JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 2 15 JANUARY 2002

Influence of average size and interface passivation on the spectral
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The correlation between the structu@verage size and densitand optoelectronic properties
[band gap and photoluminesceri@&)] of Si nanocrystals embedded in Sif among the essential
factors in understanding their emission mechanism. This correlation has been difficult to establish
in the past due to the lack of reliable methods for measuring the size distribution of nanocrystals
from electron microscopy, mainly because of the insufficient contrast between Si apnd\8ith

this aim, we have recently developed a successful method for imaging Si nanocrystals, in SiO
matrices. This is done by using high-resolution electron microscopy in conjunction with
conventional electron microscopy in dark field conditions. Then, by varying the time of annealing
in a large time scale we have been able to track the nucleation, pure growth, and ripening stages of
the nanocrystal population. The nucleation and pure growth stages are almost completed after a few
minutes of annealing time at 1100 °C in, ldnd afterward the ensemble undergoes an asymptotic
ripening process. In contrast, the PL intensity steadily increases and reaches saturation after 3—4 h
of annealing at 1100 °C. Forming gas postannealing considerably enhances the PL intensity but only
for samples annealed previously in less time than that needed for PL saturation. The effects of
forming gas are reversible and do not modify the spectral shape of the PL emission. The PL intensity
shows at all times an inverse correlation with the amoumpparamagnetic centers at the Si—$iO
nanocrystal—matrix interfaces, which have been measured by electron spin resonance.
Consequently, thé®, centers or other centers associated with them are interfacial nonradiative
channels for recombination and the emission yield largely depends on the interface passivation. We
have correlated as well the average size of the nanocrystals with their optical band gap and PL
emission energy. The band gap and emission energy shift to the blue as the nanocrystal size shrinks,
in agreement with models based on quantum confinement. As a main result, we have found that the
Stokes shift is independent of the average size of nanocrystals and has a constant value of
0.260.03 eV, which is almost twice the energy of the Si—O vibration. This finding suggests that
among the possible channels for radiative recombination, the dominant one for Si nanocrystals
embedded in SiQis a fundamental transition spatially located at the Si—Sierface with the
assistance of a local Si—O vibration. ZD02 American Institute of Physics.
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I. INTRODUCTION cosputteringd, ion implantatior® chemical vapor depositich,

. . - molecular beam epitaxyand laser ablatioh. Among these
Many researchers have tried to elucidate the origin of thet'echniques ion implantation is one of the most suitable

visible—near infrared photoluminescen@el) emission at . . . . .
room temperature of silicon nanostructures. This is due tc(th'Ces due to its ability to control the profile of the im-

their promising perspective as silicon-compatible optoelecpl"’mted ons. )
tronic materials. In particular, structures consisting of Si 1he opening of the band gap when the nanocrystal size

nanocrystals embedded in Si@re candidates for a large shrinks is nowadays an unquestionable fact for both porous
number of optoelectronic and photonic applicatibii$ie ad- S layers and Si nanocrystals embedded in;SIC° This
vantages of the Si—SiQcomposites rely on their robustness 0Pening arises as a consequence of the quantum confinement
and surface stability in comparison with porous materialsof carriers in the three dimensional potential well of the
and on their full process compatibility with mainstream nanocrystal. The photon absorption process in a typical PL
complementary metal—-oxide—semiconduct@MOS) tech-  experiment proceeds in the core of the nanocrystal and, as a
nology. Si nanocrystals embedded in Sikave been fabri- fundamental transition from valence to conduction band, its
cated by a variety of methods and include techniques such anergy is modulated by quantum confinement effects. The PL
emission reported for Si—SyFystems consists of an intense
dAuthor to whom correspondence should be addressed; electronic mai(:viSibIe with the naked eyeand wide(about 0.3 e\)’ emis-
blas@el.ub.es sion peaking in the near infrared or the visible spectfbet
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tween 1.4 and 1.9 eV This emission has been unambigu- cation of the passivation effect and the correlation among
ously linked to the presence of Si nanocrystals in an oxidelefect concentration and PL vyield.
matrix3811-26Nevertheless, the mechanism of the dominant  The purpose of this article is to contribute to the expla-
radiative recombination mechanism is still under debate, asation of the PL emission mechanism of ion beam synthe-
in porous silicon. sized Si nanocrystals embedded in §iQMe report on a

It is obvious that the correlation between the structuralsystematic study of the evolution of PL emission and absorp-
(average nanocrystal size, density, and volume fragtimd  tion features of nanocrystals versus implantation dose and
the optoelectronic propertigband gap and PL emissipof  annealing conditions and the measurement of reliable size
the Si—SiQ composites is an essential factor to understandlistributions from electron microscopy. Based on these stud-
their emission mechanism. This correlation has been veries, we find a correlation between the structural and optical
difficult to establish in the past due to the lack of reliable properties of Si nanocrystals. From the experimental data,
methods for measuring the size distribution of nanocrystalsve calculate the Stokes shift as a function of the average size
from electron microscopy, mainly because of the insufficieniand propose a likely explanation for the dominant emission
contrast between Si and SiOSome authors have used scan-mechanism in this system. We also show from electron spin
ning probe microscopes for measuring the size of depositet@sonancéESR) experiments that the PL intensity inversely
nanocrysta® and others used indirect techniques such agorrelates with the amount &, centers at the Si-SiQn-
Raman spectroscop§.Recent studies by other authors andterfaces. In fact, for the annealing temperatures used in this
us have overcome this difficulty and shed light on the explawork (1100°Q, the nucleation and pure growth of the
nation and identification of the dominant mechanism of ra-nanocrystals proceed almost instantly. The interface rear-
diative recombination. In particular, we have recently develfanging and the passivation &, centers control the PL
oped a successful method for |mag|ng Si nanocrysta|5 |r¥|€|d for the rest of the annealing time. This is confirmed by
SiO, matrices. This has been done by using high-resolutiodditional annealing in forming gas, which increases the PL
electron microscopyfHREM) in conjunction with conven- Yield and diminishes th@,, signal at the same time. Further-
tional electron microscopy in dark field conditions and will more, the effects of forming gas treatments are reversible and
be explained below/~=° do not modify the spectral shape of the PL emission.

The dominant mechanisms for the PL emission of
H-passivated porous Si are considered to be direct band 5
band radiative recombination, due to the breakdown okthe
conservation rule, and/or indirect recombination assisted by  Silicon nanocrystals were synthesized by ion implanta-
Si phonons’**#Resonantly excited PL in H-terminated po- tion of Si* in relatively thick SiG layers(800 nm grown by
rous silicon clearly shows steps that coincide with the TOwet oxidation at 1100 °C op-type Si(100. The samples
and TA phonons of silicon. In contrast, Si nanocrystals emwere implanted with doses ranging fromx10'® to 3
bedded in Si@ show an emission more intense and shifted tox 10'7 Si* ions/cnf. The implantation energy was 150 keV
the red in comparison with porous silicon nanostructures oéind the samples were kept at room temperature during the
roughly the same size. Resonantly excited PL of oxidizedvhole process. The projected range of the ion implantation
nanocrystals does not present steps due to Si phonons, asd the initial supersaturation were calculated by using the
reported by Kanemitsu and Okambt®n the contrary, they TRIM code. The projected range was of about 200 nm and the
show small steps that agree roughly with the energy of SiOsilicon excesgsupersaturationranged from 1 to 30 at. % at
vibrational modes. Allaret al®! speculated on the existence the maximum of the implantation profile. The as-implanted
of intrinsic localized states at the Si—Si@nterface in the samples were submitted to thermal treatments at 1100 °C in
form of self-trapped excitons. So, there seems to be a corN, for durations from 1 min to 16 kin rapid thermal and
sensus nowadays for nanocrystals embedded i BiGhat  conventional furnacgsWith such a wide range of annealing
the interface does have an active and dominant role in theime, we probed the evolution of the precipitates all through
emission mechanism. This is possible either through the exhe nucleation, pure growth, and ripening stages. Thick, SiO
istence of interfacial radiative staté®r because of vibronic layers were preferred to avoid interface effects on the nucle-
interactions among electron—hole pairs created in the nanoation and growth of the nanocrystals. This is accomplished if
rystals, and the polarizable material surrounding them. Weénterfaces are several diffusion lengths away from regions
have recently proposed the assistance of Si—O vibrations atith significant silicon supersaturation. This has always been
the interface as the possible dominant path for the recombihe case in our experiments, even for the longest annealing
nation of electron—hole pairs in Si nanocrystals embedded itimes (Si diffusion coefficient in SiQ at 1100 °C is about
Si0,.'% The interfaces are so important that its passivatiorL0~ " cné/s).
against nonradiative states and defects is necessary to in- HREM was used to monitor the size distribution of
crease the radiative yield of the emission of Si nanocrystalsjanocrystals and its evolution with dose and annealing time.
with independence of the emission mechanism. There argnfortunately, the poor contrast between Si and Sitade
some reports on the increase of radiative efficiency by perthose measurements extremely difficult and very time con-
forming H passivation through standard forming gassuming except for the high supersaturation val(&3%—
annealing’?~3* This way of passivating the Si—Sjanter-  30%). Nevertheless, previous studies made by us with Ge
face is well known and is routinely performed in CMOS nanocrystals in Si@(better contragtand atomistic simula-
technology. However, there is still no report on the quantifi-tions recently developed by us shed light on many issues

?. EXPERIMENTAL DETAILS
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related to the nucleation and growth of group IV nanocrys- 12— — - T

tals in SiQ,. These studies can be used to infer and extrapo- Tl trosrerena medey, ]
late tendencies whenever HREM analysis is not suitable for S ; \

the Si—SiQ system(low silicon supersaturatiorf’ ° ESR o 08 : 1
experiments were performed at room temperature using con- 2 o6

ventional absorption ESR at 9.1 GHz and employing a 100 g 0.4

kHz field modulation when detecting the first derivative of 2 Pt

absorption. The spin density of paramagnetic centers was g 0.2 -~ ,

obtained by numerical integration of the first derivative ab- 0.0F Eaed
sorption and a comparison with a reference signal. The 1300 1200 1100 1000 900

samples were cut into pieces and the absolute surface density
of paramagnetic centers was determined by weighing the
samples in a microbalance. The ESR measurements allowetls. 1. FTIR spectra of samples implanted with 10% supersaturation and
us to Successfu”y determine and quantify the evolution oﬁnnealed at 1100 °C du'ring 1 midashed ling and 8 h(dotted ling, and

the amount of paramagnetic defects in the Sédd at the ﬁig:&p;g‘;teedd Zirizréli":go"gﬁ)(;;dogsrr]‘fgﬁgg?i'n;he FTIR spectrum of a
Si—SiO, interface as a function of annealing time and to

correlate this evolution with the photoluminescence intensity.

We have performed systematic PL and PL excitationtween the crystallites and the matrifor detailed descrip-
(PLE) measurements in all samples. Several experimentdlons of XPS and FTIR spectra of implanted oxides see Ref.
setups were combined. For optical pumping in PL measure35).
ments we have used a 60 mW He—Cd laser for ultraviolet
excitation(A=325 nmn). The luminescent emission was ana- B. Electron microscopy imaging conditions

lyzed in backscattering mode by a 0.6 m monochromator and The imaging of Si nanocrystals embedded in Sigy

detected with a GaAs photomultiplier. The Stan(j""r(jconventional TEM is difficult because of the small difference

chopper—lock in technique was used to increase the signal té)f atomic number and density between Si and Si®here-

noise ratio. All the measurements were corrected for the SY$¢ : e .
. : r i nanocr Isin how only weak ampli n
tem response measured with a calibrated tungsten lamp. The' o Si nanocrystals in Sgshow only weak amplitude and

energy provided by the He—Cd last8.82 eVl is able to phase contrast. HRENhigh resolution is routinely used to

. ST . image individual Si nanocrystals. However, it is not neces-
excite the whole nanocrystal distribution down to dlametersSaril the best imagina technique when quantitative and sta-
of about 1 nm. For PLE measurements, wedusel kW y ging q 9

ultraviolet Xe lamp with a broad and flat emission s ectrumtistical measurements have to be performed. A HREM image
In general, PLE rr?easurements rovide a relative mpeasure 8{ a Si nanocrystal is shown in the inset of Fig. 2. Building

general, . -Nts p . .~ Up size histograms from HREM images is a difficult task and
absorption, and the signal is proportional to the absorption

coefficient in the optically thin regimead<1) which ap- reproducible results are difficult to obtain. In fact, the prob-
. P Y 9 P ability of imaging a nanocrystal depends on different factors.
plies to all our measurements.

On the one hand, for very thin regions, the probability of
forming fringes when imaging along a random direction in-
Ill. THE GROWTH OF SI NANOCRYSTALS IN SiO, creases as the size of the particle decreddes so-called
MATRICES “potential opening up effect).>® On the other hand, the con-
trast arising from small particles is more easily lost in the
noise when the thickness of the overall sample increases.
Fourier transform infrared spectroscopf#TIR) and Recently, laconat al®’ and the present authdPsused
x-ray photoelectron spectroscof¥PS) combined measure- conventional dark fieldDF) to image high densities of Si

ments show that most of the silicon in excess has precipinanocrystals. The contrast arising from such images is due to
tated after 1 min of annealing time at 1100 °C in.NBoth

techniques are complementary since FTIR probes the oxide
matrix while XPS detects Si and SjQuboxides. FTIR ab-
sorption spectra show that the asymmetric stretching mode
of the Si—O-Siunit (TO; mode shifts to lower frequencies

in the as-implanted samples. This is because the i&n
implantation outcome is a damaged and substoichiometric
oxide matrix. Nevertheless, the T@node regains the same
position of nonimplanted control oxidéghermal SiQ) after

only 1 min of annealing timésee Fig. 1 The XPS spectra 2
of the Si2 band (not shown present two well resolved 40 nm Si0,/Si
peaks situated at 99.4 €%i in Si, i.e., Si—Sj) and 103.4 eV interface
(Siin Sy, i.e., SI-Q). This is characteristic of a Si-Sj0 G. 2. DF conventional image of the sample with 30% supersaturation
composite with separated phases. However, a relatively Smeﬁa!méaléd at 1100 °C for 4 h, vshere the spatigl distribution of t%e nanocrys-

XPS s.ign.al coming f'jom. suboxides is observeq in the specgs with good contrast can be appreciatgdse the high resolution image
tra. It is likely that this signal comes from the interface be-of an individual Si nanocrystal.

Wavenumbers (cm™)

A. Experimental evidence of phase separation
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the diffraction of the electrons by the atomic planes of those E 7 To% T T T
nanocrystals having the{i11) planes well oriented with re- c A 20%

spect to both the incident beam and the aperture. Such an = o © 10% )
image is shown in Fig. 2. The main advantage of DF imaging % 5L [ i
conditions is to observe the Si nanocrystals at a lower mag- =

nification. This allows imaging the spatial distribution of the S8 4F B _E ________________ 1
nanocrystals within the SiQOlayer. Moreover, under these 2 N ]
conditions, the probability of “seeing” a nanocrystal does 8 ——————————— % ———————————

not depend much on its size. s 2} .

I_n our H_REM images, th_e resolution is of_about 0.2 nm. 0200 200 600 800 1000
So, in principle, two diffracting planes at a distance greater Annealing time (min)
than this can be separated and imaged. Nevertheless, experi-
ence shows that nanocrystals with a diameter of less thanG. 3. Evolution of the average diameter of the nanocrystal population
four planes(about 1.2 nmare very difficult to distinguish  extracted from TEM measurements, as a function of the annealing time at
from the SiQ matrix.29'3° In DE images the resolution is in T=1100 °C, for initial Si supersaturation of 10%, 20%, and 30%. The val-

principle of abotia 1 nmhigher value than for HREM, but Hﬁ;so;tg%ﬁgo; giirjea;sratﬁzrg?ately 20% of the absolute values. Dashed
Si nanocrystals exhibit stronger contrast. Furthermore, the

observations under DF conditions are less dependent of the

thickness of the observed region, much less time consumingmeter that is independent of the initial supersaturation.
and finally, good statistical results can be easily obtainediowever, the Ostwald ripening theory has been developed
with high reproducibility. The error bars for the size mea-for much more diluted systems. For the 20% and 30% super-
surement have been evaluated to be of about 20% for botpaturation the average distance between the surfaces of
for HREM and DF imaging conditions. All the size measure-nanocrystals is so smafless than 1 nm that one should
ments have been systematically performed in both DF angonsider proximity effects for a reasonable ripening model.
HREM images and the final diameter is a mean value of both

measurements. D. Modeling the ripening of Si nanocrystals in SiO

In order to explain the experimental results, we have
modeled the ripening of Si nanocrystals by using an “atom-
istic” model. This model is inspired by the one developed by

We have seen above that Si nanocrystals can only b€owernet al“*® for linear extended defects in Si, but applied
imaged in orientation dependent conditidif)REM or DF).  here to spherical objects. In a first approach, we have made
Thus, we were not able to see all the precipitates in the santbe following assumptions(i) We consider the so-called
image and we could not evaluate which fraction of the whole‘'mean-field” approximation to be valid, i.e., there is no in-
population they represented. Consequently, the density déraction between nanocrystdtiiluted system (ii) The ini-
precipitates could not be measured for this system. Howevetial supersaturation has already formed particles of size 2
we were able to measure the density of Ge nanocrystals ifatoms, i.e., a Si—Si clusteat the beginning of annealing.
SiO, (stronger contrast than )Sthat can be imaged under Indeed, for the large supersaturation values considered here,
bright field conditions, which are orientation independent.the formation of small Si clusters is very probable even in
For this system, an original method for density measurethe as-implanted stafé.(iii) We apply the quasisteady state
ments was developed and testédAs a result, we showed approximation in which the precipitates and the matrix are in
that Ge nanocrystals undergo a conservative Ostwald riperiecal equilibrium since the beginning of annealiriy.) The
ing during annealing. effect of the air—Si@ surface of the sample as a sink has

Figure 3 shows the Si nanocrystal mean diameter as been tested and can be considered as negligible because of
function of annealing time at 1100 °C. The results are showrnhe low diffusivity of Si in SiG and the high density of
only for the higher 10%, 20%, and 30% values of supersatunanocrystals. We will not go into details and equations here,
ration because of the visibility reasons given above. Théut the interested reader can consult Refs. 30 and 41.
mean diameter increases very slowly, almost imperceptibly, In Fig. 4a we have represented the results obtained
when the annealing time changes from 1 min to 16 h. Thifrom this first approximation of the atomistic model by a
very slow evolution is consistent with an asymptotic conser-solid curve. This curve depicts the simulated mean diameter,
vative Ostwald ripening evolution of the nanocrystals, as rewhich is independent of the initial supersaturatighluted
ported for Ge nanocrystals previouély?® This is also con-  system. We have superimposed the TEM experimental val-
sistent with the very small values reported for the diffusionues with symbols, as in Fig. 3. As expected, the simulated
coefficient of Si in SiQ: from 5x10 *®to 10 ®cn/s at  mean diameter increases steadily with annealing time. This
1100 °C depending of the authcfs>° On the contrary, for a theoretical mean diameter fits the TEM values only for 10%
fixed annealing time such as 16 h, the mean diameter inef the supersaturation and for long annealing tirtesveral
creases roughly from 3 to 5 nm when the supersaturatiohours. As shown in Fig. ), the size distribution obtained
changes from 10% to 30%. This remarkable increase of difrom the simulationgsolid curve is in good agreement with
ameter versus supersaturation is in strong contrast with thine TEM stack histogram, even better than the well-known
standard Ostwald ripening theory, which predicts a final di-Lifshitz, Slyosov, and Wagner analytical distributi¢hThe

C. Electron microscopy results: Average sizes
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FIG. 4. Experimental valuesymbolg and simulated value®urves of the
mean diameter of the nanocrystal population for the samples with 10
(triangles, 20% (circles, and 30%(squaresof supersaturation. It is clearly
seen that the curves of the model that take into account proximity effects fi
all the supersaturation values rather well, at least for long annealing times.

(fIG. 6. Typical spectrum of PL emission. In this particular case, the sample
Is that of the 10% supersaturation and annealed for @nisey The inte-
grated PL vs supersaturation in the whole range from 1% to 30%.

region as a sphere of influence having a radius, which is

experimental values of size found for the 20% and 30% sutelated to the mean distance between the precipitatg$*
persaturation are much higher than those predicted by thé&/hen the density of nanocrystals is high enough, the spheres
simulation. We can thus infer that, as suspected for higtof influence overlap and, therefore, the supersaturation of the
supersaturation, the growth rate is augmented by proximitynatrix and the emission and capture rates of solute atoms by
effects and the diluted system approximation is no longethe nanocrystals are functions of the distance between them.
valid. The good correlation of the theoretical and experimen-  We have also represented in Fig. 4 the evolution of the
tal size distributions is a strong indication that the amount okimulated mean diametgtashed curve&) and(c)] for 20%
nanocrystals with diameter smaller than the resolution of thend 30% of supersaturation, taking into account the interac-
microscope(and then not seeris small. tion between nanocrystals. The simulations now agree well

In Ref. 30 we have developed a correction of the “ato-with the TEM results for long annealing times, indepen-
mistic” simulation valid for interacting nanocrystals, which dently of the initial Si supersaturation. The simulated size
the reader should consult for details. For large initial superdistribution for the 20% sample is shown in Fighb It is
saturation, the distance between nanocrystals is no longetear in this figure that the significant enlargement of the
negligible compared to the dimension of the particles. ThenTEM stack histogram is due to proximity effects. The only
we take into account the overlapping gradients of supersatwdisagreement between theory and experiment concerns the
ration at the precipitate neighborhood. The essential point ishort annealing times, where the measured sizes are much
to survey the size of the region that is likely to act as a sourcéarger than the predicted ones. This experimental finding is in
or sink for the excess of solute atoms. We have imaged thiagreement with the FTIR and XPS measurements presented
above in Sec. Il A, as it means that almost all the Si in
. , , excess has precipitated at the beginning of annealing. So far,
181 roatwnorcien o tions] the resolution of the TEM is probably not the limiting factor,
because of the good agreement with the simulated histo-
grams. One possible reason is having assumed in the simu-
lation the equilibrium between the precipitates and the sur-
rounding supersaturation already at the beginning of
annealing. It is probable that this local equilibrium is pre-

normalized density
(=] o -
£ [o+] N

0.0 X i . :
o 1 2 3 4 5 ceded by a rapid transient “pure growth regime” taking
radius (nm) place during the first minute of annealing time.
2 06 20 at. % 1100°C, 8h_ corrected |
2 / simulations IV. PHOTOLUMINESCENCE VERSUS STRUCTURE
S 0.4 \ TEM FOR Si NANOCRYSTALS IN SiO ,
el -
.F_ﬁ 0.2l A. Photoluminescence versus supersaturation and
g link with structure
[=]
£ 0-00 ’ 5 All the annealed samples are characterized by a strong

radius (nm) and wide(about 0.3 eV at half maximupPL emission ex-
tended through the red and near infrared. The PL emission is
FIG. 5. Simulated size distributions superimposed on the transmission ele@lways visible with the naked eye under ordinary laboratory

tron microscopy(TEM) stack histogramga) The sample of 10% supersatu- ; P ; ; ; ; _
ration annealed at 1100 °C for 8 th) The sample of 20% supersaturation illumination and is comparable with the PL intensity of po

annealed at 1100 °C for 16 there the corrected model for nanocrystal MOUS Si-_ Th_e typical spe_ctral depe_ndgnce of PL emission is
interaction is used shown in Fig. 6. In the inset of this figure, we have repre-
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ration between 1% and 10% as a parameter. The samples of the 20% and
o . ) ; B
FIG. 7. Evolution of the PL peak energy position as a function of the atomic30A’ supersaturation show exactly the same behavior, but the intensity drops

0, 0, i
supersaturation:(squarep this work, (circles measurements done by to values comparable to 5% and 1%, respectively.
Iwayamaet al. (See Ref. 8

for these samples: to 1.5 eV for the 20% and to 1.4 eV for
] ] ] ) ) ~ the 30%. This result is compatible with quantum confine-
sented the evolution of PL intensity with Si supersaturationy,ant effects in the PL emission. It also can explain the de-
for samples anneae8 h at 1100°C in B, that is t0 say, crease of PL intensity for Si supersaturation higher than
well into the ripening stage. The linear dependence of Plygo, The reason is probably because large nanocrystals have
intensity versus supersaturation in the range from 1% to 10%maller cross sectiofper Si unit cell for absorption and the
is highly remarkable. Taking into account the modeling Peltheory also predicts a smaller transition raescillator

formed_ in Sec. llID, we shall c_all this range “dilute super- strength for such large sizes, although no experimental
saturation” because there is no interaction between nanocrysyioof still exists for this interpretatioft;*®

tals during the ripening stage. Nevertheless, for the high
supersaturation of 20% and 30%, in the “nondiluted range”g photoluminescence intensity versus annealing
where the nanocrystals interact during ripening there is gme and link with structure

substantial decrease of PL intensity. . . . . . .
Figure 7 shows the peak position of PL emission as a The time evolution of PL intensity during annealing pre-

function of supersaturation, where the data of this work ar&€Nts two distinct regimes, which are shown in FigliBAn
the squares and the data from other authors are the trighglellitial fast increasetransient stagethat bends over after 3—4

It is clearly shown that the peak position is of about 1.7 th of annealing timg at 1100°C an@d) a Co”,'p'e@'y flat
for dilute supersaturation while it steadily shifts to the infra- dependencésaturation stagefor longer annealing times up

red with increasing supersaturation down to 1.4 eV for thd© 16 h. The PL intensity saturation is explained satisfactorily

30% supersaturation. Thus, this is another hint that there is B the asymptotic Ostwald ripening stage of the nanocrystal
clear delineation in both structural and optical emissionPPPulation. As the diffusion coefficient of Si in Sj@s very

properties when the system evolves from being a dilute ongMall: the ripening stage is so slow that the population of

with no interaction among nanocrystals to becoming a non[1anocrystals is nearly “frozen.” Nevertheless, the time re-

dilute interacting one. gion where the PL intensity increasésansient cannot be
The link of PL with structural characterization by elec- understood only as a consequence of the nucleation and/or

tron microscopy(TEM) can be made at this stage. For the pure growth of the nanocrystals. In fact, even after 1 min of

dilute range from 1% to 10% of supersaturation, the Ostwal@nnealing time, we have seen that these stages are over and

ripening theory predicts and our atomistic simulation con-the average diameter remains almost constant for the rest of

firms that the average size of nanocrystals is independent 4f€ annealing time. Consequently, one must invoke a kind of
supersaturation. The average nanocrystal diameter measurég'ranging of interface andfor passivation of nonradiative
by TEM is of about 3.0 nm for the 10% and following the defec;s tp expla_m the traq3|ept stage. We sh.all demonstrate
theory, it would be the same for all the samples in the dilutedi@ntitatively this connection in the next section.

range. Thus, the linear increase of PL intensity with super- o o .

saturation can be understood as a linear increase of PL intefy: 'Ntérface passivation and its influence in

sity with the density of available nanocrystals. The fact thatDhOtOIumlnescence emission yield

the mean size would remain constant in the diluted super- If the pure growth stage is over after 1 min of annealing
saturation range also explains the constant value found fdime at 1100 °C, a rearranging and passivation of nonradia-
the PL emission energy. On the contrary, interaction betweetive defects at the interface must take place to account for the
nanocrystals must be taken into account to explain the avefurther increase of PL intensity. We have performed ESR
age diameter dependence on supersaturation for the2@% experiments to evaluate the role of passivation in the PL
nm) and 30%(5.3 nm. The atomistic simulation modeling intensity curve versus annealing time. The as-implanted
taking into account proximity effects predicts this behavior,samples exhibit a broad ESR feature with a gyromagnetic
as shown above. This increase of the mean diameter explaifiactor (g) centered at 2.008see Fig. 9. This is the charac-
the remarkable shift of the PL peak emission to the infrarederistic signature of th&’ centers and their varianté These
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FIG. 9. ESR absorption spectra of the sample implanted with a supersatu-

_rat|on of 10%. TheE' defect g=2.00158) is detected only in the as- FIG. 11. Correlation between the PL intendilgft axis) and the amount of

'wplintsd fse;mfple. '}I’B\hglfsfample annealed at 1100 f@ fn)doeas nogrggsgtz Py, centers measured from ESR vs forming gas annealing duration for the

this kind of defect. ifferent spectrum appears, centered at 2. angample of 10% supersaturation. Squares correspond to the sample annealed

related toP,, centers. previously at 1100 °C o8 h and the circles correspond to the sample
annealed previously at 1100 °C for 20 min.

defects are O vacancies relaxed and positively charged iﬁﬁg time at 1100 °C improves and passivates the SiSiO
SiO, tetrahedra. Th&" defects completely disappear in all interface in such a way that a great number of defects are
the annealed samples. Th_ese samples ghtactor shifts to annealed out.
a value a_rogn(g_:2.005(F|g. 9), which corresponds to ghe An unambiguous correlation between the PL intensity
characteristic S|gnatgre Of_ the well-knowR, centers“._ ._coming from nanocrystals and an ESR signal coming from a
These centers are Si dangling bonds located at the Sk-SiQqific defect have been reported for Si nanocrystals embed-
mterfacgs. L ) . ded in SiQ. Nevertheless, we should mention here that

In Fig. 10 we have represented the kinetic evolution withyper 1 dies were previously released on the correlation of
a.nneallng t!me of both the PL intensity and the mtegratedESR data and PL of porous silicon, although the kind of
signal coming from theP,, centers. These measprementsdefects and interfaces observed are different from these stud-
have been previously reported by s’ The strong inverse o nore?9-52
corre_lation_ can be interpre_ted _in the following way. During Ther;, for the nanocrystals embedded in Si®ve can
fche_ﬂ_rst_mmutes of annealing time the n_a_nocry_stal ensemblg,neyde thaPy, centers or centers intimately related to them
IS fln_|sh|ng the Qr‘?""th stz_ig_e, the_remalnmg S' s_upersaturaére radiative recombination killers and that suitable treat-
tion in the matrix is declining quickly, and Si-SjOnter- — yqniq 16 diminish them can dramatically increase the PL
faces begin to form. This is whiz" defects in the oxide are o1 As shown in Fig. 10, long annealing treatments at high
wiped out andP,, centers appear as soon as W?'I'de“neate‘{emperature in B improves the yield up to a saturation
SI-SIG, .|nterfaces are formed. The §|gnal coming frétp _ value. Indeed, postoxidation annealings at high temperature
gentgrs IS theq expected to rapidly Increase with anneallngre frequent in CMOS technology to improve the quality of
time in th|s. region. For the rest of the anneallqg duration, thqhe Si—SiqQ interface. Alternatively, hydrogen passivation of
concentration o, centers and the PL intensity are clearly defects and dangling bonds through forming gas annealing
inversely correlated and both signals saturate at roughly thffeatments is a suitable alternative with a lower thermal bud-
same annealing timé@about 3—4 h This additional anneal- get.

We have studied the effects of forming gas postannealing
at 450 °C on two samples, selected from different regions of
the PL kinetic curvdthe transient and steady state regjons

10 T 12~

—_ g The PL and ESR curves for both of them are shown in Fig.
3 81 @\ _ o 110 11. We observe that the PL increase of the sample in the PL
— = = transient regiori20 min) is much more important that the PL
%‘ 6r 18 5 increase of the sample in the saturation reg®h), where in
S 4 € fact the PL intensity remains almost constant. The forming
=l 16 o° gas treatment is capable of enhancing the PL intensity. How-
= 5 // x ever, it seems that it only brings PL close to the level of
o O~ ol o e @ saturation for very long conventional annealing at 1100 °C.

0 . . . . . w The concomitant decrease of the ESR signdPgtenters is

0O 200 400 600 800 1000 additional proof of the inverse correlation between PL inten-
Annealing time (min) sity and the amount of interfaci, centers.

FIG. 10. PL intensity vs annealing time at 1100 °C ip fdr a sample of We haVFf' found the effects of the forming gas treatments,
10% supersaturatiofieft axis). Evolution of the amount oP, interfacial {0 D€ reversible. Indeed, samples annealed at tempergture; in
centers for the same sample measured from BE&Rt axis. excess of 500 °C release part of the H and the PL yield di-
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FIG. 12. Sample with 10% supersaturation, annealed 20 min at 1100 °C in 1-00 2 4 6 8 10

N, (transient rangeand postannealed in forming gas for 0, 30, and 120 min. Mean nanocrystal diameter (nm)
The intensity increases with forming gas annealing time but the peak posi-

tion and the spectral dependence are exactly the same for all of them. FIG. 14. Theoretical data for the band-gap energy as a function of nano-

crystal diameter: the full line is the effective mass approximation of Taka-
gahara and Taked@ee Ref. 58 the dashed-lines are the pseudopotential

minishes. In particular, annealings of passivated samples pegalculations of Wang and Zungésee Ref. 5pand the dotted line are the
formed at higher temperature and in vacuum conditions delinear combination of atomic orbital calculations by Delegieal. (see Ref.

. . . 54). The experimental results of this work are the band dapsaresand
crease the PL yield. This is in fact a method reported in the, . photoluminescence peak positidascles.
literature to creaté®,, centers for studying theri.This is an
additional presentation of evidence of the correlation among

the PL yield and the amount &1, centers. Furthermore, we indirect band-gap semiconductor as Si. So we must admit

have obseryedzlg. 12 thgt the .formlng gas anpeglmg treat- .that even for these small sizes, silicon still remains basically
ments only increase the intensity of the PL emission. There is

2 : an indirect band-gap semiconductor. Thus, as usually made
no modification at all in the peak energy or the spectral shapfzor indirect band-gap semiconductors, an average value of
of the PL emission. '

the band gap is obtained from the intersection of the Tauc

plot of \/Ip X E with the E axis®
V. BAND GAP VERSUS SIZE AND SUGGESTION OF A The oscillator strength or radiative recombination prob-

RADIATIVE RECOMBINATION CHANNEL ability increases when the diameter of the nanocrystal

The PLE measurements were performed using a continlthrinks. This fact is predicted by theoretical calculations and
ous wavelength excitation sour¢¥e lamp and fixing the  affects mainly the PL response for quasidirero-phonon
detection monochromator at the peak position of the previiransitions. These transitions are partially allowed in nano-
ously measured PL spectra. The PLE spectra mimics the al§fystals because spatial confinement leads to the sprelad of
sorption coefficient if the layer is thin and if relaxation time in the reciprocal space. This means that for direct transitions,
from the excitation to the emitting level is negligible in com- smaller nanocrystals will contribute more to the PL emission
parison with the time response of PL. This is the situation inthan large nanocrystals. In such a case, the band gap obtained
our samples as the PL transient response was of aboyt00 from the Tauc plot will always overestimate the average band
from the nearly resonant excitatidabout 2 eV up to the ~ gap of the nanocrystal distribution. These quasidirect funda-
detection limit of the optical systenfabout 4 eVy. The Mmental transitions or indirect ones assisted by Si phonons are
Stokes shift between PL and PLE is clearly noticed in Fig/likely the dominant ones for freshly etched, H-passivated
13. The PLE signal only begins to be important for energiegorous silicon where the Stokes shift is reported to be neg-
above 2.2 eV. The PLE spectra are smooth, quadratic witHgible or very smalf:®* For nanocrystals passivated with

energy, and featureless, like the onset of absorption of afiOz, the Stokes shift is significant. Ared shift of up to 1 eV
for porous silicon oxidized in air has even been repoffed.

Thus, the dominant mechanism of emission must be different

- T T N T T T for H-passivated and Si(passivated nanocrystals. However,
g 121 1100°C, 8 hours 10%, | we do not know the dependence of the oscillator strength
— 10[10% 1 with the diameter for Si@Q passivated nanocrystals. We un-
g' derstand that the dominant emission here cannot be a quasi-
Q 08 ) direct transition. Then, we will assume that somehow the
£ 06 - “average” band gap determined from PLE is that of the
Ll nanocrystal with the average diameter. A comparison with
EI 04 1 the theoretically calculated band gaps will give a feeling of
o 0.2 ] how crude this approximation is.

- We obtain for the PLE band gap the following values:
O 00 =S s 30 35 40 45 1.95+0.02, 1.85-0.02, and 1.680.04 eV for the 10%,

Energy (eV) 20%, and 30% supersaturation, respectively. We plot in Fig.

ay 14 the theoretical results of the band gap versus nanocrystal
FIG. 13. PL and PLE spectra of samples with silicon supersaturation of 1%1_|ameter as obtained by d'ﬁerent authors. The almost iden-
and 10%. tical theoretical results obtained by Deleraeal > and by
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Wang and ZungéP by different calculation methods are VI. CONCLUSIONS

probably the most accurate ones. We also plot the effective The experimental results reported in this article, their
mass approximation of Takagahara and Takédale also interpretation, and their correlation with theoretical models,
represent the PLE band gaps obtained bysegiaresand  cqnfigure a significant contribution to clarify the mechanism
our experimental results coincide rather well with the theo-of the photoluminescence emission of ion beam synthesized
retical predictions. We also plot in Fig. 14 the experimentalsilicon nanocrystals in SiQ We have reported reliable mea-
PL peak position as a function of average diamétécles.  surements of size distributions of Si nanocrystals embedded
We observe an agreement in the tendency for both band gap SiO,, which is of capital importance to quantify, interpret,
and PL peak position versus diameter. First, this dependena@nd correlate many optical measurements. We have been able
with nanocrystal diameter corroborates that the transition$o measure the band gap and photoluminescence of Si nano-
reported here are fundamental in a still indirect band-gagrystals in SiQ for different supersaturation and annealing
material. However, a remarkable fact is that the differencdimes. We conclude that after 1 min of annealing at 1100 °C,
between band gap and PL emission, which is the Stokethe nucleation and pure growth stages of the nanocrystal

shift, is approximately constant for all the samples and has BoPulation are almost over. For the rest of the annealing
value of about 0.260.03 eV time, the nanocrystal ensemble evolves under a conservative

Band to band indirect transitions are reported for porous‘r’1Sympt0tlc Ostwald ripening process. Nevertheless, the PL

Sif th " ted PL . ts which clearl Intensity increases for a significant amount of time and this
| rom the resonantly excite experiments Which clear, o5 peen correlated with the passivation of interfacial nonra-

show the phonons of Si in the structure. For Si nanocrystalgjaive defects, like the®, centers measured by ESR. An-
passivated with Si9the indirect transitions could be as- negjing in forming gas is a short cut to obtain to the maxi-
S|fsted-as wgll by the mtergcuon of the. electron—hole Pairfnum possible PL yield with less thermal budget. The
with Si—O vibrations at the interface. This should be possibleorrelation between the average diameter of the nanocrystal
in a nanostructured material where volume and surface afgopulation, the band gap, and the PL emission, strongly sug-
strongly coupled. gests that the dominant mechanism of emission for Si nano-
Thus, the polar nature of the Si—O bond can make therystals embedded in SjOs a fundamental transition lo-
trapping of the exciton favorable, via dipole—dipole attrac-cated at the interface with the assistance of a local Si—-O
tive interaction, in the region adjacent to the interfacevibration.
Si-SiG,. Somehow, the electron—hole pairs of the nanocrys-
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