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Photoluminescenc@L) from surface-oxidized Si nanocrystdlec-Si was studied as a function of the size.
The size of nc-Si was comparable with or larger than the Bohr radius of free excitons in bulk Si Gystal
In contrast to smaller surface-oxidized nc{8jpically as small as a few nanometers in diametérese
relatively large nc-Si exhibited PL properties with strong size dependence. A high-energy shift of the PL peak
from the vicinity of the bulk band gap to the visible region was observed. This PL shift was accompanied by
a shortening of the PL lifetime and an increase in the exchange splitting energy of excitons. These size
dependences indicate that the PL originates from the recombination of excitons confined in nc-Si. The differ-
ences in the PL properties between H-terminated and surface-oxidized nc-Si are also discussed.

I. INTRODUCTION ity of the bulk band gap, i.e., in a weak confinement regime,
and clarify their PL properties. We show that the surface-
Since the observation of the efficient visible photolumi- oxidized nc-Si exhibit efficient luminescence at room tem-
nescencéPL) from porous St optical properties of Si nano- perature, and the PL properties are very sensitive to the size.
structures have been the subject of intensive research b&he observed results are compared with those of
cause they offer a good system to understand zeroH-terminated nc-Si, and the effects of the surface termination
dimensional quantum size effects in indirect-gapon the PL properties of nc-Si are discussed.
semiconductoré>® Various types of Si nanostructures have

been_ fabricated so far. They can be class!fied_ into two cat- Il. EXPERIMENTAL PROCEDURE
egories based on the surface termination: one is o _
H-terminated Si nanocrystalgic-S) (Refs. 6—8 and the Si nanocrystals embedded in Si@atrices were prepared

other is O-terminate@surface oxidizepinc-Si®?2Fresh po- by an rf cosputtering method. Si and Si€puttering targets
rous Si belongs to the first category, while aged or intentionwere simultaneously sputtered in Ar gas of 0.5 (Back-

ally surface oxidized porous Si belong to the second catground pressure of 810~ ® Pg using a multitarget sputter-
egory. In the second category, nc-Si embedded in, S ing apparatus. The substrates wét80-oriented Si wafers
films are intensively studied. These films are obtained byor infrared absorption measurements and fused-quartz plates
annealing nonstoichometric SJ@SiO,) prepared by Siion for PL measurements. The deposition rate was 10 nm/min,
implantation into Si@ or cosputtering Si and SiO and the thickness of the films was about 300 nm. After the

In the case of H-terminated fresh porous Si, a continuousleposition, the films were annealed in ap @és atmosphere
shift of the PL peak from the bulk band gap to the visibleto grow nc-Si in SiQ matrices. The size of nc-Si was con-
region has been reportéd:’ Moreover, shortening of the PL trolled by changing the annealing temperatufg)(and the
lifetime and increase in the exchange splitting energy of exvolume fraction of nc-Sifs). fs; was estimated from infra-
citons have been reportéd.All these observed PL proper- red absorption spectra:**
ties could be well explained by a quantum confinement PL spectra were measured using a single monochromator
model. equipped with an InP/IiGa_,As photocathode near-

In contrast to the wide tunability of the PL energy of freshinfrared photomultiplier. The excitation source was the
porous Si, PL from surface-oxidized nc-Si was in most case488-nm line of an Ar-ion laser. The excitation power was
observed in the energy range between 1.4 and 1.858no  selected as low as possilfemwW/cn?). The laser beam was
PL data have been reported between the bulk band gap amtiopped by using an acousto-optic modulator at a frequency
1.4 eV. The lack of the PL data in that range and the smalbf 16 Hz. The spectral response of the detection system was
tunability of the PL peak brought about a controversy aboutalibrated with the aid of a reference spectrum of a standard
the PL mechanism. Besides the quantum confinemeritingsten lamp. The PL decay curves were measured by
model®~1" oxygen-related localized statés??and Si-based pumping to steady state and chopping the laser with the same
chemical species modéfshave been proposed as the origin frequency as used for the PL measureméntsThe overall
of the PL. time resolution of the system was about 40 ns. The PL and

The purpose of this work is to prepare relatively largethe PL decay dynamics were measured from 4 to 295 K in a
surface-oxidized nc-Si that show luminescence in the vicincontinuous-flow He cryostat.
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TABLE I. Summary of sample parameters: the annealing tem-
perature T,), the volume fraction of nc-Sif), the average diam-
eter of nc-Si @), the standard deviation of the size’)( and the
PL peak energy at 4 KEp)).

T2 (°C) fsi dg (NM) a(nm) Ep. (€V)
1150 0.13 4.2 0.8 1.47
1150 0.16 4.7 0.9 1.37
1200 0.16 5.4 1.1 1.29
1250 0.16 6.7 1.1 1.21
1300 0.16 9.0 1.8 1.18

The HRTEM image shows that nc-Si are isolated from the
others by SiQ barriers. The distance between the surfaces of
neighboring nc-Si is about 4—5 nm. These thick Skarri-
ers prevent carrier transport between adjacent nc-Si. The
complete isolation of carriers is one of the characteristic fea-
tures of the present samples. In mesoporous Si, the transport
of carriers is possible at relatively high temperatures due to
their wirelike shapé&®
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B. Photoluminescence spectra

9 30 (o) ' -
S ] d,.=9.0nm Figures 2a) and 2b) show the dependence of the PL
*% 6 =1.8nm spectra ond,, at room temperature and 4 K, respectively.
a 20+ — The PL spectra are normalized at their maximum intensities.
S The PL intensity was saturated at rather low excitation
& power. In this work, the excitation power was selected in the
2 10} —] range where the PL intensity is proportional to the excitation
§ power. At room temperature, the sample with,=9.0 nm
= exhibits PL around 1.19 eV. The peak energy is slightly

0 b | larger than the band-gap energy of bulk Si cry$ial2 e\j.

0 5 10 15 With decreasingl,, from 9.0 to 4.2 nm, the PL peak shifts
Diameter (nm) monotonously to higher energy and reaches 1.42 eV.

Figure 3 shows the PL peak energy at room temperature
FIG. 1. (a) Cross-sectional HRTEM image of the sample with as a function of the size. The solid circles represent the
f5=0.16 andT,=1300°C. Lattice fringes corresponding to the present results. Previous experimental results for surface-
{111 planes of Si with the diamond structure can clearly be seenoxidized nc-Si prepared by various methods are also shown,
(b) Size distribution of nc-Si in the same sample. i.e., cosputtering of Si and S O),**2plasma decompo-
sition of silane gas and subsequent oxidatiot) £ oxida-
After the optical measurements, the cross sections ofion of aerosol nc-Si £),*® and Si ion-implantation into
the samples were observed by a high-resolution transsio, (V).1®7 The band-gap energy of bulk Si crystal is
mission electron microscopéHRTEM). The samples for shown by the broken line. We can clearly see that the present
the HRTEM observations were prepared by standard procgesults fill the region between the previous results in the vis-
dures including mechanical and Ar-ion thinning techniques.ible region and the bulk band gap. It should be stressed here
that in spite of the different preparation methods, the PL
Ill. RESULTS AND DISCUSSION energy smoothly changes in a wide range as the size of nc-Si
changes. The deviation of the data at 7.8 nfn) (may be
caused by the large size distributibhThe present results
Figure Xa) shows the cross-sectional HRTEM image for combined with previous ones demonstrate that the PL energy
the sample withf5;=0.16 andT,=1300 °C. Lattice fringes of surface-oxidized nc-Si varies from the vicinity of the bulk
corresponding to th¢111L} planes of Si with the diamond band gap to 1.9 eV with decreasing the size from 9 to 1 nm.
structure can clearly be seen. The shape of nc-Si is almost In Fig. 3, the PL peak energy is plotted as a function of
spherical and the crystallinity is very good. Figuréb)l the average diameter. This plot is meaningless if the PL in-
shows the size distribution obtained from several HRTEMtensity depends strongly on the size. However, in the present
images. The average diametet,f) and the standard devia- samples, PL intensity is considered to be almost independent
tion (o) are 9.0 and 1.8 nm, respectively. The valueslgf of the size due to the following reason. If PL intensity be-
and o obtained from five samples are listed in Table I. Thecomes larger with decreasing size, that of the sample with a
size of nc-Si is varied from 4.2 to 9.0 nm, andis about smaller average size becomes much larger than that with a
20% ofd,, for all the samples. larger average size. However, in actual samples, in spite of

A. HRTEM observation
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08 10 12 14 16 1.8 FIG. 3. PL peak energy versus average diameter of nc-Si. Solid
Photon Energy (eV) circles represent the present results. Previous experimental results
are taken from Refs. 11 and 12, Ref. 14 (X), Ref. 15 ), and

L Refs. 16 and 17V).

(b) nc-Siin Si0, T=4K
12 A =488 nm 4 mwW/em?® isolation of carriers may be responsible for the high PL effi-
ciency even at room temperature.

At 4 K, in addition to the PL peak around 1.2-1.4 eV,
another peak appears around 0.8—0.9 [€if. 2(b)]. The
low-energy peak position shows size dependence similar to
the high-energy one, although the size dependence is weaker.
The low-energy peak has commonly been observed for oxi-
dized nc-Si, e.g., nc-Si embedded in Si@atrices?**%%and
surface-oxidized porous &i:?® This peak is assigned to the
recombination of carriers trappedRyj centers at nc-Si/SiO
interfaces?®

1.4

Intensity (Normalized)

08 10 12 14 16 18 C. Time-resolved PL study

Photon Energy (eV) Figure 4 shows the temperature dependence of the PL
decay curves for the sample with,,=9.0 nm. The decay
Burves were monitored at the PL peak energy at @ &ble
). At 4 K, the decay curve is single-exponential, and the PL
. . lifetime is 8.0 ms. With increasing temperature, the PL life-
the strong size dt_ependence of the PL peak energy, PL mt.erﬁ'me becomes shorter. In Fig. 5, the PL lifetime is plotted as
sity was almost independent of the average size, meaning . .
) . B -& function of the temperature for the largedt&=9.0 nm
that size dependence of the PL intensity is not large. This o . :
. . o and the smallestd,,=4.2 nm nc-Si studied. We can see
result and the relatively small size distributiog 20% of the e T
. - . that the temperature dependence of the PL lifetime is much
average diametgseem to support the validity of the discus- . .
: . different between the two samples. For the sample @ith
sion based on the average size.
The situation changes if the excitation power is higher
than that used in this work. As will be shown in the next 1
subsection, the PL lifetime at room temperature depends
strongly on the size. Since the lifetime becomes longer with
increasing size, at high excitation power, PL from larger par-
ticles is more easily saturated than that from smaller par-
ticles. Therefore, with increasing excitation power, contribu-
tion of the smaller particles in the size distribution becomes
relatively larger, resulting in the higher-energy shift of the
PL peak. In order to avoid these effects, in this work the
excitation power was selected in the range where the PL 2
intensity is proportional to the excitation power and the spec- F
tral shape does not depend on the excitation power. 0.01
Although not shown here, the intensity of the PL was
almost independent of the temperaturenir@ K to room
temperature. This temperature insensitivity may be the char- FIG. 4. Dependence of the PL decay curves on the temperature
acteristic feature of the surface-oxidized nc-Si. The completéor d,,=9.0 nm. The decay curves were monitored at 1.18 eV.

FIG. 2. Dependence of the PL spectra on the average diamet
of nc-Si(a) at 295 K and(b) at 4 K.
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decreases until 150 K. With further increasing temperature, it <><><>
decreases abruptly. Similar shortening of the PL lifetime

above 150 K was observed for all the samples, and the
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FIG. 5. Temperature dependence of the PL lifetime. The theo- o5 E_! (b) . E
retical fit is shown by the broken curves. | nc-Si © 3
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mechanism will be discussed later. 0 co v b by 1A
In general, the PL lifetime 4) is expressed asr 1.0 1.2 14 16 1.8 20 22
=77/ (7. +7), Where 7, and 7, are the radiative and Photon Energy (eV)
nonradiative lifetime, respectively. Moreover, the PL inten-
sity is proportional tor, /(7 + 7). In the present study, FIG. 6. (a) The lifetimes of the uppers) and lower ) exci-

the PL intensity is almost independent of the temperaturetonic states andb) the exchange splitting energAE) as a func-
which suggests that the observed PL lifetime reflects the raion of the monitored PL energy. The solid circles, solid triangles,
diative one for all the temperature range studied. and solid diamonds correspond to the present results. The open
The temperature dependence of the PL lifetime for sicircles, open triangles, and open diamonds represent the previous
nanostructures is often well fitted by the model proposed byesults for surface-oxidized porous (Befs. 9 and 10 The crosses
Calcottet al®1° In this model(see the inset of Fig.)5the are AE for fresh porous _S(Ref. 5. The solid curve represents the
excitonic levels are split by energyAE) due to the ex- calculatedAE for H-terminated nc-SiRef. 29.
change interaction of an electron and a hole. The lowpr
pen level is a triplet(single) state with a radiative lifetime,
(7s). The overall temperature dependence of the PL lifetim
can be calculated on the basis of Boltzmann statistics with
weight factor of 3 for the triplet state and is described as

energy dependence. As the PL energy increasgand 7,
é)ecome shorter andE becomes larger. Furthermore, all
Ihese values change continuously in a very wide PL energy
range, although the method of the sample preparation is dif-
ferent between the present samples and the previous’dfes.
This indicates that the observed PL energy dependences are

3 1 AE e . )
—+ —ex;{ - the intrinsic features of surface-oxidized nc-Si.
1 _Tt Ts keT (1) The values ofr, 7., and AE represent the degree of
AE\ carrier confinementys and 7, depend on the optical transi-
3+exp< N kB_T) tion oscillator strength andE is determined by the spatial

separation between an electron and a hole in nc-Si. The con-
wherekg andT are the Boltzmann constant and temperaturetinuous change of these parameters suggests that the PL
respectively. The broken curves in Fig. 5 represent the remechanism is the same in the wide PL energy range. Fur-
sults of the fitting. We can see that this model can wellthermore, the PL peak energy and the splitting energy of
reproduce the observed temperature dependence of the Rkcitons change continuously from the bulk values. This

lifetime below 150 K. continuity from the bulk values indicates that the PL is due
In Fig. 6, the fitting parameters obtainet,( 7., andAE)  to the recombination of electron-hole pairs confined in nc-Si,
are plotted as a function of the PL energy, 7, andAE i.e., a quantum confinement model.

for the present samples are plotted by solid circles, solid Some authors have suggested that oxygen-related local-
triangles, and solid diamonds, respectively. For comparisoized states(surface statgswould contribute to the carrier
purposes, parameters reported for surface-oxidized porous &combination process because the size dependence of the
(Refs. 9 and 1pand fresh porous $Ref. 5 are also plotted. PL properties is weak in the visible regibh®-?2Recently,

The values ofAE theoretically predicted for H-terminated Wolkin et al® calculated the energy-band structure of
nc-Si (Ref. 29 are shown by a solid curve. We can see thatO-terminated nc-Si and showed that, in nc-Si as small as a
7s, Tt, and AE for surface-oxidized nc-Si have strong PL few nanometers in diameter, oxygen-related luminescent
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centers locate in the band gap. The luminescent centers may In Figs. 3 and 6, we demonstrated that the values of the
contribute to the PL process, and thus PL properties in th®L peak energy and E approach those of the bulk values
visible region are almost independent of the size. On thevith increasing size. Similarly, the other two parameterts (
other hand, their calculation suggests that for nc-Si largeand ;) are also considered to approach the bulk values. In
than about 3 nm in diameter, PL originates from the recombulk Si crystal, 7, and 7, are not experimentally obtained
bination of electrons and holes in the conduction and valencbecause the dominant carrier recombination process in bulk
bands, respectively, and the PL energy depends on the siz8i is the nonradiative one. The present results may allow us
This theoretical prediction is really consistent with theto estimaters and r; of bulk Si crystal by extrapolating the
present results. We can thus conclude that it is not necessaPl energy dependence ef and , [Fig. 6@)]. 7, and 7, at

to take into account the contribution of surface states to tha.10 eV, which is the bulk PL line with an emission of one
recombination process of electron-hole pairs in nc-Si in thanomentum-conserving TO/LO phondmre estimated to be
size range studied in this work. 1.0 and 12 ms, respectively.

As shown in Fig. @), AE of surface-oxidized nc-Si is
larger than that of fresh porous Si and the theoretically pre-
dicted one. One possible explanation of the difference is that
the shape of the confinement potential is different between We have demonstrated that the PL energy of surface-
surface-oxidized nc-Si and fresh porous Si. The surface obxidized nc-Si can be tunable in a wide range from the vi-
fresh porous Si is passivated by H atoms. The H terminatiominity of the bulk band gap to the visible region by just
forms abrupt potential barriers for excitons. On the othercontrolling the size. Furthermore, it was found that the PL
hand, in the case of surface-oxidized nc-Si, the, S&yer lifetime and the exchange splitting energy of excitons in
exists at the interfaces between nc-Si and,Si@trices. The nc-Si have strong size dependence. These strong size depen-
band gap of SiQ changes depending onand is generally dences as well as the continuity from their bulk values indi-
much smaller than stoichiometric SiCAs a result, the bar- cate the quantum confinement model as the origin of the PL;
rier has a gentle slope and exciton wave functions penetraié is not necessary to take into account the contribution of
deep into the SiQlayer. Thus, to achieve the same confine-localized states to explain the observed PL properties of
ment energy, the size of surface-oxidized nc-Si should bac-Si in the size range studied in this work. We also demon-
smaller than that of fresh porous Si, resulting in the increasstrated that the size of surface-oxidized nc-Si is smaller than
in the exchange splitting energy of excitons. that of porous Si at the same confinement energy. The dif-

In Fig. 5, we can see that the temperature dependence &érent shapes of the potential barriers may be responsible for
the PL lifetime deviates from the fitted line above 150 K. the observed difference in the PL properties.

This discrepancy may be due to the oversimplification of the
model, i.e.,75, 7, andAE are independent of temperature.
Since the indirect gap nature is preserved for large ri2%i,
at low temperatures, PL is assisted by the emission of This work was supported by a Grant-in-Aid for Scientific
momentum-conserving phonons, whereas at high temper&esearch from the Ministry of Education, Science, Sports
tures, both emission and absorption processes become pasid Culture, Japan, and a Grant for Research for the Future
sible. The contribution of the phonon absorption process aProgram from the Japan Society for the Promotion of Sci-
high temperatures may lead to the modification of three paence (JSPS-RFTF 96P-00305 and JSPS-RFTF-98P-01203
rameters, resulting in the deviation of the temperature deper@ne of the author$S.T.) would like to thank the Japan So-
dence from the model. ciety for the Promotion of Science for financial support.

IV. CONCLUSION
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