PHYSICAL REVIEW B 68, 155302 (2003

Kinetics of H, passivation of Si nanocrystals in SiQ
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Time-resolved photoluminescence measurements were used to study the passivation kinetics of
luminescence-quenching defects, associated with Si nanocrystals jn &i@ng isothermal and isochronal
annealing in molecular hydrogen. The passivation of these defects was modeled using the generalized simple
thermal model of simultaneous passivation and dissociation, proposed by Stesmans. Values for the reaction-rate
parameters were determined and found to be in excellent agreement with values previously determined for
paramagnetic Si dangling-bond defecB,{type centersfound at planar Si/Si@interfaces; supporting the
view that nonradiative recombination in Si nanocrystals is dominated by such defects.
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[. INTRODUCTION crystals has been shown to considerably increase their lumi-
nescence efficiency by inactivating these defé¢té! Passi-
Thermal oxidation of Si creates interfacial defects as avation is usually achieved by thermal annealing of the nanoc-
result of strain. These can act as charge traps and therelvystals in forming gas, although ion implantation of
adversely affect the operation of metal-oxide-semiconductohydrogen or deuterium with subsequent thermal treatment
(MOS) devices. The minimization of such defects is a criticalcan be used to similar effettDespite the importance of the
step in the fabrication of these devices, and it has longassivation process in achieving maximum luminescence,
been known that hydrogen participates in the passivation dhe kinetics of this process has not yet been fully explored.
electrically active defects.In particular, Pp-type defects
(- Si=Si3), which are known to be a major source of charge
trapping at the Si/SiQinterface, can be electrically inacti- !l KINETICS OF PASSIVATION AND DISSOCIATION
vated through chemical reaction with hydrodeonse- Interfacial dangling bonds, of which tHa, defects are an
quently, a post-metallization annedMA) in forming gas  jmportant class, result from the lattice mismatch between Si
(10-30% H in N;) has become standard practice in deviceynq sig .5 They have been studied in detail by electron-spin
mangfacturingl. Early work by Browg?"‘. and more recent yegonancg ESR and electrical method®, though ESR is
studies by StesmaP’ have brought insight to the underly- typically used to detect these paramagnetic defects. At the
ing kinetics of this process for planar interfaces. (111) Si/SiO, interface, only one type of defect is observed
Si nanocrystals embedded in $i@xhibit strong room- 1, FSR known as the,, center, whereas the technologically
tempergtur_elalummescence as a direct consequence of thefhminant(100) Si/SiO, containsPy,, and Py, variants® The
small size”* As such, they offer the potential to combine Py, defect is always encountered, whereas the appearance of
electronic and optical functionality in Si-based devices. They;, P, defect appears to require a minimum level of thermal

are generally fabricated by the precipitation of excess Si ifyie facial relaxatioR® Studies suggest that tt, and Py,
S|I|con-r|ph OX|des($_RQ, Where the Igtter are produced ei- variants are chemically identical and both have been identi-
ther during deposition, using techniques such as plasmql—ed as electrical interface traps.

enhanced chemical vapor dgpqsitidﬂECV_D), or sub;e- From early work by BroweY* on open(111) Si/SiO,
quent to the growth of a stoichiometric Sidayer by ion structures, the thermal passivationRyf defects in molecular

implantation of Si. Precipitation typically requires tempera-H2 and dissociation in vacuum are modeled by basic chemi-

tures in the range of 1000-1100°C and produces nanocrygy reactions in which the reaction is limited by the availabil-
tals with mean diameters in the range of 3—5 Hnimpor- ity of “reactive” sites

tantly, the SiQ acts to passivate the surface of the Si
nanocrystals; reducing the number of surface defects and en-
hancing the luminescence efficiency. Si nanocrystals pre-
pared in this way are approximately spherical in shape and
likely have a range of crystallographic surface orientations
(larger nanocrystals might be expected to hflEL facets, kg
as these are the minimum energy surfacBespite the dif- P,H—Py+H for dissociation, 2
ferent geometry, the same interface defects prevalent in Si-
based MOS devices are thought also to occur at the Swhere the forward and dissociation rate constants are given
nanocrystal/oxide interfacé 16 by the Arrhenius expressiors =k;qexp(—E;/kT) and kg4

It has been shown that one dangling bond defect is=ky,exp(—E4/kT), respectively. This model relies on the
enough to quench the visible luminescence of a Shigh-diffusivity of molecular H in SiO,, implying that the
nanocrystal” Consequently, hydrogen passivation of nano-passivation process is reaction limited, not diffusion limited.

kg
Pp+H,—PyH+H for passivation, and (1)
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Using square brackets to denote concentration, the rate equa- In general, both reactions will proceed concurrently, so
tions for passivation and depassivation are then respectivetiat during passivation in Hthe reverse reactiofdissocia-

given by tion) will occur if the temperature is high enough. As out-
lined by Stesman®by coupling Brower’s equationfEgs.
d[Py] (3) and (4)] under the condition thdtH,] at the interface is
at - KilHaIPol, ) in continual equilibrium with the ambieritd,], the full in-

teraction case for passivation i, btarting from an exhaus-

and tively dissociatedP;, system is given by
dpP
%=kd[PbH]=kd(No—[Pb]), @ [P] 1 f“f* extd — (Esi—Ea)® (Eqj—Ep)?
NO 27T0'Ef0'Ed 0Jo ZO'éd 20'%f
which, for independent reactions, lead to the simple expo- .

X——————{ky+ki[H,]exd — (kqy+ ki H t
kd kf[l |2]{ d f[ 2] F[ ( d f[ 2]) ]}

[Pb]
N_O:exq_kf[HZJt)i (5) XdEdidEfj , (9)
and where a Gaussian spread in activation in both the forward
and dissociation energies has been incorporated. The integra-
[Py] tion ranges can be reduced so they only include posEile
N—Ozl—exp(—kdt), (6)  andE;; values.

The hydrogen concentration in the sample is calculated
whereNy=[P,]+[P,H], the maximum number of defects. assuming that the jiffuses very rapidly through the oxide,
[H,] is the volume concentration of Hat the Si/SiQ inter-  as shown by Shelb¥/.[H,] corresponds to the physical solu-
faces,E; and E4 are the respective activation energies forbility of H, in vitreous silica so the amount of,Hh solution
passivation and dissociation, akds Boltzmann’s constant. at low pressuresK) is given by

Later work by Stesmans revealed the existence of distinct
spreadsgg; andogg, in the activation energies; andEy, [H2]=Co=K(T)PV ™1, (10
respectively. The spreads are seen as a natural result of site, . \/-1 is the concentration of sites into which, His-
to-site variations in theP, defect morphology induced by solves in vitreous silica (127107 sites/cni) 27 and K(T)
nonuniform interfacial stress, the resulting strain affecting; ified by th .i@n '
the individual P,—H bond strengths via weak orbital rear- Is specified by the express

rangements of the unpaired §p° hybrids® The magnitudes [ h2 r/z[ 3

exp(—e/KT).

of the spreads are not unique as they depend on the therma|(T) = i exp— hv/2KT)
history of the SiQ structure® 2mmkT]  [KT]|1—exp(—hv/kT)
Including the spreads in Brower’s model, a generalized (11)
consistent simple thermalGST) model was attained by The attempt frequency corresponds to 432102 Hz for H,
Stesman§,which accurately described the kinetics of passi-i vitreous SiQ. The binding energy for a molecule of
vation and dissociation, accounting for all experimental datahydrogen of massn to a SiQ surface site is—0.105 eV,
By convoluting a Gaussian spread in activation energies withnq corresponds to the heat of adsorption at the sufface.
Brower’s equations, Stesmans obtained The values for vitreous Si{are assumed to be equivalent to
those of thermally grown SiQ

[Po] 1 Jmexp— (Efi—Ep)?
L —n
No V27T0'Ef 0 ZUEf I1l. RELATING NANOCRYSTAL LUMINESCENCE
TO DEFECT DENSITY
+tkio[Ho]exp( — E¢i /KT) |dEy, (7) Time-resolved photoluminescen@®L) can be used to ex-
tract the rise and decay lifetimes of the nanocrystal lumines-
and cence by modulating the excitation source. The luminescence
decay is characterized by a stretched exponential stigfe,
iven b
[Pb]zl_ 1 f‘” exp (Eqi—Eqg)? given by
Ng ‘/2770'Ed 0 ZO'Ed t\ A
[(t)=loexp — - (12
ko €XPp( —Eqi/kT) | dBqi, ®  wherel (t) andl, are the intensity as a function of time and

att=0, respectivelyr and 8 are both wavelength dependent
where ky=Kkgo exp(—Eg /KT) and k;=K;o exp(—Es; /KT). Es and are respectively the lifetime and a dispersion factor
andE4 now represent mean activation energies. whose value is a measure of the interaction strength among
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Si nanocrystals. In practice, usuafB<1 sinceB=1 yields It is convenient to express the number of emitting nanocrys-
a simple exponential and corresponds to completely isolatetils relative to the reference sample, from ELB),
nanocrystalgno interaction.

Once the excitation source is turned on, the luminescence n* I Tret (18)
. . =1__ -1 31 H = y
rise timer,, can be expressed a5, =o¢+ 7 ~.>> Thus if N lrer 7

op<7 1, thenr,,~7 and we are in the low pump power ) o
regime, whereo is the nanocrystal excitation cross sectionSince o¢ is kept constant andg is independent of defect
and ¢ is the photon flux. In this regime, the PL intensity of effects.

the emitting centers can be approximated by the following e now have a procedure to relate the luminescence in-
expressior? tensity and lifetime to the relative defect density. This allows

one to apply Stesmans’ GST model to extract the chemical

T kinetics of the hydrogen passivation process of Si nanocrys-

|:U¢T—”*, (13  tals in SiG, through time-resolved PL measurements. It

R should be stated that whereas ESR specifically probes for

where g, is the radiative lifetime and* is the total number paramagneti®, defects, the PL measurements are not de-
of Si nanocrystals that are able to emit. Equaiid8 shows  fect specific. Therefore the reaction-rate parameters extracted
that, for constant excitation conditions, a variation of theby this technique are mean values corresponding to all the
luminescence yield can only be due to a changeann* or  luminescence-quenching defects that can be passivated by
both, sincerg and ¢ are independent of defect effects. This hydrogen. This said, the quenching of nanocrystals lumines-
allows the extraction of*, the number of emitting nanoc- cence is thought to be dominated by defects at the interface,

rystals, from the PL intensity and lifetime. wherePy, defects are found.
A quick check of the experimental parameters employed
in thls study C(_)nf|rms the valld!ty of the low pump approxi- IV EXPERIMENTAL DETAILS
mation.[For Si nanocrystals with diameters in the range of
3-5 nm, o has a value of~1x10 ¢ cn?.?! The photon A. Sample preparation

flux ¢=~2.5x 10 cm™2s * (for a 10-mW laser at 488 nm sj nanocrystals were synthesized by ion implantation of
with a spot size of 1 mf) giving 0$~25x<10%. 7 *>1  gj* intg 1.25um SIO, layers grown by wet thermal oxida-
x 10" was measured for all samples. This was also directlyfion at 1100°C on B-doped0.1-0.3 O cm) Czochralski
verified by measuring the rise and decay lifetimes experi19g) si. The samples were implanted at an energy of 400

mentally] , keV to a fluence of X 10'” cm ™2, at room temperature. This

) It rlas been sh(_)wn that a nanocrystgl effectively becomegasits in a Si concentration profile with a peak excess of
dark” (stops luminescingwhen it contains at least one de- ¢jose to 10 at. % at a projected range of 630 nm and a
fect. This is because in the visible PL range the nonradiativ«gtragme of 140 nm, calculated usingriM.3® The as-

capture by neutral dangling bonds is much faster than radie}f‘nplanted samples, placed in a quartz boat, were annealed at
tive recombinatiort! Consequently, assuming a linear rela- 1100°C in high-purity Ar(99.997% for 1 h in aconven-
tionship between the number of defects and defective nanogjna| quartz-tube furnace. This is a standard thermal treat-

rystals, ment used to produce luminescent nanocrystals, with the
B . high-temperature required to remove implantation damage
[Pb]% Ndark=Notar— N*, (14 (such as nonbridging oxygen-hole centers and oxygen

and vacancies* and precipitate the crystals. The sample at this
stage contains the maximum number of recoverable defects

No* Niotai— Niss (15) and was used as the reference sample. After one hour, a large

number of Py-type defects are created as the nanocrystals
whereny, is the total number of nanocrystala constant  precipitate, with longer annealing times reducing their
andngg,, are the nanocrystals that contain at least one defe@ensity!®
and therefore do not Iuminesae,i‘ef is constant as it is the Hydrogen passivation anneals were performed in high-
number of luminescing nanocrystals in the reference samplgurity (99.98% forming gas(5% H, in N,). Samples were
which contains the maximum number of recoverable defectannealed either isochronally or isothermally. Isochronal an-
No. The reference sample is the unpassivated sample, seals were performed fal h in the temperature range of
[Ppl/No=<1. The proportionality constants for Eq44) and  100-800 °C. Isothermal anneals were performed at four set
(15) will be the same, so using these equations we can writeemperaturesinominally 300, 350, 400, and 500°C) for

times ranging from 1 min to 16 h. A rapid thermal processor

No—[Py] e (16) (AET Thermal RX was used for annealing times10 min,

Ng ref> with the conventional tube furnace used for all longer an-
neals. At the completion of each anneal, the sample was
withdrawn to the cool zone of the furnace and cooled to

P room temperature in the forming gas ambient.
n* —n¥ el — M (17) Hydrogen dissociation was performed in g Bmbient
No (99.99% on samples previously annealed in forming gas at

and so
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TABLE I. Kinetic parameters for thermal passivation in this work in 5% H in N,) and dissociation in vacuuithis work in N,) of
Py-type defects at the Si/Sinterface.

= OEf Kto Eq Oed Kdo
(eV) (eV) (108 cms™Y) (eV) (eV) (102 s
This work Py, type 1.68-0.04 0.18-0.02 9+5 2.9+0.05 0.29-0.03 2+1
(111) Py: 1.51+0.04 0.060+0.004 9.8(+8/—5)2 2.83+0.03 0.09+0.03 1.6+0.50
Si/Sio,
(100 Pho: 1.51+0.09 0.14+0.02 143+ 60° 2.86+0.0F 0.17¢ 26
Si/SiO, Py 1.57+0.02 0.15+0.02 143+ 60° 2.91+0.03 2

“Reference 6.

bReference 8.

‘Reference 35.

dStathis suggested an overadt value of 0.17 eV forPy,, and Py,; combined.

®This parameterky,) was fixed at a value of 210" s~ based on physical insiglifrequency of the Si-H wagging mogle

500°C for 1 h. The initial passivation treatment establishesity with improved passivation was found to be comparable
the starting condition for the dissociation study. 1-h isochro-across the whole PL spectrum.
nal anneals were performed at temperatures in the range of Figure 2 shows a semilogarithmic plot of the lumines-
200-800°C. cence decay-time measurements for the reference sample be-
It should be noted that the conditions used in this work forfore and after passivation at 500 °Qr fb h in forming gas.
hydrogen passivation and dissociation are similar, but noThe decay curves are clearly nonlinear, and thus not well
identical, to those used by other authors. For the valuegescribed by a simple exponential. As expected, they are
shown in Table I, hydrogen passivation was carried out in 1.Well characterized by a stretched exponential shape. Fitting
atm H, (99.9999% and dissociation was performed in the PL decay curves with E¢L2) allows the extraction of

vacuum. Nonetheless, the partial pressure pfstaken into  andg as a function of the passivation and desorption anneal
account in the modeling. schedule. These values are shown in Figs. 3 and 4, respec-

tively.
The measured luminescence decay lifetime can be ap-
proximated byr~'= 5+ 73, wherer is the nanocrystal
PhotoluminescencéPL) measurements were performed radiative lifetime andryg is the nonradiative lifetimgasso-
at room temperature, using the 488-nm line of arf Aen  ciated with defects and/or exciton energy migratid@onse-
laser as the excitation source. Emitted light was analyzeduently, as defects, which act as fast nonradiative recombi-
using a single grating monochromat@RIAX-320) and de-  nation states, are passivatetiminated, ryg increases and
tected with a liquid-nitrogen-cooled front-illuminated
open-electrode charge-coupled devi@@CD) array (EEV

B. PL and time-resolved PL

CCD30-12. 19 18 17 16 Ener?ys(e\/) 1.4 13
Time-resolved PL measurements were performed by 2p4+—br+—r—+—7r1—+—1T :
modulating the laser beam with an acousto-optic modulator 11 [ Isochronal (1hr) 500°C .
(Brimrose TEM-85-10. A room-temperature photomultiplier 10 [ ]
(Hamamatsu R928vas used to detect the light from the exit o[ ]
port of the monochromator with the grating centered at 8002 sl ]
nm (bandpass of 40 nmThe signal from the photomultiplier 5 AL 1
was collected using a digital storage oscilloscope. Emissiors
decay lifetimes were extracted by the least-squares fitting oz °r f
a stretched exponentigEg. (12)]. The timing resolution of 2 °r j
the system is<1 us. E4r ]
T z C - 300°C )
V. EXPERIMENTAL RESULTS M Unpa;N
Figure 1 shows the effect of H passivation on the nano- R s 500 mso 106G

crystal PL, at a range of annealing temperatures in forming
gas. The increase in PL intensity is due to the passivation oi
nonradiative defects at the nanocrystal/oxide interface. The FiG. 1. Typical nanocrystal PL spectra of the reference sample
shaded region represents the approximate detection windoWnpassivatedafter annealing fol h in 5% H, in N, at different
used in time-resolved PL measuremef@qual to the band- temperatures. The annealing temperatures are indicated in the fig-
pass of the monochromator centered at 800.frhe choice  ure. The shaded box indicates the approximate detection window
of this window is arbitrary, as the trend of increasing inten-used for time-resolved PL measurements.

Wavelength (nm)
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FIG. 2. Typical normalized decay-time measurements of the PL _ _ _
signal at 800 nm for the reference sample before and after annealing FIG. 4. Plots of the dispersion factor f@ the isochronal study,
in forming gas at 500°C for 1 h. The solid lines are stretchedand(b) the isothermal study. Data are extracted from time-resolved
exponential fit{Eq. (12)]. Data were taken at room temperature. PL measurements fitted with E(L2). The solid lines are provided
as a guide to the eye only.

approachesg. The nanocrystals also become more isolated o . ) )
due to the concomitant reduction in exciton migration chan@re¢ shown in Fig. 5, and the isothermal absorption study in
nels. The complete model of this process is unclear, as thgld- 6- _ _ o o
source and mechanism of luminescence from Si nanocrystals N Fig. 5, a factor of~6 increase is seen in intensity with
is still under debate. However, a reduction of fast-OPtimum passivation, which is accounted for by a doubling
recombination sites, whether defects at the interface or

within the oxide, is consistent with the observed increase in L. ~488nm, o _=800nm

and g as the extent of passivation increases. LT T = T 7 T T ¢ T 7 F T = T T 1]
The fitting of Eqg.(12) also enables the extraction of the Lo (a) 4
intensity and lifetime enhancement for each sample; s |
and 7/ .o respectively, due to hydrogen passivation. These %5 N 7]
guantities, along with Eq18), then allow the corresponding <9 4r ]
enhancement of emitting nanocrystals to be determined. The = 3 |- 5
results for the isochronal absorption and dissociation studie: 2k -
1 -

—tr 1+ r +t r +t &+ 1+t 1 *t 1
A, =488nm, 3, =800nm 25| (b)
70 — + T T T r 1T — T T T T 1 J
gl 1 20 ]
L ) 2 J

(=

eor 1 15 .
55 . ]
r 1.0 -

50 - B PR R S RIS R SR R SR
l i ! I ' I ! I ' I ! I ! I ' I ! I 1
w 45F . i (c)]
= - 3 F -
© 40 F 4 ® F ) R
| = [ —®—Absorption ]
[ )} = 2 - —0— Desorption ]
30+ A . [ ]
L ® Absorption | i ]
25 o0 Desorption < 1 .

L 4 4 L 1 1 | " 1 s 1 1 1 1 1 L |

0—t——rt L L S 0 100 200 300 400 500 600 700 800
0O 200 400 600 800 O 240 480 720 960 ) o
Annealing Temperature (°C) Annealing Time (minutes) Annealing Temperature ("C)

FIG. 3. Plots of the luminescence decay lifetime fay the FIG. 5. Plots of relativea) intensity, (b) lifetime, and(c) emit-
isochronal {=1 h) study, andb) the isothermal study. Data are ting nanocrystal§from Eq.(18)] versus annealing temperature, dur-
extracted from time-resolved PL measurements fitted with(EZ). ing H passivation fol h in 5% H,. Data are from time-resolved PL
The solid lines are provided as a guide to the eye only. measurements. The lines are provided as a guide to the eye only.
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o
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10k —e—416°C —A—510°C i PR S PR (U MU i S SPUN MU S R |
) | | . | | . . | |(b) 400 600 800 1000 1200 O 240 480 720 960
4 ——— T ] Temperature (K) Time (minutes)

53 4 FIG. 7. Plots relativeP;, defect concentration vers(a) anneal-
= T ing temperature of hydrogen passivati@olid circles and disso-
E oL h ciation (open circleg and(b) annealing time, during hydrogen pas-

[ sivation at 305, 358, 416, and 510 °C. The solid lines represent the
[ N global least-squares fit of the GST modER. (8) (for dissociation
1F , | | | | | ' l | (c) only) and Eq.(9)] to experimental data derived from time-resolved

120 0 120 240 380 480 600 720 840 960 1080 PL mee}surgments through Eq37) and(18)._ Th_e dotted I|_nes are
_ _ . Brower’s simple thermal model for passivation and dissociation
Annealing Time (minutes) [Egs.(5) and(6)].

~ FIG. 6. Plots of relativeta) intensity, (b) lifetime, and(c) emit- i highlighted by the data in Fig.(6), which show that the
ting nanocrystalgfrom Eq. (18)] versus annealing time, during H degree of passivation achieved afteh at 510 °Qwill not be
passivation at 500 °C in 5% H Data are extracted from time-  achjeved at 305°C even after several days annealing. That

resolved PL measurements. The lines are provided as a guide to tg%id increasingH,] in the sample through annealing in
eye only. pure H, and/or at increased pressure would reduce this time.

of lifetime and a tripling of the number of luminescing
nanocrystaldusing Eq.(18)]. The action of simultaneous
desorption limits the level of maximum passivation, as hy- A global least-squares fibf all data shown in Fig. J/was
drogen is dissociated from the defects above about 450 °Gised to determine the parameters shown in Table |, for this
The hydrogen desorption study also shows that at high temwork. For convenience, the values obtained by others for
peratures, where all hydrogen should be lost from themolecular hydrogen passivation and dissociation of para-
sample, the luminescence intensity and lifetime do not returmagneticP,, defects for planaf111) and (100 Si/SiG, in-
completely to their pre-passivation values. This is thought tderfaces are also included. A global fit of data over a large
be due to a partial relaxation of interfacial strain present irrange is important to give uniqueness to the fit. For example,
the samples after the nanocrystals are formed at 1100 °G fit of isochronal data alone can be described equally well
This strain is due to the difference in thermal coefficient ofby a range of parameter sets. The full-interaction GST model
expansion between Si and SiOwhich causes strain as the [Eqg. (9)] was used to model the passivation kinetissnul-
samples are cooled. This effect is independent of the presaneous passivation and dissociajiowhereas the simpler
ence of hydrogen as it has been seen in samples where Base of pure desorption was modeled using(Bg.The pro-
hydrogen is present. portionality constanffor Eqg. (17)] between experimental

In Fig. 6, the isothermal data show the same trend oflata and the model was also left as a fitting parameter. A
increasing intensity and lifetime with improved passivationpartial pressure of 0.05 atm was used in EL) in deter-
as was seen in the isochronal céBay. 5. As expected, the mining [H,], due to the forming gas used for passivation
samples annealed at higher temperatures approach optimumving a concentration of 5% hydrogen.
passivation more quickly. However, due to competition from  The values obtained in this work are in general agreement
the desorption reaction, samples annealedlfdr athigher  with those measured fal00) and (111) planar interfaces.
temperatures will be less well passivated than those annealdthis supports the view that similar defects and processes are
at the optimum temperature around 500°C. Similarly,involved in both cases. It can be noted, however, that the
samples annealed at lower temperatures require much greatsstivation energy for the passivation reaction and the spread
annealing time to achieve similar levels of passivat[diis  of activation energies for the desorption reaction both appear

VI. MODELING THE KINETICS
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slightly higher than the values determined for planar interigher for (100 Si/Si0,. In this work, a net apparent acti-
faces. There are several possible reasons for this variatiogation energy of 4.580.07 eV was found, which agrees
the most obvious beinda) the difference in interface geom- well with the value for dissociation in vacuum.

etry because of the approximately spherical shape of the
nanocrystals; and (b) differences in the range of
luminescence-killing defects involved. For example, Gheo-
rghita et al*® identified theR defect at the(111) Si/SiO, Using time-resolved PL, the hydrogen passivation kinet-
interface, which was also found to be passivated pyaldeit  ics of Si nanocrystals embedded in $iBas been studied
with a very different activation energy and rate constantboth isothermally and isochronally, providing a sufficient set
However, Stesmans found fdil1) Si/SiO, that og¢/Ef  of data to extract the reaction-rate parameters with some con-
~0ogq/Eq and ogt/ogg=1.5° This is similar to that found fidence. The GST model proposed by Stesmans was found to
in this work, with og{/Ef~0gq/Eq~10% andogi/ogy  well describe the passivation process of Si nanocrystals in
=1.6. Stesmans relatedg; and ogq to interfacial stress, SiO,. The reaction-rate parameters were found toEe
which affects the spread iR, defect morphology. This sug- =1.68 eV, og;=0.18 eV, k;o=9% 108 cm®s? for hydro-
gests thatrg; and ogq4 found in this work relate to a higher gen passivation any=2.9 eV, ogyq=0.29 eV, kyo=2
mean interfacial stress than is generally found at planar inx 10" s~* for hydrogen dissociation. The similarity of these
terfaces. values to those found fdP,, defects at planar Si/SiQnter-

To gain confidence in the extracted parameters, the corfaces supports the view that nonradiative recombination is
sistency of these parameters can be compared to the und@leminated by such defects. The modeling has also high-
lying physical insight. A simple model from Browgpredicts  lighted that the simultaneous desorption limits the level of
akio on the order of 9.% 10" 8 cm®s™ L. The value obtained passivation attainable. If the passivation temperature is too
in this work agrees well with this value and that obtained byhigh, the desorption reaction dominates. This means that a
Stesmans fo(111) Si/Si0,. It has been determined that the one-step anneal to both precipitate and passivate the nanoc-
low-frequency Si-H wagging mode (SiSi-H), at 1.86 rystals at 1100 °C in forming gas will not achieve the same
x 10" s 13" controls thermal interfacial Si-H breakifg. quality of passivation as a two-step annél 1100 °C) and
The value of (2:1)x 10" s ! obtained in this work also passivation (at 500°C) sequence. Moreover, for high-
agrees well with this value. temperature annealing the final level of passivation will de-

The net effect of Eq91) and(2) is the dissociation of the pend on the cooling rate. On the other hand, using low pas-
H, molecule, with both steps resulting in emission of a hy-sivation temperatures to avoid desorption will require
drogen atom. Therefore the value for, Hissociation in extended annealing times. Finally, this work has shown that
vacuum(4.52 eV at 298 K (Ref. 3§ can be compared to the nanocrystals provide a useful model system for studying
sum of the forward and dissociation activation enerdgies such processes using PL. However, since PL is unable to
andEg, respectively. Stesmans found fdrl) Si/SiO, a net  unambiguously identify specific defects, it cannot replace,
apparent activation energy of 4:34.06 eV and slightly but instead complements, the more complex ESR.

VII. CONCLUDING REMARKS
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