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Kinetics of H2 passivation of Si nanocrystals in SiO2
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Time-resolved photoluminescence measurements were used to study the passivation kinetics of
luminescence-quenching defects, associated with Si nanocrystals in SiO2 , during 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 defects (Pb-type centers! found at planar Si/SiO2 interfaces; supporting the
view that nonradiative recombination in Si nanocrystals is dominated by such defects.
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I. INTRODUCTION

Thermal oxidation of Si creates interfacial defects a
result of strain. These can act as charge traps and the
adversely affect the operation of metal-oxide-semicondu
~MOS! devices. The minimization of such defects is a critic
step in the fabrication of these devices, and it has lo
been known that hydrogen participates in the passivatio
electrically active defects.1 In particular, Pb-type defects
(•Si[Si3), which are known to be a major source of char
trapping at the Si/SiO2 interface, can be electrically inact
vated through chemical reaction with hydrogen.2 Conse-
quently, a post-metallization anneal~PMA! in forming gas
~10–30% H2 in N2) has become standard practice in dev
manufacturing.1 Early work by Brower3,4 and more recen
studies by Stesmans5–8 have brought insight to the underly
ing kinetics of this process for planar interfaces.

Si nanocrystals embedded in SiO2 exhibit strong room-
temperature luminescence as a direct consequence of
small size.9–13 As such, they offer the potential to combin
electronic and optical functionality in Si-based devices. Th
are generally fabricated by the precipitation of excess S
silicon-rich oxides~SRO!, where the latter are produced e
ther during deposition, using techniques such as plas
enhanced chemical vapor deposition~PECVD!, or subse-
quent to the growth of a stoichiometric SiO2 layer by ion
implantation of Si. Precipitation typically requires temper
tures in the range of 1000– 1100 °C and produces nanoc
tals with mean diameters in the range of 3–5 nm.13 Impor-
tantly, the SiO2 acts to passivate the surface of the
nanocrystals; reducing the number of surface defects and
hancing the luminescence efficiency. Si nanocrystals p
pared in this way are approximately spherical in shape
likely have a range of crystallographic surface orientatio
~larger nanocrystals might be expected to have$111% facets,
as these are the minimum energy surfaces!. Despite the dif-
ferent geometry, the same interface defects prevalent in
based MOS devices are thought also to occur at the
nanocrystal/oxide interface.14–16

It has been shown that one dangling bond defect
enough to quench the visible luminescence of a
nanocrystal.17 Consequently, hydrogen passivation of nan
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crystals has been shown to considerably increase their lu
nescence efficiency by inactivating these defects.18–24 Passi-
vation is usually achieved by thermal annealing of the nan
rystals in forming gas, although ion implantation
hydrogen or deuterium with subsequent thermal treatm
can be used to similar effect.19 Despite the importance of th
passivation process in achieving maximum luminescen
the kinetics of this process has not yet been fully explore

II. KINETICS OF PASSIVATION AND DISSOCIATION

Interfacial dangling bonds, of which thePb defects are an
important class, result from the lattice mismatch between
and SiO2 .5 They have been studied in detail by electron-sp
resonance~ESR! and electrical methods,25 though ESR is
typically used to detect these paramagnetic defects. At
~111! Si/SiO2 interface, only one type of defect is observe
by ESR, known as thePb center, whereas the technological
dominant~100! Si/SiO2 containsPb0 andPb1 variants.6 The
Pb0 defect is always encountered, whereas the appearan
thePb1 defect appears to require a minimum level of therm
interfacial relaxation.26 Studies suggest that thePb and Pb0
variants are chemically identical and both have been ide
fied as electrical interface traps.5

From early work by Brower3,4 on open ~111! Si/SiO2
structures, the thermal passivation ofPb defects in molecular
H2 and dissociation in vacuum are modeled by basic che
cal reactions in which the reaction is limited by the availab
ity of ‘‘reactive’’ sites,

Pb1H2→
kf

PbH1H for passivation, and ~1!

PbH→
kd

Pb1H for dissociation, ~2!

where the forward and dissociation rate constants are g
by the Arrhenius expressionskf5kf 0 exp(2Ef /kT) and kd
5kd0 exp(2Ed /kT), respectively. This model relies on th
high-diffusivity of molecular H2 in SiO2 , implying that the
passivation process is reaction limited, not diffusion limite
©2003 The American Physical Society02-1
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Using square brackets to denote concentration, the rate e
tions for passivation and depassivation are then respecti
given by

d@Pb#

dt
52kf@H2#@Pb#, ~3!

and

d@Pb#

dt
5kd@PbH#5kd~N02@Pb# !, ~4!

which, for independent reactions, lead to the simple ex
nential decay solutions

@Pb#

N0
5exp~2kf@H2#t !, ~5!

and

@Pb#

N0
512exp~2kdt !, ~6!

whereN05@Pb#1@PbH#, the maximum number of defects
@H2# is the volume concentration of H2 at the Si/SiO2 inter-
faces,Ef and Ed are the respective activation energies
passivation and dissociation, andk is Boltzmann’s constant

Later work by Stesmans revealed the existence of dist
spreads,sE f andsEd , in the activation energiesEf andEd ,
respectively. The spreads are seen as a natural result of
to-site variations in thePb defect morphology induced b
nonuniform interfacial stress, the resulting strain affect
the individualPbuH bond strengths via weak orbital rea
rangements of the unpaired Sisp3 hybrids.5 The magnitudes
of the spreads are not unique as they depend on the the
history of the SiO2 structure.5

Including the spreads in Brower’s model, a generaliz
consistent simple thermal~GST! model was attained by
Stesmans,6 which accurately described the kinetics of pas
vation and dissociation, accounting for all experimental da
By convoluting a Gaussian spread in activation energies w
Brower’s equations, Stesmans obtained

@Pb#

N0
5

1

A2psEf

E
0

`

exp2F ~Ef i2Ef !
2

2sEf

2

1tkf 0@H2#exp~2Ef i /kT!GdEf i , ~7!

and

@Pb#

N0
512

1

A2psEd

E
0

`

exp2F ~Edi2Ed!2

2sEd

2

1tkd0 exp~2Edi /kT!GdEdi , ~8!

where kd5kd0 exp(2Edi /kT) and kf5kf 0 exp(2Efj /kT). Ef
andEd now represent mean activation energies.
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In general, both reactions will proceed concurrently,
that during passivation in H2 the reverse reaction~dissocia-
tion! will occur if the temperature is high enough. As ou
lined by Stesmans,6 by coupling Brower’s equations@Eqs.
~3! and ~4!# under the condition that@H2# at the interface is
in continual equilibrium with the ambient@H2#, the full in-
teraction case for passivation in H2 ~starting from an exhaus
tively dissociatedPb system! is given by

@Pb#

N0
5

1

2psEf
sEd

E
0

`E
0

`

expF2
~Edi2Ed!2

2sEd

2 2
~Ef j2Ef !

2

2sEf

2 G
3

1

kd1kf@H2#
$kd1kf@H2#exp@2~kd1kf@H2# !t#%

3dEdidEf j , ~9!

where a Gaussian spread in activation in both the forw
and dissociation energies has been incorporated. The inte
tion ranges can be reduced so they only include possibleEdi
andEf j values.

The hydrogen concentration in the sample is calcula
assuming that the H2 diffuses very rapidly through the oxide
as shown by Shelby.27 @H2# corresponds to the physical solu
bility of H2 in vitreous silica so the amount of H2 in solution
at low pressures (P) is given by

@H2#5C05K~T!PV21, ~10!

whereV21 is the concentration of sites into which H2 dis-
solves in vitreous silica (1.2731021 sites/cm3),27 andK(T)
is specified by the expression28

K~T!5F h2

2pmkTG
3/2F 1

kTGF exp~2hn/2kT!

12exp~2hn/kT!G
3

exp~2«/kT!.

~11!

The attempt frequencyn corresponds to 4.131012 Hz for H2
in vitreous SiO2 . The binding energy« for a molecule of
hydrogen of massm to a SiO2 surface site is20.105 eV,
and corresponds to the heat of adsorption at the surfac27

The values for vitreous SiO2 are assumed to be equivalent
those of thermally grown SiO2 .

III. RELATING NANOCRYSTAL LUMINESCENCE
TO DEFECT DENSITY

Time-resolved photoluminescence~PL! can be used to ex
tract the rise and decay lifetimes of the nanocrystal lumin
cence by modulating the excitation source. The luminesce
decay is characterized by a stretched exponential shape29,30

given by

I ~ t !5I 0 expF2S t

t D bG , ~12!

whereI (t) and I 0 are the intensity as a function of time an
at t50, respectively.t andb are both wavelength depende
and are respectively the lifetime and a dispersion fac
whose value is a measure of the interaction strength am
2-2
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Si nanocrystals. In practice, usuallyb,1 sinceb51 yields
a simple exponential and corresponds to completely isola
nanocrystals~no interaction!.

Once the excitation source is turned on, the luminesce
rise timeton can be expressed aston

215sf1t21.31 Thus if
sf!t21, thenton't and we are in the low pump powe
regime, wheres is the nanocrystal excitation cross secti
andf is the photon flux. In this regime, the PL intensity
the emitting centers can be approximated by the follow
expression32

I 5sf
t

tR
n* , ~13!

wheretR is the radiative lifetime andn* is the total number
of Si nanocrystals that are able to emit. Equation~13! shows
that, for constant excitation conditions, a variation of t
luminescence yield can only be due to a change int or n* or
both, sincetR ands are independent of defect effects. Th
allows the extraction ofn* , the number of emitting nanoc
rystals, from the PL intensity and lifetime.

A quick check of the experimental parameters employ
in this study confirms the validity of the low pump approx
mation. @For Si nanocrystals with diameters in the range
3–5 nm,s has a value of'1310216 cm2.31 The photon
flux f'2.531018 cm22 s21 ~for a 10-mW laser at 488 nm
with a spot size of 1 mm2) giving sf'2.53102. t21.1
3104 was measured for all samples. This was also dire
verified by measuring the rise and decay lifetimes exp
mentally.#

It has been shown that a nanocrystal effectively becom
‘‘dark’’ ~stops luminescing! when it contains at least one de
fect. This is because in the visible PL range the nonradia
capture by neutral dangling bonds is much faster than ra
tive recombination.17 Consequently, assuming a linear rel
tionship between the number of defects and defective na
rystals,

@Pb#}ndark5ntotal2n* , ~14!

and

N0}ntotal2nre f* , ~15!

wherentotal is the total number of nanocrystals~a constant!
andndark are the nanocrystals that contain at least one de
and therefore do not luminesce.nre f* is constant as it is the
number of luminescing nanocrystals in the reference sam
which contains the maximum number of recoverable defe
N0 . The reference sample is the unpassivated sample
@Pb#/N0<1. The proportionality constants for Eqs.~14! and
~15! will be the same, so using these equations we can w

N02@Pb#

N0
}n* 2nre f* , ~16!

and so

n* 2nre f* }12
@Pb#

N0
. ~17!
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It is convenient to express the number of emitting nanocr
tals relative to the reference sample, from Eq.~13!,

n*

nre f*
5

I

I re f

t re f

t
, ~18!

since sf is kept constant andtR is independent of defec
effects.

We now have a procedure to relate the luminescence
tensity and lifetime to the relative defect density. This allo
one to apply Stesmans’ GST model to extract the chem
kinetics of the hydrogen passivation process of Si nanoc
tals in SiO2 , through time-resolved PL measurements.
should be stated that whereas ESR specifically probes
paramagneticPb defects, the PL measurements are not
fect specific. Therefore the reaction-rate parameters extra
by this technique are mean values corresponding to all
luminescence-quenching defects that can be passivate
hydrogen. This said, the quenching of nanocrystals lumin
cence is thought to be dominated by defects at the interf
wherePb defects are found.

IV. EXPERIMENTAL DETAILS

A. Sample preparation

Si nanocrystals were synthesized by ion implantation
Si1 into 1.25-mm SiO2 layers grown by wet thermal oxida
tion at 1100 °C on B-doped~0.1–0.3 V cm! Czochralski
~100! Si. The samples were implanted at an energy of 4
keV to a fluence of 231017 cm22, at room temperature. Thi
results in a Si concentration profile with a peak excess
close to 10 at. % at a projected range of 630 nm an
straggle of 140 nm, calculated usingTRIM.33 The as-
implanted samples, placed in a quartz boat, were anneale
1100 °C in high-purity Ar~99.997%! for 1 h in a conven-
tional quartz-tube furnace. This is a standard thermal tre
ment used to produce luminescent nanocrystals, with
high-temperature required to remove implantation dam
~such as nonbridging oxygen-hole centers and oxy
vacancies!34 and precipitate the crystals. The sample at t
stage contains the maximum number of recoverable def
and was used as the reference sample. After one hour, a
number ofPb-type defects are created as the nanocrys
precipitate, with longer annealing times reducing th
density.16

Hydrogen passivation anneals were performed in hi
purity ~99.98%! forming gas~5% H2 in N2). Samples were
annealed either isochronally or isothermally. Isochronal
neals were performed for 1 h in the temperature range o
100– 800 °C. Isothermal anneals were performed at four
temperatures~nominally 300, 350, 400, and 500 °C) fo
times ranging from 1 min to 16 h. A rapid thermal process
~AET Thermal RX! was used for annealing times<10 min,
with the conventional tube furnace used for all longer a
neals. At the completion of each anneal, the sample
withdrawn to the cool zone of the furnace and cooled
room temperature in the forming gas ambient.

Hydrogen dissociation was performed in a N2 ambient
~99.99%! on samples previously annealed in forming gas
2-3
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TABLE I. Kinetic parameters for thermal passivation in H2 ~this work in 5% H2 in N2) and dissociation in vacuum~this work in N2) of
Pb-type defects at the Si/SiO2 interface.

Ef

~eV!
sE f

~eV!
kf 0

(1028 cm3 s21)
Ed

~eV!
sEd

~eV!
kd0

(1013 s21)

This work Pb type 1.6860.04 0.1860.02 965 2.960.05 0.2960.03 261
~111!

Si/SiO2

Pb : 1.5160.04a 0.06060.004a 9.8(18/25)a 2.8360.03a 0.0960.03a 1.660.5a

~100! Pb0: 1.5160.03b 0.1460.02b 143660b 2.8660.04c 0.17c,d 2c,e

Si/SiO2 Pb1: 1.5760.03b 0.1560.03b 143660b 2.9160.03c 2c,e

aReference 6.
bReference 8.
cReference 35.
dStathis suggested an overallsEd value of 0.17 eV forPb0 andPb1 combined.
eThis parameter (kd0) was fixed at a value of 231013 s21 based on physical insight~frequency of the Si-H wagging mode!.
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500 °C for 1 h. The initial passivation treatment establish
the starting condition for the dissociation study. 1-h isoch
nal anneals were performed at temperatures in the rang
200– 800 °C.

It should be noted that the conditions used in this work
hydrogen passivation and dissociation are similar, but
identical, to those used by other authors. For the val
shown in Table I, hydrogen passivation was carried out in
atm H2 ~99.9999%! and dissociation was performed
vacuum. Nonetheless, the partial pressure of H2 is taken into
account in the modeling.

B. PL and time-resolved PL

Photoluminescence~PL! measurements were performe
at room temperature, using the 488-nm line of an Ar1 ion
laser as the excitation source. Emitted light was analy
using a single grating monochromator~TRIAX-320! and de-
tected with a liquid-nitrogen-cooled front-illuminate
open-electrode charge-coupled device~CCD! array ~EEV
CCD30-11!.

Time-resolved PL measurements were performed
modulating the laser beam with an acousto-optic modula
~Brimrose TEM-85-10!. A room-temperature photomultiplie
~Hamamatsu R928! was used to detect the light from the ex
port of the monochromator with the grating centered at 8
nm ~bandpass of 40 nm!. The signal from the photomultiplie
was collected using a digital storage oscilloscope. Emiss
decay lifetimes were extracted by the least-squares fittin
a stretched exponential@Eq. ~12!#. The timing resolution of
the system is,1 ms.

V. EXPERIMENTAL RESULTS

Figure 1 shows the effect of H passivation on the na
crystal PL, at a range of annealing temperatures in form
gas. The increase in PL intensity is due to the passivatio
nonradiative defects at the nanocrystal/oxide interface.
shaded region represents the approximate detection win
used in time-resolved PL measurements~equal to the band-
pass of the monochromator centered at 800 nm!. The choice
of this window is arbitrary, as the trend of increasing inte
15530
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sity with improved passivation was found to be compara
across the whole PL spectrum.

Figure 2 shows a semilogarithmic plot of the lumine
cence decay-time measurements for the reference sampl
fore and after passivation at 500 °C for 1 h in forming gas.
The decay curves are clearly nonlinear, and thus not w
described by a simple exponential. As expected, they
well characterized by a stretched exponential shape. Fit
the PL decay curves with Eq.~12! allows the extraction oft
andb as a function of the passivation and desorption ann
schedule. These values are shown in Figs. 3 and 4, res
tively.

The measured luminescence decay lifetime can be
proximated byt215tR

211tNR
21 , wheretR is the nanocrystal

radiative lifetime andtNR is the nonradiative lifetime~asso-
ciated with defects and/or exciton energy migration!. Conse-
quently, as defects, which act as fast nonradiative recom
nation states, are passivated~eliminated!, tNR increases andt

FIG. 1. Typical nanocrystal PL spectra of the reference sam
~unpassivated! after annealing for 1 h in 5% H2 in N2 at different
temperatures. The annealing temperatures are indicated in the
ure. The shaded box indicates the approximate detection win
used for time-resolved PL measurements.
2-4
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approachestR . The nanocrystals also become more isola
due to the concomitant reduction in exciton migration ch
nels. The complete model of this process is unclear, as
source and mechanism of luminescence from Si nanocry
is still under debate. However, a reduction of fa
recombination sites, whether defects at the interface
within the oxide, is consistent with the observed increaset
andb as the extent of passivation increases.

The fitting of Eq.~12! also enables the extraction of th
intensity and lifetime enhancement for each sample,I /I re f
and t/t re f respectively, due to hydrogen passivation. The
quantities, along with Eq.~18!, then allow the correspondin
enhancement of emitting nanocrystals to be determined.
results for the isochronal absorption and dissociation stu

FIG. 2. Typical normalized decay-time measurements of the
signal at 800 nm for the reference sample before and after anne
in forming gas at 500 °C for 1 h. The solid lines are stretch
exponential fits@Eq. ~12!#. Data were taken at room temperature

FIG. 3. Plots of the luminescence decay lifetime for~a! the
isochronal (t51 h) study, and~b! the isothermal study. Data ar
extracted from time-resolved PL measurements fitted with Eq.~12!.
The solid lines are provided as a guide to the eye only.
15530
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are shown in Fig. 5, and the isothermal absorption study
Fig. 6.

In Fig. 5, a factor of'6 increase is seen in intensity wit
optimum passivation, which is accounted for by a doubli

L
ing
d

FIG. 4. Plots of the dispersion factor for~a! the isochronal study,
and~b! the isothermal study. Data are extracted from time-resol
PL measurements fitted with Eq.~12!. The solid lines are provided
as a guide to the eye only.

FIG. 5. Plots of relative~a! intensity,~b! lifetime, and~c! emit-
ting nanocrystals@from Eq.~18!# versus annealing temperature, du
ing H passivation for 1 h in 5% H2 . Data are from time-resolved PL
measurements. The lines are provided as a guide to the eye o
2-5
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of lifetime and a tripling of the number of luminescin
nanocrystals@using Eq. ~18!#. The action of simultaneou
desorption limits the level of maximum passivation, as h
drogen is dissociated from the defects above about 450
The hydrogen desorption study also shows that at high t
peratures, where all hydrogen should be lost from
sample, the luminescence intensity and lifetime do not ret
completely to their pre-passivation values. This is though
be due to a partial relaxation of interfacial strain presen
the samples after the nanocrystals are formed at 1100
This strain is due to the difference in thermal coefficient
expansion between Si and SiO2 , which causes strain as th
samples are cooled. This effect is independent of the p
ence of hydrogen as it has been seen in samples wher
hydrogen is present.

In Fig. 6, the isothermal data show the same trend
increasing intensity and lifetime with improved passivati
as was seen in the isochronal case~Fig. 5!. As expected, the
samples annealed at higher temperatures approach opti
passivation more quickly. However, due to competition fro
the desorption reaction, samples annealed for 1 h at higher
temperatures will be less well passivated than those anne
at the optimum temperature around 500 °C. Simila
samples annealed at lower temperatures require much gr
annealing time to achieve similar levels of passivation.@This

FIG. 6. Plots of relative~a! intensity,~b! lifetime, and~c! emit-
ting nanocrystals@from Eq. ~18!# versus annealing time, during H
passivation at 500 °C in 5% H2 . Data are extracted from time
resolved PL measurements. The lines are provided as a guide t
eye only.
15530
-
C.

-
e
rn
o
n
C.
f

s-
no

f

um

led
,
ter

is highlighted by the data in Fig. 6~c!, which show that the
degree of passivation achieved after 1 h at 510 °Cwill not be
achieved at 305 °C even after several days annealing. T
said, increasing@H2# in the sample through annealing i
pure H2 and/or at increased pressure would reduce this tim#

VI. MODELING THE KINETICS

A global least-squares fit~of all data shown in Fig. 7! was
used to determine the parameters shown in Table I, for
work. For convenience, the values obtained by others
molecular hydrogen passivation and dissociation of pa
magneticPb defects for planar~111! and ~100! Si/SiO2 in-
terfaces are also included. A global fit of data over a la
range is important to give uniqueness to the fit. For exam
a fit of isochronal data alone can be described equally w
by a range of parameter sets. The full-interaction GST mo
@Eq. ~9!# was used to model the passivation kinetics~simul-
taneous passivation and dissociation!, whereas the simple
case of pure desorption was modeled using Eq.~8!. The pro-
portionality constant@for Eq. ~17!# between experimenta
data and the model was also left as a fitting paramete
partial pressure of 0.05 atm was used in Eq.~10! in deter-
mining @H2#, due to the forming gas used for passivati
having a concentration of 5% hydrogen.

The values obtained in this work are in general agreem
with those measured for~100! and ~111! planar interfaces.
This supports the view that similar defects and processes
involved in both cases. It can be noted, however, that
activation energy for the passivation reaction and the spr
of activation energies for the desorption reaction both app

the

FIG. 7. Plots relativePb defect concentration versus~a! anneal-
ing temperature of hydrogen passivation~solid circles! and disso-
ciation ~open circles! and~b! annealing time, during hydrogen pas
sivation at 305, 358, 416, and 510 °C. The solid lines represent
global least-squares fit of the GST model@Eq. ~8! ~for dissociation
only! and Eq.~9!# to experimental data derived from time-resolve
PL measurements through Eqs.~17! and ~18!. The dotted lines are
Brower’s simple thermal model for passivation and dissociat
@Eqs.~5! and ~6!#.
2-6
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KINETICS OF H2 PASSIVATION OF Si . . . PHYSICAL REVIEW B 68, 155302 ~2003!
slightly higher than the values determined for planar int
faces. There are several possible reasons for this varia
the most obvious being:~a! the difference in interface geom
etry because of the approximately spherical shape of
nanocrystals; and ~b! differences in the range o
luminescence-killing defects involved. For example, Gh
rghita et al.36 identified theR defect at the~111! Si/SiO2
interface, which was also found to be passivated by H2 albeit
with a very different activation energy and rate consta
However, Stesmans found for~111! Si/SiO2 that sE f /Ef
'sEd /Ed andsE f /sEd51.5.5 This is similar to that found
in this work, with sE f /Ef'sEd /Ed'10% and sE f /sEd
51.6. Stesmans relatedsE f and sEd to interfacial stress,
which affects the spread inPb defect morphology. This sug
gests thatsE f andsEd found in this work relate to a highe
mean interfacial stress than is generally found at planar
terfaces.

To gain confidence in the extracted parameters, the c
sistency of these parameters can be compared to the u
lying physical insight. A simple model from Brower3 predicts
a kf 0 on the order of 9.731028 cm3 s21. The value obtained
in this work agrees well with this value and that obtained
Stesmans for~111! Si/SiO2 . It has been determined that th
low-frequency Si-H wagging mode (Si[Si-H), at 1.86
31013 s21,37 controls thermal interfacial Si-H breaking7

The value of (261)31013 s21 obtained in this work also
agrees well with this value.

The net effect of Eqs.~1! and~2! is the dissociation of the
H2 molecule, with both steps resulting in emission of a h
drogen atom. Therefore the value for H2 dissociation in
vacuum~4.52 eV at 298 K! ~Ref. 38! can be compared to th
sum of the forward and dissociation activation energiesEf
andEd , respectively. Stesmans found for~111! Si/SiO2 a net
apparent activation energy of 4.3460.06 eV and slightly
D.
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higher for ~100! Si/SiO2 . In this work, a net apparent act
vation energy of 4.5860.07 eV was found, which agree
well with the value for dissociation in vacuum.

VII. CONCLUDING REMARKS

Using time-resolved PL, the hydrogen passivation kin
ics of Si nanocrystals embedded in SiO2 has been studied
both isothermally and isochronally, providing a sufficient s
of data to extract the reaction-rate parameters with some
fidence. The GST model proposed by Stesmans was foun
well describe the passivation process of Si nanocrystal
SiO2 . The reaction-rate parameters were found to beEf
51.68 eV,sE f50.18 eV,kf 05931028 cm3 s21 for hydro-
gen passivation andEd52.9 eV, sEd50.29 eV, kd052
31013 s21 for hydrogen dissociation. The similarity of thes
values to those found forPb defects at planar Si/SiO2 inter-
faces supports the view that nonradiative recombination
dominated by such defects. The modeling has also h
lighted that the simultaneous desorption limits the level
passivation attainable. If the passivation temperature is
high, the desorption reaction dominates. This means th
one-step anneal to both precipitate and passivate the na
rystals at 1100 °C in forming gas will not achieve the sa
quality of passivation as a two-step anneal~at 1100 °C) and
passivation ~at 500 °C) sequence. Moreover, for hig
temperature annealing the final level of passivation will d
pend on the cooling rate. On the other hand, using low p
sivation temperatures to avoid desorption will requ
extended annealing times. Finally, this work has shown t
nanocrystals provide a useful model system for study
such processes using PL. However, since PL is unable
unambiguously identify specific defects, it cannot repla
but instead complements, the more complex ESR.
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