxide/substrate interface defect density typimatching with that known for Si particles in Si® The
cally below 3x 10'° cm 2 This allows one to measure the intensity of the blue EL in these samples s10° times
sign and the density of electrical charge related with Si parhigher than in the particle-free samplEsThe samples were
ticles using the capacitance-volta¢@-V) technique® (i)  also analyzed byK-band ESR at 4.3 K as described
the presence of the superficial Si layer prevents diffusion oélsewheré*
foreign atoms into the buried oxide, particularly hydrogen. In order to estimate the size of Si particles, the oxides
This enabled us to isolate the effect of H on the electroniavere examined by transmission electron microscopy and
spectrum by comparing as-prepared sSl@yers with those atomic  force  microscopy (AFM) as  described
intentionally annealed in 4 elsewhere®®>® TEM shows the presence of platelet-shaped
The studied samples, supplied by three independent ire-Si islands near the Si-substrate/BOX interface. They ex-
dustrial vendors, were prepared by implanting @ns into  hibit a broad size distribution: 40-200 nm across and
low dopedn/p-type (100)Si wafers. The O implantation 20—40 nm thick in samples typ and up to 300 nm across
dose and ion energy were in the range (1.54-1.8and 30—40 nm thick in samples ty@ No c-Si inclusions
X 10'® cm 2 and 160—210 keV, respectively. Subsequent ancould be distinguished in sampl€&andD. AFM images
nealing at 1320-1350 °C in Ar0.5% O, resulted in the of the substrate after oxide etching in aqueous HF reveal
formation of buried oxidéBOX) layers with thicknesses of inhomogeneities with a considerably reduced etch rate,
320-360 nm. More details on sample preparation and thehich were found to consist of Si particles and a densified
oxide microstructure were published elsewh¥ré Impor-  SiO, phase(coesitelikg.>®>° However, comparison between
tant for the present study is that the variation in th¢ O AFM images and TEM data, importantly, shows tha20%
implantation mode causes drastic changes in the density ard the etching inhomogeneities in AFM images do not pro-
size of Si particles embedded in the buried gSl@yer. This  vide a distinguishable-Si diffraction contrast in the TEM
was suggested to be related to the pressure-driven formatiarbservations® Most indicative for this discrepancy here is
of a densified crystalline SiOpolymorph, which prevents the AFM observation of the inhomogeneities of smaller size
outdiffusion of Si from the oxid&® We will present results in samplesC andD in which TEM fails to observe ang-Si
for four types of sample@abeledA—D) that provide us with  islands. Apparently, the vast majority of Si inclusions are
a set exhibiting a monotonic variation in the average size okither too small or their crystalline structure is too distorted
Si inclusions down to nm-sized Si clusters, undetectable byo provide any contrast distinguishable on the background of
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electrons scattered by the surrounding SiObviously, nei-
ther TEM, which reveals only the largestSi inclusions, nor o0
AFM, which is unable to discriminate between Si inclusions o’

in slowly etching SiQ, can serve as a reliable tool for the O
determination of the Si particles size. Therefore, we em- 10 ?
ployed a different physical principle to characterize Si inclu- o
sions in the oxide. It is based on the fact that a Si particle o
imbedded into SiQconstitutes a potential well for electrons hv (eV): g

from the oxide conduction band. Consequently, electrons in- )

jected into the Si@layer will be trapped by these Si inclu- 3.25 3.33 3.42 | 352
sions, thus generating negative fixed charge in the oxide O.o-“"
layer. As the probability of the trapping event is proportional ’

to the size of Si inclusion, the latter can be estimated from 0 @.O-OO”'l

the negative charging kinetics. Here, it is important to add
that these deep electron traps can be related only to an inclu-
sion of Si, not to an inclusion of a different Si@olymorph,

however. This approach will be discussed in more detail in ;5 1 ghift of theC-V curve flatband voltage in sample type

the next section. during photoionization as a function of the illumination time. The
photon energhv increases from 3.25 to 3.52 eV in0.1-eV steps.
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B. Photoionization and photoneutralization spectroscopy:
Total optical depopulation technique
were aged for~10° s in darkness, and then exposed to

tron states consists of measurement of the photocurrent rgonochromatic light with the photon energy increasing from
lated to their photoexcitation as a function of the photonl-7 0 5.5 eV. The spectral resolution was kept constant

energy®2-%° However, because the photocurrent is propor—”m) ar_1d the measurement time per spectral step was 100—
tional to the convolution of the density of stat@0S) avail- 110 min for the total depopulation and 20—-30 s for the yield
able for depopulation and the energy-dependent photoionizdneasurements, during which 1 MH2-V curves were re-
tion cross section d,y), the photocurrent monitoring, in corded. All measurements were performed at room tempera-
general, is unable to provide the DOS in a straightforwardure.

way. Therefore, we developed an approach employing the An example of how the total Pl curvgransition from the
measurement of the oxide charge variation upon optical exAeutral to the positive stgtés obtained by monitoring the
citation: The determination of the energy spectrum of Si parshift of the flatband point\{rg) on theC-V curve is shown
ticles in SiQ is based on the optical excitation of electronin Fig. 1 for sampleA. After each increment irhv, the
transitions from the populated states of the Si particles to thdepopulation was traced for 100—110 min to ensure that 80—
oxide conduction band. These transitions alter the charg@0 % of the photoactive defects had changed their charge
state of the particles that is detected by @/ technique.  state. The DOS, measured with respecEt{SiO,), is cal-

We used a totalexhaustive depopulation of the traps in culated for each energy window from the charge density ob-
incremental narrow spectral windows. As a result, the DOSained from theVgg shift® normalized to the widthS(hv) of
available for PI/PN in each energy windoworresponding the corresponding energy interval, given aP,
to the increase ofiv) is directly determined, while the cor- =AVgCox/qd(hv), whereq is the elemental charge, and
respondingry, can be obtained from the depopulation kinet- Cox is the specific capacitance of the oxide layer. Because
ics at each photon energy. There is, however, an uncertaintye saturation of the detrapping curve is the only criterion
in assigning the photon energy at which depopulation is obemployed, the obtained DOS requires no correction for the
served, i.e., determining the ionization energy of the fEap spectral distribution of the light source or top electrode trans-
=E(SiO,) —E;. The reason is that the depopulation is re-parency, optical interference in the oxide layer, etc., thus
lated to the power dependence «f,, on the photon energy providing most reliable physical information. The,, value
opr~(hv—E)P at hv=E,*®**" which giveso,,=0 athy  at each energy was determined by fitting first-order kinetics
=E. Consequently, the photon energy at which an efficienusing the photon flux penetrating the metal electrode, mea-
depopulation is observed will be always larger ti@arthus  sured independently on coprocessed metalized quartz win-
causing a systematic shift of the DOS distribution. In orderdow samples. Eachry, value relates only to the states de-
to minimize this shift, the time allowed for detrapping was populated in the corresponding narrow energy range,
kept long enough to allow nearly exhaustive photoionizationbecause almost all the states with lower photoionization en-
of states in the vicinity of their photoionization threshold. ergy were already emptied previously.

We will show below that the maximal shift of the DOS in  The PI/PN was also analyzed in a quantum yié€¥
our experiments does not exceed 200 meV. mode, that is, under conditions of a small change in the

The Pl measurements were performed using the spectrabpulation of electron states. It was done by measuring the
system described previousl§ The samples were biased by shift of the C-V curve after shorf20 9 light exposure and
applying a potential to the metal electrode to create an elegiormalizing the charge density variation to the photon flux
tric field F in the oxide of 0.3, 0.5, or 1.0 MV/crtno sub-  npp: Y=AVgCox/qny,. In contrast with the total de-
stantial impact of the applied potential polarity on the de-population mode, all the states with the photoionization
population was observedPrior to illumination, the samples thresholds satisfying=c(SiO,) —E,<hw contribute to the

The routine way to investigate the depopulation of elec
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3 4 5 FIG. 3. Effective density of trapped negative charge in samples
PHOTON ENERGY (eV) A-D determ_ln_ed frorr_1 the€-V curve shift as a function of density
of electrons injected into the oxide.

FIG. 2. C-V curve flatband voltagéircles and quantum yield

(squarep of photoionization(open symbolsand photoneutraliza- an electron enters the Si particle. In a more complete picture,
tion (filled symbol$ measured in sample tygeas a function of the  though, the trapping requires an additional stage, i.e., inelas-
exciting photon energy. tic scattering of the electron inside the particle, which may

] . . cause the inferred capture radius to deviate from the true
yield. The difference between the total depopulation and theticle radius. The inelastic scattering event probability can
yield modes of PI/PN measurements is illustrated in Fig. 2pa calculated al—exp(=2r./)] (Ref. 7 where we may
showing for sample\ the C-V curve shift and the yield for (ke |~1nm for the photoelectron inelastic scattering
both PI(open symbolsand PN(filled symbo!s) asafun_cthn length?® For the smallest particlegin sample D), r,
of the photon energy.'The total depopglayon curve indicates_ g 5 nm yielding a scattering probability of 0.63. With
that nearly all the available states are ionized or depopulated 1 (sampleC) the scattering probability increases to
in the spectral range of 3hy<<4 eV. In contrast, the yield  gg je., the inaccuracy linked with the basic assumption
is low in this spectral range, parylcularly for PI, t_)ut it in- pecomes smaller than the measurement a2686. Obvi-
creases steeply &tv>4.3 eV. Obviously then, the increase ously then, for particles of larger sizeamplesA,B) the cap-
in Y indicates an enhancement of thg,, but not the onset e "and geometrical radii of the particle will coincide, with
of a high density of new states available for depopulation. reliabler . values as a result. The data listed in Table | im-

Prior to PN measurements, electrons were injected intoyoriantly indicate that for a fixed number of injected elec-

the oxide to fill the traps, which occurs most efficient for Sions for each sample type, particles of different size are
inclusions®"*"*® The injection was periodically interrupted 5 tomatically selected, and, in the course of PN experiments,
to record theC-V curve from which the density of trapped the DOS of only these particles is analyzed. For the present
electrons was determined. An example of the electron trapsork. we fixed on an injection at210% electrons/crh at
ping kinetics is shown in Fig. 3 for sampleés-D. The EF—1 Mv/em. the metal being negatively bias&cf? 5870

specimens exhibit a large variation in the total density OfSubsequentIy, the samples were aged and analyzed in the
trapped electrons which reflects a different density of Si parggme way as in the course of Pl experiments.

ticles included in the oxidé&N). The inferred values are listed

in Table I. The thermal SiQlayers, free of Si inclusions,

show no significant electron trapping in the covered range of Il. RESULTS
the injected electron density. Analysis of the trapping curves
using the algorithm of Nin§ bears out a variation in the
capture cross sectiqr) of the dominant electron traps from  The DOS distributions determined from the total depopu-
1x10"*cn? in sampleD to 4x 10 3 cn? in sampleB.  lation Pl (dashed curvesand PN(dotted curvesare com-
This refers to a different capture radius of the traps, whichpared in Figs. &)—(d) for the sampleA—D, respectively.
can be estimatéfas 2 .~(o)Y2 As ¢ is found to be inde- The origin of the energy scale is put at the bottom of SiO
pendent of the electric field strength in the oxfdehe ob-  conduction band. The main observations are as follow:
tained value ofr, will be proportional to the geometric ra- No PI/PN is observed in the particle-free samples tigpen
dius of the trapping Si particle, i.e., the size of the largest Stontrast with samples—D. This importantly demonstrates
clusters available in a given sample. The thus infemrgd PI/PN to be related with the Si particles(ii) The Pl and PN
values are also listed in Table | together with the measureDOS typically show two 0.2-0.4 eV-wide DOS bands
ment errors reflecting the data scattering. As to the absolutaroundE~3.5 and~4.5 eV. (i) With reduction ofr. (see
accuracy, the physical accuracy of this method is basicallyable l), the DOS exhibits two trends:(1) the Pl becomes
governed by the assumption that the trapping event occurs [éss efficient an@2) the Pl band aE~4.5 eV increases rela-

A. DOS determined from Pl and PN experiments
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The DOS distributions are shown in Fig. 5 for samples
(a,b andD (c) as determined from the P&) and PN(b,c) in
the untreated stat@lashed curvesand after annealing in H
at 1100 °C(dotted curvels In sampleA the hydrogenation is
seen to result in a redistribution of the DOS in the 3.5 eV
) ) i band by shifting its center of gravity 300 meV away from
tively to the PI/PN band aE~3.5eV. (iv) There is no Ec(Si0,). At the same time, the onset of the PI/PN DOS
shift in the DOS that might be associated with the decreasges remains unchanged within an accuracy of 50 meV.
in Si particle size. (v) In samplesA—-C, the DOS deter- Thjs behavior suggests a complex nature of the DOS band,
mined from Pl and PN experiments are nearly identicaliexhibiting, among others, low-energy states barely affected
there is only some scaling and a global shift of the PI DOSyy H, and deeper states created uponadnealing. Hydro-
by 200—-300 meV. (vi) In sampleD, the PI exhibits only genation of sampl® has a dramatic effect on the PN DOS:
one weak band aE~4.5 eV, while the PN shows thE its shallow portion is eliminated and a 1-eV-broad, appar-
~3.5 eV band, similar to that in samplés-C, and a band ently two-component band appears at around 3.5 eV. The
of shallow traps at-2 eV. latter resembles the PN DOS of the hydrogenated saple

To ensure that the observed PN spectra are related to tlvehich may point to the same type of the H-generated defects.
excitation of the Si particles that have trapped an electronJpon hydrogenation, sampl2 additionally shows a signifi-
and not to the PI of neighboring neutral particles leading tocant portion of optically inactive electron traps, i.e., those
charge compensation, we repeated the electron injectiowhich cannot be optically discharged.
upon reaching/rg=0 (cf. Fig. 2. Analysis of the electron The dependence of, on the trap energy(not to be
retrapping kinetics gave the same&alues as in the course of mixed with the dependence of,, on hv) was inferred from
first electron injection. Therefore, it is concluded that the PNthe kinetics of Pl and PXhot shown. The states observed at
provides the DOS of the negatively charged Si clusters. E~2eV with PN on sampleD exhibit a largesy, (3—6

The positively charged state of the Si particles observedk 10 8 cn?) as compared to the states distributed in the
after Pl was analyzed by electron spin resonait®R. We  3—4 eV range ¢,,=0.7—1.5<10" 18 c?), which may refer
found no paramagnetic states despite the high density ab a difference in atomic structure. The cross section of PI, in
positively charged centers. However, an intelﬁé,esignal turn, is lower than that for PN, which may be due to a dif-
originating from oxygen vacancies &Si- center, where ferent initial charge state of the center. In the energy range of
the dot symbolizes an unpaired eleciras observed upon 3<hwv<4eV, oy, of both Pl and PN show no substantial
hole injection into the Si@®® From this, we conclude that variation: most of the excited states have a simiay, .
the positive charge introduced during Pl is likely localized However, o, decreases by approximately 50% upon hydro-
on the Si particles, but not on the Si@efects, i.e., there is genation, which may be due to a structural change of the
no transfer of holes from the Si clusters into the oxide. photoactive state.

FIG. 4. Density of states in samplés-D [(a)—(d), respectively
determined from P(dashed lingand PN(dotted ling as a function
of energybelowthe SiQ conduction band.
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C. Optical excitation of SiO, defects an
In order to get insight into the nature of the states contrib- _ 104 - éegﬁgg
uting to the DOS of Si particles in SiOwe separately stud- ‘@ s QQDD
ied optical excitation of electrons from the oxide defects £ 10°
present at the Si/SiOnterface and defects generated in the |.|>.| 102 -
bulk of the oxide of sample typE. A first result concerns = ot
our previous work, revealing the presence of near-interfacial § 10! - LR
oxide defects which can trap electrons from Si in a level 2.8 o @
eV belowE(SiO,), as determined by the photon-stimulated E 10° \L g 1
electron tunnelingPST) and photoexcitation of the electrons £ 101 4
into the oxide conduction barld~"® The density of these 03 4 5
defects is found to be substantially higher in the samples of 102 - ®, P PHOTON ENERGY (eV)

type A andB than in sample€ andD (cf. Fig. 3 in Ref. 74, ‘ 1 ' '
i.e., it likely correlates with the presence of Si particles in the 3 4 5 6
oxide. This result suggests the possible involvement of the PHOTON ENERGY (eV)

2.8 eV defect level in the PI/PN studied in the present work.
This supposition is supported by the buildup of positive

chargze in samplesA—C with densities reaching 2 ., exposure to % 10*° 10-eV photons cm? without (CJ) and

X 10"2 el.charges/cfand the elimination of negative charge ;i sybsequent planneal at 400 °CA) measured at the electric-

in samplesA—D observed under conditions of PS8XCita-  field strength in the oxide of 4 MV/cm under positive metal bias.
tion with an Ar" ion laser athry=2.71 eV). It can also be The arrows mark the spectral thresholds. The insert shows spectral
seen from Figs. 4 and 5 that the energy onset of the PN DO@haracteristics of photocurrent measuredat1 MV/cm with the

is in the range of 2.8-3.0 eV, that is, at nearly the samenetal biased positivelyO) and negatively), and the quantum
energy level as of the above discussed defects. Besides thld of PN measured &= 3 MV/cm (metal positively biased A)
independent affirmation of the trap energy level, this resulfor the irradiated Hannealed samples after trapping 6
assures the reliability of the DOS energy scale within 200x 10'2 electrons/crhin the bulk of the oxide.

meV.

Second, we also found previously that irradiation of ato the electron emission from oxide defects near the SiSiO
defect-free SiQ with 10-eV photons generates a large con-interface. As apparent from the data, the irradiation has little
centration 10 cm™3) of electrically neutraIE’y centers, effect on the electron emission from these centers. However,
which is pictured as removal of an O atom from a Si-O-Sithe 10-eV irradiation is seen to lead to the development of a
bridge towards an interstitial position followed by decorationnew band, characterized by~ (hv—®,)? and the field-
with hydrogen(see Ref. 61 for details There are two im- independent spectral threshold,=(3.1+0.1) eV. We
portant observations pertinent to the present stydythe  found this emission gradually increasing with irradiation of
intense ESR signal from tHE; center(see Fig. 9in Ref. 61 the oxide, and therefore, this band is associated with
disappears upon hydrogenatigf.1 atm H, 400°C, 30 radiation-induced defects near the Si/SiOterface. Subse-
min), but can be restored by hole injection indicating revers-quent annealing in Hof the irradiated sample causes a weak,
ible switching between the paramagnetic though distinguishable spectral redistribution of the quantum
(O=Si- HSE=05) and the diamagnetic yield in this bandsee Fig.  but does not eliminate it, while
(Os=SiH HSi=0;) statesii) the electrons trapped by the no ESR-activeE’, centers remain in the SiCafter this an-
irradiation-generated defects may be optically detrappedieal, and the density of Si/SjOnterface states is found re-
both in the paramagnetic and H-passivated diamagnetic statduced by about an order of magnitude as compared to the
The latter is illustrated by Fig. 6 in which the photocurrentas-irradiated sample. Probably then, the optical activity of
per incident photon is shown as a function of photon energyhe H-complexed O vacancy is related to the localization of
for the control samplétype E) with 66-nm-thick oxide, the an electron at the (£=SiH) fragment.
same sample exposed to'1@0-eV photons/c and after The insert in Fig. 6 shows the PN vyield curve and two
hydrogenation at 400 °C. All the curves are measured wittturves of photocurrent per incident photon measured after
an appliedF =4 MV/cm, the metal being positively biased, electron injection into the irradiated and hydrogenated
to inject electrons from Si into the defects located in thesample, leading to the buildup of negative charge to a density
near-interfacial Si@ layers. In the control sample, a first of 6x 10'? el./cn? in the bulk of the oxide. The curves indi-
observation is the intense internal photoemission of electronsate two spectral thresholds of the electron detrapping, i.e., at
from the Si substrate valence band: It is characterized by (3.1+0.2) and (4.%0.2) eV. Obviously, the first threshold
~(hv—®)® and a fielddependent(the Schottky effegt corresponds to thé, value determined above for the de-
spectral thresholdb,, which, when extrapolated to zero fects generated near the Si/Si@terface as particularly evi-
field, gives the barrier height of (4.29.05 eV), the value denced by the fact that the same power law of the spectral
characteristic for electron emission from the Si valence bandurve Y~ (hv—®,)? is observed in both cases. Apparently,
to the SiQ conduction band®’® Second, there is a much the hydrogenated oxygen vacancy may account for the PN
weaker emission, characterized by~ (hv—®,) and the band athv>3.1eV. The 4.3-eV feature on the photocurrent
field-independent spectral threshold®,=(2.8+0.1) eV, curves in Fig. 6 may be partially related to the well-known
which, as we discussed in the previous paragraph, is relateaptical reflection peak from crystalline &.However, the

FIG. 6. Photocurrent per incident photon as a function of photon
energy in the control Si/Si66 nm/Al structure (O), after addi-
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same threshold on the PN yield curigee insejtrefers to a  esis, however, is also discarded as no difference is observed
charge variation associated with Si particles. Therefore, it ibetween the samples preparedmerandp-type Si substrates.
concluded that there exists an additional PN threshold a¥oreover, the ESR measurements at 4.3 K, highly sensitive
~4.3 eV. to unpaired electrons on donor centers, show no presence of
such states in the as-fabricated samples. Thus, the possible
IV. DISCUSSION influence of donor centers produced during postimplantation
A. Origin of the PI/PN DOS annealing can be excluded. . .
' Third, the favored alternative explanation for the coincid-
A most remarkable result of the present study is the nearlyjng Pl and PN DOS distributions is that both processes occur
identical PI/PN DOS energy distribution in samples with aby optical excitation of an electron from the energetically
different average size of Si particlésf. Figs. 4 and b im-  |owest localized state in the Si particle or in the interfacial
plying that the transitions from neutral and negative statesjo, layer of the Si particle/Si@system, which will be filled
(states corresponding to a different number of electrons irllJpon trapping the additional electron. The same may be true
the Si particle occur by optical excitation of energetically \yhen an electron-hole pair is optically generated in the Si
indistinguishable states. This conclusion may be Strengthparticle: if the mean time for trapping is shorter than for
ened further.by taking into account that the observed 20_0_recombination, the generated electron will be transferred to
300 meV shiit of the Pl .DOS with respect to PN DOS.'S he localized state. In this way the same state may be filled
probably related to the different charge state of the excite oth when starting from negatively charged and neutral par-

particle: During PI, the electron interacts with the hole left atticles and. if its lifetime is lona enouah. a similar DOS for
the Si particle; the simple Coulomb interaction with a charge ’ ' 9 9n.

L " : : . Pl and PN will be observed.
of opposite sign positioned at distancewill shift the elec- o S .
tron energy by 50—250 meV for the values listed in Table The distinction between the states originating form the Si

I, when taking the relative permittivity equal to that of Si Particle itself and from the surrounding oxide can be made
(eq=11.8, Ref. 33 Obviously, this contribution must be on thg basis of _thelr behgwor upon hydrogenation. T_he long
absent in PN because the excited electron leaves a neutf@Perience of Si electronic device technology andafei:H
particle. Therefore, the experiments show that the occupiegtudies clearly show that the primary effect of H consists in
highest electron state involved in optical excitation has th®assivation of defect states, which removes the correspond-
same energywithin an accuracy of, say, 200 mg¢\h a  ing defect levels from the Si band gap. However, the trends
neutral Si particle and in that with an added electfpega-  Observed in the PN/PI DOS are just opposite: The hydroge-
tively chargedl. nation shifts the 3.5-eV DOS band within the Si band gap, as
The latter conclusion contradicts the simple picture of ex-most prominently shown by the results for samplén Fig.
citation of a Si cluster based on an electronic spectrum modi(c). The effect can be easily explained by modification of
fied by quantum confinemeft® in this case the energy defects by hydrogen in the oxide surrounding the Si par-
splitting between the highest occupied states in a neutral ariécles. The buried Si@layers used in the present work are
negatively charged cluster is expected to be close to thwell known to exhibit a strong H uptakeéwhich leads to
band-gap width and should increase with shrinking clusteintense generation ofE; centers upon subsequent
size, starting from the bulk Si vali&y(Si)=1.12 eV at 300 irradiation®*~**The sensibilization té&’, center generation is
K, Ref. 33 onward. Apparently, this is observed only in the ascribed to the formation of £=SiH fragments upon ki
nonhydrogenated samplés [cf. Fig. 4d)]. Therefore, we annealing, which were shown to provide trapping sites for
considered alternative explanations. First, small Si clusterelectrons aE(SiO,) —E,=3.1 eV(see Sec. lll ¢ This pic-
exhibit a considerable reduction in the energy splitting beture agrees with the presently observed shift of the DOS
tween the highest occupied and the lowest unoccupied statfistribution to higherE=E(SiO,) — E; values(Fig. 5). In
if atomic relaxation of the cluster is allowed. This conclusioncontrast, these effects cannot be explained by modification of
is based on theoretical DOS calculatiéhin comparison the electronic spectrum of bulk Si, e.g., the gilyers
with photoelectron spectroscopy data for negatively charge¢brmed in ultradry Q and pyrogenic KO are found to show
free Si clusters (§j, n=12), some of which show a split- no difference in the Si/SiDband offsets within an accuracy
ting of only ~0.5 eV/® However, this explanation is ex- of 30 meV. The suggested optical excitation from oxide de-
cluded for several reasons(i) Only clusters with large fects is supported by two other important observations}
splitting are expected to be thermodynamically stdbl€a  The energy of the oxide trap should be insensitive to the
significant fact in the light of the high-temperature electronic spectrum of the Si particle, i.e., no size effect
(~1350°Q annealing used for the presently studiedshould be observed. The latter is evident from the experi-
samples;(ii) Both the optical and electrical measurementsmental resultgcf. Figs. 4 and § (ii) The energy onset of the
reveal the porous Si band gap to be 2—-2.5%6%,°%% e.. PN DOS matches with the energy of the oxide centers dis-
clusters with smaller gaps are insignificant already at roontussed in Sec. Ill C. Therefore, we conclude that the upper
temperature(iii) The spectroscopic ellipsometry of samples (3.5 eV) band in the PI/PN DOS corresponds to the energy
of types A—C typically reveals the presence of inclusions spectrum of the near-interfacial oxide defects—apparently of
with dielectric response similar to that of Si—crystalline or two different types—that trap electrons photoexcited inside
amorphou¥-#2—exhibiting anEy>1 eV. the Si particles or supplied additionally from the oxide. Only
Second, one might refer to the possible influence of donopart of the 4.5 eV DOS bands—exhibiting a reduced sensi-
centers in the Si particles, i.e., if the Si particles werenof tivity to H—may be associated with valence states of a Si
type, the PI and PN energies would be close. This hypothpatrticle.
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The trap mediated PI/PN mechanism explains consistentlgstimate the energies of the electronic transitions which, if
the important trends observed in the DOS. Obviously, atadiative, could give luminescence. First, the transitions be-
least one defect state has to be located in the oxide surrounflyeen two bands in the DOS would have an energy in the
ing the Si particle so as to provide the necessary electropynge 1.2-1.7 eV. This range overlaps with the PL band

state. If.the pa.rticles are Sma"' however, phere .iS e_n_hgnceﬁom the confined exciton states in Si nanocrystals centered
probability to find some with no defects in their vicinity. at 1.72 eVi21487 which would result in spectral re-

They will then exhibit the DOS corresponding to the intrinsic .~ " .
electronic spectrum of the Si particle. Indeed, in sample§jIStrIbutlon of the PL. However, because the red lumines-

type D, the PN DOS shown in Figs.(d) and 5c) reveals a CeNce from our sample_s was not analyzed, it is difficult to
shallow component aE=E(SiO)—E,~2 eV, probably dlscus_,s the correqundmg varlatlo_ns of the PL spectra. Morg-
related to the quantum confinement of electrons in the SPver. if these transitions in the oxide would appear nonradi-
particle conduction band. This also agrees with the attendartive they would quench PL rather than produce an addi-
increase of the PI DOS band a#.5 eV relative to the band tional band.
at 3.5 eV(Fig. 4). A remarkable observation here is that the ~Second, the electron excitation from the populated 3.5 eV
splitting between these bantis2.5 eV) is close to the range DOS band to shallow levels below the oxide conduction
of the band gap width values reported for porous Si andand may result in transitions at higher energy. The PN DOS
attributed there to the influence of quantum confinem&fft. and the yield spectra show that the highest occupied energy
When the density of defects is increased upon hydrogendevels (negatively charged statare situated at 2.8 and 3.1
tion, the shallow PN band disappears, as shown in R, 5 eV below E¢(SiO,). The excited states of the defects are
while the defect-related band at3.5 eV is significantly en-  expected to be situated just below the conduction band of the
hanced. Similarly, the Pl of small particles appears only posoxide. At least for the 2.8 eV center, the PST reveals the
sible in the UV rangécf. Fig. 4d)], which is ascribed to the presence of such excited states in the range 0.05-0.4 eV
a.bsence of oxide defects that may serve as intermediate eXg|ow Ec(Si0y).” Therefore, blue PL2.4-2.8 eV might
cited states for the 3.5-eV Pl band. be expected provided there is a radiative decay channel. The
A most interesting question, definitely, concerns thegyisience of such channel is supported by the observation
atomic nature of the defects states revealed by Pl and P hat the blue EL is strongly enhanced by the presence of Si
T_he one with energy !evel dE(SIO) —E(=3.1eV (see Oparticles(Sec. A,
Sé%ag)c;?gigi?ﬁnc\grr:g;gy gglgrsgutsgége;nhgggo?lelnCateRo(Ia_ Regarding the 3.1-eV defects, they may probably provide
garding the second state IE’(t,(SiOZ)— E—28eV .reveailed PL in a close spectral range. In addition, the latter defect has
' v X a second energy level &:(SiO,)—E;=4.3eV, as sug-

by PST, we notice that it is diamagnetic when neutral, it 4 by th old h N ¢
correlates with Si enrichment of the oxide, and is stabledeSted by the PN yield spectra. Then, upon excitation of an

against interaction with H. This suggests this energy level t&€Ctron from this state, two radiative transitions are pos-
belong to a saturated bonding configuration of an excess Sible: the blue onéfrom the excited state nedic(SiO,) to
atom. The choice is narrowed down to two types Ofthe empty 3.1-eV IeVé,I and the UV bandtrans|t|0n from
bonds: Si-Si and Si-H. The latter configuration looks favor-the excited state ned(SiO,) to a hole left at the 4.3-eV
able in view of the close energy level of trapped electrondevel). The characteristic feature of these transitions is that
(3.1 eV), and close photoionization cross secti@mee Sec. they require no tunneling of a hole; therefore, the PL decay
I11B). However, there is one experimental observationmay be expected to be fast. The UV PL, indeed, shows decay
namely, the absence of a PST signal from these 3.1-e¥imes in the ns rangk3°84%8By contrast, the blue PL has
states, which may be indicative for a different defect structwo components with the decay times differing by many or-
ture: The PST probability is proportional to the lifetime of ders of magnitude: from the ns range in oxidized porous Si
the excited state, and the fact that it is strongly decreasefRefs. 3,5,6,38,42,4%0 the 10 2-s range in bulk Si@**~*’
may refer to an additional mechanism of energy dISSIpatlonTmS huge difference between the fast and slow PL compo-
eg. a differen_t eIectronic/vibrationaI. sp.e.ctrum qf the defectpents may potentially also be explained within the present
At the same time, we observe a significant difference bemodel by taking into account the different lifetimes of the
tween the energy level measured in the present study angcited state for the two defects revealed in the present study
that[~1 eV belowE(SiO,)] predicted by theoretical cal- py PST, and the possibility of electron tunneling from an
culations for the oxygen vacancy in Si&/"*®For this, how-  excited state back to the Si particle, which is absent in bulk
ever, there is the option that the Si-Si distariRenay be  sjo,. We would like to mention here that the PL excitation
much less than that used for the Feigl-Fowler-Yip model inpeaks observed for the blue PL a8 and ~4.3 eV [Refs.
Ref. 28 R=2.9 A). This would lead to an increase of the 89_g1 are consistent with the here proposed optical excita-
local positive charge related to the shift of the electron dention of the electron states contributing to the PN DOS.
sity from Si to the backbonding O atoms, and accordingly torjnally, it is worth pointing out that, despite of the invoked
a deeper energy level for a trapped electron. We believe thaharge transfer to the defect state, the PL efficiency may
distinction between these two models of the 2.8-eV defectemain sufficiently high: Using the valueop,=1
can be made on the basis of ESR analysis, in which the 1018 cn inferred from PN experimentéSec. 111 B), the
H-related state would give rise to a proton hyperfine doubletgpserved efficiency of blue PL in the thermally oxidized po-
rous Si of 0.1%(Ref. 3 would require a density of charged
defects of~10' cm 2. This, however, is certainly realistic
taking into account the long lifetime of the trapped electron
From the inferred DOS distributions corresponding to op-at the defect sites, the large thicknesses of the oxidized po-
tical excitation of Si particles in SiQ(Figs. 4,9 one may rous Si layers>10 um),* and the tremendous area of in-

B. Luminescence of Si particles in Si@in the perspective
of PI/PN DOS
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ternal Si/SiQ interfaces, which may be #Qimes enhanced optically generated or externally supplied electrons are
over the planar surface. Worthy of notice here is that thérapped by oxide defects situated at the Si particle/oxide in-
system remains neutral because upon electron transfer to therface. The spectrum of the oxide traps is sensitive to hy-
oxide defect the hole remains at the Si particle, i.e., no Coudrogenation, and two oxide defects with energy levels in the
lomb blockage of the globally proceeding charge transfer igsequired range are isolated. One of them is related to Si
expected? enrichment of the oxide and has the energy level of the nega-
The comparison between the short-wavelength PL proptively charged state at 2.8 eV below the oxide conduction
erties and the DOS of Si particles in Si@ay be extended band; Another defect, characterized as a H-complexed oxy-
further by analyzing the multicomponent nature of the greengen vacancy in Si§) has the energy level of an additionally
blue PL bands and their spectral width, the relation of sizdrapped electron at 3.1 eV belok(SiO,). Comparison of
effects to the broad energy distribution of the states involvedthe inferred density of states distribution and the photolumi-
the influence of temperature, effects of hydrogen, etc. We argescence data available in the literature suggests the mecha-
convinced, however, that only the direct correlative analysisiism of PL mediated by electron trapping at oxide imperfec-
of the PL and the PI/PN DOS may establish the firm relations as a feasible explanation of the luminescent properties
tionship between particular defects and the PL bands. In thief oxidized Si particles in the green-blue and UV spectral
view, the above presented interpretation of PL has to be corranges.
sidered only as a suggestion for the physical mechanism of
PL, in addition to PL of the quantum-confined exciton states,
observed from the system composed of Si particles sur- ACKNOWLEDGMENTS
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