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Effects of Hydrogen in the AnneaIing Environment on Photoluminescence from Si

Nanoparticles in Si02

S. P. Withrow, C. W. White, A. Meldrum, and J. D. Budai
Oak Ridge National Laboratory, Oak Ridge, TN 37831

D. M. Hembree, Jr.
Oak Ridge Y-12 Plant, Oak Ridge, TN 37831

and

J. ‘C. Barbour
Sandia National Laboratories, Albuquerque, NM

The role of hydrogen in enhancing the photoluminescence (PL) yieId observed from Si nanocrystals

embedded in SiO: htis been studied. SiOj thermal oxides and bulk fused silica samples have been

implanted with Si tind subsequently annealed in various ambients including hydrogen or deuterium

folming gases (Ar+4%H: or Ar+4%DJ) or pure Ar. Results are presented for annealing at

[empcraturcs between 200° and 1100”C. Depth and concentration profiles of H and D at various stages

of processing have been measured using eltistic recoil detection. Hydrogen or deuterium is observed

in the bulk utter unncaling in forming gas but not after high tempemture ( 1100”C) anneaIs in Ar. The

presence of hydrogen dmmatical[y incrcascs the broad PL band centered in the near-infmred after

tinncaling Lit1100”C but htis almost no effect on the PL spectral distribution. Hydrogen is found to

sclccti~cly trap in the region where Si nanocrystais are formed, consistent with a model of H

ptissivatin: surfucc states tit the Si/SiO: interface that leads to enhanced PL. The thermal stabiIity of

the tmppul H and the PL yield observed ufter a high temperature anneal have been studied. The

hydrogen concentration and PL yield are unchanged for subsequent anneals up to 400”C. However,

ubovc -IO(YCthe PL decreases tind a more complicated H chemistry is evident. Similar concentmtions

of H or D ure tmpped after annealing in HJ or Dj forming gas; however, no differences in the PL yield

or spcctrtil distribution tire observed, indicating that the electronic transitions resulting in luminescence

are not dependent on the moss of the hydrogen species.
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introduction

Significant effort has been focused in recent years on the formation and characterization of Si

nanocrystafs. This interest originated with the observation of room temperature photoluminescence

(PL) from porous siiiconl and the interpretation of the light emission in terms of quantum confinement

of carriers in nanocrystalline-sized Si structures. In subsequent studies PL has been observed from

nanometer-sized crystalline Si particles fabricated using a variety of techniques, including deposition

onto substrates by gas phase synthesis or decomposition of silane by plasmas or lasers. Another

process that has been widely used for Si nanocrystal formation involves ion implantation of Si into

SiO~ followed by thermal annealing.~-l~ At sufficiently high temperatures the implanted excess Si

precipitates out from the SiO~ resulting in embedded Si particles. This approach to synthesis appears

well-suited for optoelectronic device applications since the particles formed are in a mechanically

robust md chemically stable mattix, the technique allows for some control over nanocrystal size and

disulbution via processing conditions, and the procedure could be integrated into standard device

tcchnolo:ics. Light cmi[ting devices based on mmocrystalline Si would have potential applications in

:d~wwcd microelectronics. Other appiicotions, including memory structures utilizing charged Si

nanocrystals, Ij hu~’calso been proposed.

While photolumincsccncc has been observed from samples utilizing ion implantation of Si into

SiO: [o form nanocrysmls. the origin of the light emission is still being debated. The phenomenon has

bwn :mlibuted to quantum confinement effects by some authors, but it is difficuh to reconcile all the

dutti to this model.’~ Other mechanisms, including states at the nanocrystal-Si/SiOz inteti~ce andlor

processing-induced defects. moy also pkiy a significant role in the emission. One of the parameters

[M atfccts the photoluminescencc is the presence of hydrogen. A number of authors have studied the

elfccts hydrogen hus on the PL observed from Si nanocrystals in SiO1. Mit et al.4 reported that

implanting deuterium follo~ving ion beum synthesis of Si nanocrystals in SiO. quenches Luminescence

reklted to defects in the mwix. Subsequent annealing at 500°C in vacuum resulted in a large increase

(up to 10-fold) in PL related to the nanocrystals which they attributed to mobility of D in the substmte
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and trapping at dangIing bonds at the SiO.#3i interface. Neufeld et aI.3 observed that annealing Si-

implanted SiOz in a rapid thermal annealing furnace in a H#Nz ambient increased the PL by a factor of

3 over a vacuum anneal and attributed this reversible change to the passivation of non-radiative defects

by hydrogen. To date, however, no direct measurement of the hydrogen concentration in luminescent

samples has been reported. .,

ln the present work, a systematic study of the effects of hydrogen on the PL from Si nanocrystaIs

in SiOz is presented. Hydrogen concentrations and depth profiles have been measured in SiOz

containing Si m.mocrystals and correlated with photohuninescence spectra. While luminescence is seen

in samples where no H is measured, the presence of H dramatically increases the PL yield but has

almost no effect on the PL spectral distribution. In addition, the H selectively traps in the region of the

Si nanocrystals at a concentration that is consistent with interface passivation. No hydrogen isotope

effects are seen.

Exnerimcnt

Si ions were implanted at room temperature into thermal oxide fiIms grown on Si(100) wafers or

into bulk fused silica (Coming 7940 glass) substrates. lon energies between 100 and 400 keV and

doses from I-6 x 10’7 /cmz were utilized to produce peak excess Si concentrations of 0.5-

2 x 10:2 /c m‘. Uniform excess Si concentrations of up to 2 x 10ZZ/cm3 were produced in several

samples by multiple energy implantations. The implanted samples were subsequent y furnace annealed

at 11OO°Cfor 1 hour to precipitate Si into nanoparticles. Annealing was carried out in several different

atmospheres, including flowing Ar+470H. forming gas, Ar+470D, forming gas, or an Ar-only

umbient. Samples were removed from the furnace but remained in the ambient to cool radiatively (to

?O s). Alternately, a few samples were held in the furnace and cooIed slowly to room<700°C in -.

tempemturc over sevemi hours. Selected samples were annealed a second time at various temperatures

up to 1100”C.
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The presence of Si nanocrystals was directly observed using transmission electron microscopy and

x-ray diffraction. Photoluminescence spectra were obtained at room temperature with a double pass

spectrometer using the 514-nm line from an Ar ion laser for excitation and a photomultiplier for

detection. Concentration profiles of H in the oxides were measured using elastic recoil detection

(ERD) of a 24 MeV Si+5ion beam incident at 75 degrees from the surface normal. Recoiled H was

detected at a forward scattering angle of 30 degrees in a surface barrier detector behind a 12-micron

mylar foil. The experimental geometry was calibrated, just before data collection from the SiO:

samples. using a 300 nm thick SiJNJ standard sample with u uniform concentration depth profile of 6

tit.% H. Depths down to -800 nm in the SiOJ could be probed using the ERD technique with a depth

resolution of 30-50 nm. D was depth profiled in selected samples using the same technique.

Rcsuits

If Si-impluntcd Si02 is anncidcd at 1100 “C, then prccipitution of the excess Si occurs. The

tr.msmission eicctron microscopy (TEiNl) images shown in Figure 1 confirm the formation of

mmocrys[fils in {he Si-impitintcd SiO: wafers. For a uniform excess Si concentration of 5 x 10:’

ions/cm~ tichie~ed by mul[ip]c energy imp~an[s. separate and wel~-defined regions of dark contr~st

hu~ing fin avem:e diumcter of approxima[cly 3 nm ure readily visible using slightly defocused imti:ing

conditions (Fig. 1a). Continuous kmicc fringes were not observed: however, these regions of dark

contrfist did not occur in the unimplantcd portion of the specimen. The dark contrast areas are.

therefore. (enta[i\ely identified us silicon-rich clusters. In a sample with a uniform excess Si

conccntruticm of 2 x 10~zions/cm~, reltitive[y lw-:e (> 5 rim), well-defined mmocrystals were observed

(Fig. 1b). The distribution of mmocrys[ul sizes is reltitively broad in this sample. An additional

specimen implanted with a single ion energy (400 keV, 1.5 x 10’7 ions/cmz) tilso showed a broad

distribution of nanocrystal sizes after annetiling at 1100”C. The largest particles were located at a region

corresponding the peak concentration of implanted Si, and the smaller particles were located at the tails
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of the implant distribution. The average

the concentration of impIanted silicon.

size of the Si precipitates is, therefore, largely dependent on

Figure 2 shows PL spectra obtained from fused silica

1.5 x 10’7 Si/cmz. The PL from the as-impIanted sample

implanted with 400 keV Si

peaks at 650 nm and arises

introduced into the matrix during implantation.’ Annealing at 950”C greatly reduces

luminescence and may induce formation of small nanoparticles. After annealing at

nanoparticles are visible in TEM and an intense PL band peaked at -750 nm is observed.

Figure 3 shows PL spectra from fused sifica implanted with Si (200 keV, 1.0 x 10[7/cmg, RT)

and then unneaied for 1 h at 1100”C in three different environments. A broad peak centered at just less

than 750 nm is observed when the ambient is flowing, Ar+4%H~. A spectrum with the same intensity

and spectr~l distribution is obtained when the 4% hydrogen is replaced with 4% deuterium (dashed

curve). A s~mple annealed in an Ar ambient at the same temperature and for the same length of time

has o PL yield lower by a factor of approximately four. Hence the intensity of the PL is strongly

dcpmdcn[ cm the presence of hydrogen in the anne~ling environment. However, the spectml

distribution is [he stimc as annealing in Ar+4%H:.

Results similar [o [I1OSCin Fig. 3 ure observed for Si nanocrystais formed in a therrmd oxide on Si.

For [Iw Iuucr substrutcs, however. PL yields w-etypically higher by 30 to 50%. The source of this

incrcascd PL may bc related to pwtial reflection of the incident laser light from the SiO,/Si interhce,

rcsul[ing in increuscd excitation. Interference effects in the PL spectrum due to reflection of the

excitation light tit an inteti~ce wtis previously observed to cause resonant PL results seen for Ge

nanopmticlcs in thc]mul SiO: layers.’s

to a dose of

from defects

this defect

1100”C, Si

For the sample n Fig. 3 that was tinneuled in Ar, a subsequent 1100°C anneal in Ar+470H. results

in :in increase in PL to nearly the same yield obtained for the Ar+49?~H.anneal. By alternating between
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Ar and forming gas anneals the PL can be cycled between higher and iower yields, indicating that the

hydrogen effect is reversible. It should be noted, however, that is not possible to reproduce the same

yields indefinitely by cyciing since the PL yieId is also a function of anneaIing time. For a uniform

implantation of 5 x 1OZ1/cm3 the PL reaches a maximum after annealing for 1 h at 1100°C in

hydrogen forming gas. Annealing this sample for 24 h at 1100”C results in a rpduction in PL yield of

more than 80%. This decrease is believed due to Ostwald ripening of the nanoparticles coupIed with

an inverse size-dependence for luminescence. A PL dependence on annealing time has previously

been reported.’

The spectro presented in Fig. 3 show thtit the tinnealing ambient has a strong effect on the PL yield.

In particular, the presence of Hz (or DJ) in the ambient leads to an increased PL over that observed

tiftcr anneuling in only Ar. To understand these results, profiles of hydrogen in the surface layer of the

oxide after different processing conditions have been obtained using elastic recoil detection. The

hydrogen dis[tibution in u thermal oxide imphm[ed with Si (200 keV, 1 x 10’7 /cmz, RT) is given by

the dotted curve in Fig. 4. The ltirge pefik ut the surface is attributed to adsorbed H or surfiice

cont~minmion such as }vatcr or hydrocxbons. This peuk is commonly observed for unanneuled SiOz

or Si02/Si somples. Tk bulk H conccntmtion in this as-implfinted sample, -0.06 at. VU, is uniform

wi[h depth down to S00 nm, which is the depth that the ERD technique can probe in these samples

without interference from an oxygen signal. The same levei and distribution of H was measured in the

unimplimted thermal oxide indictiting implantation does not uffect the H concentration. The noise

Ie\’cls in the spectm tire &O.02tit.%. A similur uniform I-Iprofile. but at twice the H concentration, has

been metisured in an unimpkmted fused silica sumple, indicating thtit the amount of H incorporated into

the uxidc vtiries with the SiO: prepamtion (echnique. Also shown in Fig. 4 for comparison are spectra

ob[ained after tinnealing ut 1100”C for 1 h either in Ar#%H: (solid curve) or only Ar (dashed curve).

Each of these spectra shows a decrexe in the surface H concentration by roughly a factor of four,

consistent \vith the high tempemture mneal driving off surface contaminants. For the Ar-onIy

annealed sample no de[ect~ble bulk H remains, indictiting the uniform H concentration observed in the
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sampIe before anneaIing has diffused out of the region probed as a resuIt of the 1100”C anneal. In

contrast, when a sampIe is heated to the same temperature, 1100”C, and subsequently cooled with’‘Hz

in the ambient, then His observed in the bulk. However, the His no longer distributed throughout the

sample, as was the case before anneaIing, but is now limited to a profile with a peak at a depth of -300

nm with a distribution that can be reasonably fit with a Gaussian. No H is detectable deeper than

roughly 700 nm.

The PL yields and the retained hydrogen profiles given in Figs. 3 and 4 were all obtained

following 1IOO”Canneals. Additional information about the effect of H on PL in these samples was

obtained using subsequent lower temperature anneals. Thermal oxide samples were processed in

hydrogen forming gas under conditions that produce the higher PL yield seen in Fig. 3(1 h at 1100°C)

and then mnealed u second time for 1 h in Ar-only at selected temperatures between 200 and 1100”C.

In Fig. 5 are plotted (he maximum in the PL yield from these twice-anneaied sampIes (open circles)

and also the peak retained H (open squares) as a function of the temperature of the second anneal.

Also shown for comparison are the peak yields from Fig. 3 for annealing once at 1100”C for 1 h in

Ar+4%H: (solid circle) or Ar, (triangle). As seen in Fig. 5, for second anneal temperatures up to

400°C there is no effect on the measured PL or retained H relative to one anneal in Ar+4%HJ.

However, between 400 and 800°C the PL yield decreases with increasing temperature. A second

imnetil tit 800”C results in the same PL measured from a sample annealed once for Ih in Ar-onl y.

These PL changes above 400°C are occomponied by changes in the H concentration, first an increase

between 400 and 600”C and then a decrease at higher temperatures. Both the increase and the decrease

are tissociated with changes in the H chemistry, including detrapping and diffusion. These effects are

discussed below. 1[should be noted thtit the PL decrease seen in Fig. 5 is not a result of the Ostwald

ripening process mentioned above. The PL yield changes only about 1070 for anneaIs between I and

2 h at 1100”C in Ar+47cH. and would be expected to change even Iess at lower temperatures.
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Elastic recoil detection has aIso been used to measure the deuterium retained in atherrmd oxide

following anllOO°C anneal indeuterium forming gas. Thespectrum isgiven in Fig. 6. Except for the

ambient gas, the substrate and processing were the same as used for the ERD results in Fig. 4. The

deuterium profile is qualitatively the same as for annealing in a hydrogen forming gas, indicating that

hydrogen and deutenum behave similarly. No D peak at the surface is seen, evidence that the

hydrogen in the surface peak in Fig. 4 is not a result of the annealing. A hydrogen profile was also

measured from the sample that underwent a deutm-ium forming gas anneal. The H in the bulk in the

as-implanted sample has been essentially removed as a resuh of the anneal but a hydrogen peak is seen

on the surface. No D is seen in samples annealed in hydrogen forming gas, as expected.

Discussion

Hydrogen is known to exist in silicon dioxide in several chemical states: as interstitial molecular

hydrogen H:, bonded directly to Si, and M the hydroxyl OH- with the OH radicals either interstitial or

attxhmi to d:mgling Si bonds. The timount of hydrogen in the SiO. und its chemistry are dependent on

the oxide preparation und subsequent processing. The concentration of H observed in the unimplanted

oxide samples used here, cm the order of 0.1 ~tomic percent, is consistent with a large body of work

rcvic~vcd by RC\IeSZ’4which repw-tcd [hc presence of 10’9-10JOhydrogen species per cm3 as Si-OH

and Si-H groups in steam- and O:-grown [hcrnwl oxides, respectively. Fused silica is also known to

contain similtir H ~mounts.’s At room tempcmture hydrogen is stable in the oxide. Fink reported no

chmge in the hydrogen distribution in silicu over long times, indictiting that detrapping and diffusion

wc not signific~nt U( RT. ‘G In contrm(, H-containing species are mobile in the lattice at elevated

temperatures. For example, OH radicals trapped in the bulk oxide can be released at annealing

tcrnpcmtures 2600 °C.’7 The large open structure of SiOl facilitates interstitial diffusion, with the

mo~crnent affected (hindered) by the equilibrium between the H, and OH radical and by trapping and

dc[rtipping of the hydrogen species ut dangling bond sites. Heating at temperatures sufficiently high

tha[ H detraps and/or diffuses leads to chunges in the ERD spectru. Although the ERD results
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presented here do not distinguish the bonding of the hydrogen, by correlation to PL

interesting conclusions can be drawn about the effects of hydrogen on the luminescence.

spectra some

Implantation does not change the bulk hydrogen concentration or distribution. While the number

of dangling Si bonds in the region of the implant wouId be expected to increase as a result of

implantation damage, H does not diffuse to this region at RT either from the surface or from deeper in

the bulk. On the other hand, significant changes in the H profile are induced by thermal processing.

FoIlowing annealing at 1100”C hydrogen remains in the bt.dk, but only in the region of the Si impkmt.

No hydrogen is observed in the bulk of an unimplanted sample after an 1100”C, 1 h anneal in

hydrogen forming gas (ulthough hydrogen associated with the surface is present for this case). Hence,

[he Si implant and/or subsequent formation of nanocrystals provides the trapping sites necessary to

rettiin H. In Fig. 7 a TRIM’* caIcultition (solid line) of the implant profile for 200 keV Si into SiOJ is

compared (o the bulk H concentration (dotted line) from Fig. 4 for an anneal in forming gas. Surface

hydrogen in [he ERD spectrum has been fit with a Gaussian and subtracted off. The theoretical

implant profile peuks at 320 nm which is netirly identical to the broad maximum in the H distribution.

This ugrccment indicutes u correlation between the implant and the trapped H. On the other hand, the

dis[ribu[ion widths differ, with the TRIM calculation extending down to -500 nm while the H

distribution is broader and measureuble down to almost 800 nm. Part of this difference can be

at[ribu[cd to [he depth resolution of the ERD measurements, -50 nm, as can be inferred from the width

of [hc H peak tit [he surftice in Fig. 4. The broader H profiIe indicates that the amount of H trapped is

not propo[lionul to the locul excess implant Si concentration. It has been suggested that the H is

retained at the”SiO./Si inter-face where it passivates dangling bonds.~.~ If the amount of H retained is

proportiomd to the surface area of the nanocrystaIs, the net effect would be to broaden the H

distribution relative to the implant concentmtion. This is because the size of the nanocrystals varies

x ross the implant profile, with the average size related to the implanted concentration. Smaller

nanocrjwtls hti~’ea larger surtice-to-volume ratio and wm.dd trap relatively more H.
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Itisinteresting toconsider where the His iocated. After annealing, Hisselectively seen only in

the iayer containing Si nanocrystaIs. That observation, plus the enhancement effect it has on the PL

yield, supports the concision that His trapped at the Si/SiOz interface. SeIective accumulation of D at

a Si02/Si interface for annealing at temperatures up to 230”C has been previously reported.zo While a

direct verification of this hypothesis is not possible here, a comparison between the measured amount

of H versus the number of available surface states does suggest it is quantitatively reasonable. The

measured peak H concentration of 0.06 at. % occurs at a depth where the excess Si impIant

concentmtion is 5 x 10z’/cm3.’9 As seen in Fig. la, this excess Si and the annealing conditions used

produce precipitates of -3 nm. If

precipitates into 3 nm nanocrystals

densi[y would be 2 x 10’~ H/cm2.

it is assumed that all the implanted Si at the peak of the profile

and that all the measured H is on the mmocrystal interface, the H

This H density is somewhat higher than the totai interface state

density expected at the SiOJ/Si interface.co

Annealing in either hydrogen or deutcrium forming gas enhances the PL. While it may not be

surprising that both isotopes have u similar effect, it is significant that there is no isotopic effect

observed in the PL. Hydrogen :md deutc~ium htive an equivalent effect on both the PL yield and

spcctrd distribution. From [his latter result it can be concluded that the mechanism responsible for the

PL does not involve transition energy levels [hat w-e isotope dependent. This result is in contmst to a

recent study on the hydrogen isotope effcc~ on luminescence from porous Si. Porous silicon

pussivuted with D has a PL yield significantly blue shifted in comparison to an identical sample

passivated with H.:* This shift has been explained in terms of energy level differences in isotope-

clcpcndcn[ vibrti[iontil surf-ace states involved in [he mdiative transitions. Clearly these resuIts

m:wkedly from what is found here tind suggest that the mechanisms for the PL are different.

differ

The tempemture tit which H becomes mobile in these samples, ~OO°C, can be inferred from Fig.

5. .~nneding below this tempermure causes no chunges either in the measured H or in the PL yield.

On [he other hand. at higher tempertitures changes w-eseen and the relation between the bulk H find PL

10
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becomes more complicated. The small increase in H seen following Ar anneals at 500 and 600”C

indicates that hydrogen diffuses into the implanted region at these temperatures either from the sur-&ce

or possibly from the interface between the oxide and the Si substrate (the only available sources of H).

However, the corresponding decrease in PL indicates that in addition to hydrogen diffusing in, the

configuration of the bulk hydrogen that enhances PL also undergoes a change. Between 600 and

800°C there is a PL yield decrease as the amount of H trapped decreases. This corrdation suggests

that as the second anneal temperature is increased in the temperature range between 400 and 800”C, the

amount of hydrogen trapped at the interface which affects the PL yieId decreases. “Johnson et aI.

observed a relefise of D at the SiOj/Si interface for vacuum anneals above 500 °C.z0 The PL yield is

function of the amount of H trapped in a specific bonding configuration at the interface, whereas the H

measurement can include other H in the buIk (or at the interface) that does not affect the PL. By 800°C

the PL yield has fallen to a level which is observed for an Ar onIy anneal at 1100°C (for which no H

remains m seen in Fig. 4). Hence the H remaining in the sample in Fig. 5 after a second 800°C anneal

would uppear to have no effect on the PL. It should be noted that the observation of a PL yield in the

absence of measumble hydrogen, or when the H is configured such as not to effect the PL, indicates

thut H is not required to explain the mechanism of luminescence. Radiative recombination can occur

without hydrogen pussivution. It has been suggested that other species, such as oxygen bonded to the

Si tit the mmocrystal interface, also may offer some degree of passivation.zz It is important to note that

the PL observed in the absence of measurable H has the same spectral distribution as with measurable

H. Clctirly the mechanism for the PL mid the mechanism for H enhancing the PL tire independent.

In conclusion, quantitative profiles of hydrogen have been measured in fused siIica and thermal

Si02 layers that have been implanted and annealed to form Si nanocrystals. The hydrogen is

selectively tmpped in the region of the nanocrystaIs and enhances the PL yield significantly, supporting

o model for PL invoi ving increased radiative emission as a result of hydrogen passivation of defects at

the nanocrystal/SiO. interface. At annealing temperatures greater than -400°C the hydrogen is mobile.

und at 600”C moves away from the region of the nanocrystals with an accompanying decrease in PL

11
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yield.. This suggests a PL yield dependent on the amount of H trapped at the interface, although bulk

hydrogen that does not appear to affect the PL yield complicates this observation. Information on the

bonding configuration of the H is needed to get a better understanding the hydrogen role.

Photoiuminescence is observed from samples that have been processed such that no hydrogen is

measured using the ERD technique, indicating radiative recombination occurs with no or low levels of

hydrogen present. Finally, annealing in either a hydrogen or deutenum forming gas ambient results in

equivalent PL yields and spectral distributions which means that the hydrogen species, while

enhtincing the PL yield, it is not involved directly in the radiative emission mechanism.
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Cross-section micrographs showing Si nanocrystals formed in Si02 following annealing

of uniform excess Si implantation of (a)5 x 1021/cm3 and (b)2 x 1022/cm3 at 1100”C for Ih in

flowing Ar+4%Hz.

PL spectra from Si (400 keV, 1.5 x 1017/cmz, RT) implanted SiOz as-implanted and after

annealing at 950”C and 1100”C for lh in Ar+4%~.

PL spectra from Si nanocrystals formed in fused Si after annealing in ehher .4r+4%F12,Ar+4%D2

(dashed line), or pure Ar.

Hydrogen depth profiles from a thermal oxide as-implanted with Si (dashed) and annealed at

1100°C for Ih in Ar+4%Hz (solid) or in Ar (dotted).

Muximum PL yield (open circles) and retained H (open squares) vs. anneal temperature from Si

nanocrystals formed in a thermal oxide by annealing in Ar+4%Hj and subsequently annealed a

second time in only Ar. For comparison, the maximum PL yield for a single anneal in either

Ar+4%H1 (filled circle) or Ar (filled triangle) are plotted. The hydrogen yield is normalized to the

PL yield for a single anneal in Ar+4%H1.

Dcutc]ium profiles following annealing ut 1100”C for 1 h in Ar+4%Dz or Ar+4%Hz.

7. Comptirison of TRIIMcalculation for Si implantation into SiOJ (solid line) and the measured bulk H

distribution (dotted line) following annealing in ArA%Hz at 1100°C for 1 h.
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Fig. 1 Cross-section micrographs showing Sinanocrystals formed in Si02 following

annealing of uniform excess Si impkmtationof (a)5 x 10zl/cm3 and (b)2 x 10zz/cm3at

1100”C for lh in flowing Ar+4%HJ.
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Fig. 2 PL spectru from Si (400 keV, 1.5 x 10’7/cm2, RT) impltinted SiO: us-implanted and after

tmnetiling tit 950°C ond 1100”C for 1h in Ar+4%H,..
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Fig. 4. Hydrogen depth profiles from a thermal oxide as-implanted with Si (dashed) and annealed at

I IOO”Cfor 1h in Ar+4%H1 (solid) or in Ar (dotted).
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