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Optical and electronic properties of Si nanoclusters synthesized in inverse micelles
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Highly crystalline, size-selected silicon~Si! nanocrystals in the size range 2–10 nm were grown in inverse
micelles and their optical absorption and photoluminescence~PL! properties were studied. High resolution
TEM and electron diffraction results show that these nanocrystals retain their cubic diamond structures down
to sizes;4 nm in diameter, and optical absorption data suggest that this structure and bulklike properties are
retained down to the smallest sizes produced~;1.8 nm diameter containing about 150 Si atoms!. High pressure
liquid chromatography techniques with on-line optical and electrical diagnostics were developed to purify and
separate the clusters into pure, monodisperse populations. The optical absorption revealed features associated
with both the indirect and direct band-gap transitions, and these transitions exhibited different quantum con-
finement effects. The indirect band-gap shifts from 1.1 eV in the bulk to;2.1 eV for nanocrystals;2 nm in
diameter and the direct transition atG(G252G15) blueshifts by 0.4 eV from its 3.4 eV bulk value over the same
size range. Tailorable, visible, room temperature PL in the range 700–350 nm~1.8–3.5 eV! was observed from
these nanocrystals. The most intense PL was in the violet region of the spectrum~;365 nm! and is attributed
to direct electron-hole recombination. Other less intense PL peaks are attributed to surface state and to indirect
band-gap recombination. The results are compared to earlier work on Si clusters grown by other techniques and
to the predictions of various model calculations. Currently, the wide variations in the theoretical predictions of
the various models along with considerable uncertainties in experimental size determination for clusters less
than 3–4 nm, make it difficult to select among competing models.@S0163-1829~99!02328-0#
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I. INTRODUCTION

Because it is an indirect band-gap semiconductor, sili
~Si! has a major drawback: its inability to emit light effi
ciently, and, furthermore, its weak emission is in the near
There is presently a large research effort aimed at explo
physical and chemical means to break silicon’s lattice sy
metry and mix different momentum~k! states in order to
induce a useful level of luminescence and optical gain. T
approaches include1 ~1! impurity-induced luminescenc
~e.g., S, B, Be, Er!, ~2! alloy-induced luminescence~e.g.,
Si-Ge-C!, ~3! porous silicon, and~4! quantum wires and dot
~or nanosize clusters!. The first two of these approaches a
plagued by, among other things, relatively low luminesce
intensity at low temperature which becomes vanishin
weak at room temperature, whereas the last two, which m
be mechanistically related via quantum confinement, h
considerable potential but have remained largely unc
trolled and poorly understood. Success in this endeavo
obviously a major challenge to materials science, one
could have profound technological implications.

Because visible photoluminescence~PL! has been ob-
served from Si nanoclusters,1 these clusters and their pote
tial are a subject of current interest. Si nanoclusters h
been produced by aerosol techniques,2 plasma deposition,3

sputtering,4 spark ablation5 and grown as colloids,6 or in
glass matrices by a variety of approaches7–9 including ion
implantation9 followed by high temperature annealing; how
ever, all of these techniques produce a large distribution
cluster sizes resulting in very broad optical absorption a
PL features which limit usefulness and make definitive int
pretation in terms of quantum confinement and other mec
nisms difficult.
PRB 600163-1829/99/60~4!/2704~11!/$15.00
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To understand the origin of visible PL and other ele
tronic properties of Si nanoclusters, it is necessary to st
size-selected nanoclusters and to assess the role of su
recombination. Definitive experimental results will be key
future scientific progress and practical utilization of this m
terial. From a physics perspective, such studies should
to a better understanding of quantum confinement of e
trons and holes in indirect band-gap semiconductors. Qu
tum confinement in direct gap semiconductors such as G
and CdSe is fairly well understood, but much less is kno
about confinement in indirect gap materials.10–11 The bulk
excitonic radius for Si is;4 nm which suggests that quan
tum confinement effects should be observed for nanocrys
smaller than this size.

We have developed a synthesis method based on u
inverse micelles as reaction vessels12 to produce useful quan
tities of size-selected clusters and have used this metho
synthesize a variety of metal and compound semicondu
clusters.13–15 These clusters have been remarkable in th
size monodispersity and the sharpness and richness of
spectral features which have demonstrated strong quan
confinement effects. In this paper we apply our inverse
cellar synthesis method to produce size-selected Si nano
ters and to study their size-dependent optical absorption
photoluminescence~PL!. We shall first discuss the synthes
and characterization of these nanoclusters and then pre
and discuss their optical properties including comparis
with earlier work and theoretical predictions.

II. SYNTHESIS AND CHARACTERIZATION

Size-selected nanosize Si clusters were grown by a
neric process described in detail elsewhere.12,13 Controlled
2704 ©1999 The American Physical Society
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nucleation and growth of the nanoclusters occurs in the i
rior of nanosize surfactant aggregates called inverse mice
An anhyrous ionic salt~e.g., SiX4 , whereX5Cl, Br, or I is
dissolved in the hydrophilic interior of a solution of micelle
Since the ionic salts are completely insoluble in the conti
ous oil medium used~e.g., octane!, nucleation and growth o
Si is restricted to the micelle interior which can be vari
from 1–10 nm. The anhydrous salt dissolves to form a tra
parent ionic solution but with a complete absence of wa
in a sense the salt is ‘‘hydrated’’ by the micelle. The abse
of water prevents simple hydrolysis to form SiO2 which is
why this synthesis must be performed in water-free oils l
octane or decane, and using a controlled atmosphere g
box. Similarly, the surfactants used, both nonionic alipha
polyethers, or alternatively quaternary ammonium catio
surfactants, must be dissolved in anhydrous THF and d
over Na metal to remove any small traces of water.

We next reduce Si~IV ! to Si~0! using an anhydrous meta
hydride, ~usually 1 M LiAlH 4 in THF!. The reduction is
rapid with vigorous bubbling as H2 gas is released, electron
are transferred to the Si~IV ! and the light yellow solution
becomes clear~for the smallest clusters formed!. One can
determine the correct stoichiometry of the reaction by f
lowing the disappearance of the Si~IV ! charge transfer peak
from the precursor solution. Control over cluster size
achieved by variation of the micelle size, intermicellar inte
actions and reaction chemistry. Clusters with diameters
tween 1.8 and;10 nm were produced. Spectroscopy a
high pressure liquid chromatography~HPLC! with on-line
spectroscopy, conductivity and refractive index diagnos
were used to demonstrate 100% reduction of the Si~IV ! to
the final Si~0! nanocluster form. All solvents and surfactan
used were HPLC grade and completely dust free to prev
inhomogeneous nucleation.

Since there is no source of oxygen in the reaction mixtu
and anhydrous metal hydrides are used as reducing agen
is likely that the Si cluster surface is terminated by hydrog
from the metal hydride, although we currently have no dir
proof of this. When kept in the glove box under Ar, the
appears to be no long term~i.e., 6 month to 1 year! degra-

FIG. 1. Coplot of optical absorbance at 250 nm~dashed line!
and PL ~emission detector at 400 nm excitation at 250 nm, so
line! vs elution time for a solution containing two sizes of Si nan
crystals. Chromatography conditions were a ODS200-c18~c18-
terminated reverse phase! column with 120 Å pores, using aceton
trile as a mobile phase at 0.5 ml/min flow.
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dation of the Si nanoclusters. However, upon exposure
oxygen, a yellowing of the solution occurs presumably d
to surface oxidization.

HPLC separation and elution peak spectral data were
tained using apparatus with automated fraction collecti
Previous HPLC experiments on Si/SiO2 nanoclusters synthe
sized in the gas phase showed a broad range of elu
times2,10 which is in contrast with our results where the
peak is of comparable width to that from the other molecu
constituents of the solution. Figure 1 illustrates separation
two sizes of Si nanoclusters. Using the PL detector we
identify which size of cluster has significant room tempe
ture PL, and also make sure that no impurity organic che
cals could be giving rise to the PL signal. Only the abs
bance peak corresponding to the more numerous popula
of small, 2.0 nm clusters coincides with a strong visible
signal. We also obtained the complete absorbance and
wavelength dependences for each size Si nanoclusters as
be shown in Sec. III. Inductively coupled plasma/mass sp
troscopy of the collected Si fractions showed that nearly 8
of the total Si was recovered by HPLC and the only ino
ganic detected was Si. Gas chromatography/mass spec
copy showed the only significant organic chemical in t
collected fractions was the mobile phase solvent. In parti
lar, no surfactant was detected.

Other characterization tools employed were x-ray diffra
tion, selected area electron diffraction~SAD!, and high-
resolution transmission electron microscopy~HRTEM!. Fig-
ure 2 shows HRTEM images of a 2 nmcrystal ~upper left!,
8–10 nm crystals~upper right! and a SAD pattern from 8–10
nm crystals. The high crystalline quality is evident.

-

FIG. 2. HRTEM images of a 2 nm Sicrystal~upper left!, 8–10
nm crystals~upper right!, and a SAD pattern for 8–10 nm crystal
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III. RESULTS AND DISCUSSIONS

A. Optical absorption

To better understand the optical absorption of Si clust
it is instructive to review the spectrum of bulk Si,16 which
reflect the details of the band structure17 ~Fig. 3!. The long
absorption tail between 1.2 and;3 eV reflects the indirec
nature of the bandgap. The sharp rise in absorption w
increasing photon energy starting around 3.2 eV~380 nm! is
associated with the direct transition at theG point @G25
˜G15# whose energy is 3.4 eV~365 nm!, and the second
sharp rise starting around 4 eV~320 nm! is associated with a
second direct transition, most likely theG252G28 transition
whose energy is 4.2 eV~295 nm! or possibly the direct tran
sition atX.

The measured optical response~or extinction! of nanoc-
rystals reflects the sum of the scattering and absorption.
scattering needs to be taken into consideration in compa
cluster spectra to that of bulk Si. Figure 4 shows the exti
tion spectrum of relatively large (d510 nm) Si clusters
calculated2,10 from Mie theory and compares it to the absor
tion spectrum of bulk Si. The two spectra are normaliz
around the absorption shoulder corresponding to theG25
˜G15 direct transition. One of the obvious differences in t
two spectra is the significantly enhanced extinction of
clusters which is due to scattering. Shown also in Fig. 4
three cluster spectra~also normalized at about the should
of the G25˜G15 transition!, two (d510 and 1.8 nm! from
the present work and the third (d53.7 nm) from Kanemit-
su’s work.8 Our d510 nm spectrum is from one of our ea
liest samples that was not purified and size-separated
HPLC, and thus we suspect that it had a relatively broad
distribution. Because of uncertainties in the absolute val
of the measured extinction coefficients, the normalization
the nanocrystal spectra in Fig. 4 is only approximate an

FIG. 3. The optical absorption spectrum of bulk Si at 300
~after Ref. 16! and the band structure near the band-gap reg
~after Ref. 17!.
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merely intended to reveal the shape and influence of sca
ing, leaving the discussion of the details of the cluster spe
until later.

Some of our Si nanocrystal samples exhibited consid
able structure in their absorption spectra while others
less structure. Featureless spectra have been observe
other workers from Si nanocrystals embedded in glass
trices or from surface oxidized nanocrystals. However, su
features are sometimes observed. The results of Li
et al.2~a! on the larger (d56.5 nm) of their two samples ex
hibit a weak hint of the direct-gap absorptions at;360 nm
and at;290 nm. Similarly, there is an inflection point in th
absorbance in Kanemitsu’s data8 at ;350 nm. We have seen
this feature in the absorbance data on several of our sam
A particularly interesting example ford58 – 10 nm nanoc-
rystals is shown in Fig. 5 where the feature appears a
shoulder at;370 nm followed by a relatively sharp increas
in absorbance and double peaks at;270 nm and 220 nm.
The resemblance of these features and closeness inl to those
in the spectrum of bulk Si~see Fig. 3! is striking indicating
that clusters of this size (d58 – 10 nm), which is comparable
to the size of the excitonic diameter in the bulk, retain mu
of the character of bulk Si with very little evidence for qua
tum confinement effects.

Some of our smaller size nanocrystal samples exhib
highly structured absorption spectra. An example is show
Fig. 6 for a sample withd52.0 nm. The figure also show
the bulk Si spectrum for comparison. The two spectra
remarkably similar with that of the nanoclusters shifted
shorter ~higher! wavelength~energy!. The long absorption
tail associated with the indirect band gap and the two dir

n

FIG. 4. The extinction spectra of several Si nanocrystal sam
compared with the absorption spectrum of bulk Si and a Mie the
calculation ford510 nm Si taken from Ref. 10.
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transitions (G25˜G15 and G25˜G28 or possibly that atX!
are very well defined in the nanocrystal spectrum. Beca
our samples are very dilute (;1024 molar) the signal-to-
noise ratio for this sample is low for the low absorban
associated with the indirect transitions, hence the noise
this region of the spectrum.

Figure 7 provides a linear absorbance vs. wavelength
for the same two samples as in Fig. 6 with emphasis on
region of the direct transitions. The absorbances have b
normalized as before to the value at the shoulder assoc
with the G25˜G15 transition. The close resemblance of t
two spectra shows that the bulk-like character of the b
structure of Si is preserved down to thed'2 nm size~i.e.,
down to nanocrystals with;200 atoms or less!. The data in
Fig. 7 show clear evidence for quantum confinement; spe

FIG. 5. The extinction and PL~excitation at 490 nm! spectra for
a d58 – 10 nm Si nanocrystal sample.

FIG. 6. The absorption spectrum of ad52 nm Si nanocrystal
sample. The spectrum of bulk Si is shown for comparison. The in
shows absorption results ford51.8 nm Si nanocrystals. The inte
cept of the straight line with thex axis defines the indirect band-ga
energy.
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cally, both direct transitions of the nanocrystals are blu
shifted by about 0.4 eV compared to the bulk. As we sh
see below, this is a smaller quantum confinement effect t
is found for the indirect gap, but it is larger than is predict
by model calculations.

There is another aspect of the results in Fig. 7 that
serves attention. Reference to Fig. 3 reminds us that th
conduction band atG involves two overlapping bands ofps*
states, one with positive and the other with negative disp
sion. Quantum size confinement can be expected to influe
these two bands differently resulting in their splitting whic
in turn might be reflected in the shape of theG25˜G15 ab-
sorption. While model calculations18 do indeed predict such
splitting, our cluster results in Fig. 7 and for other samp
do not reveal it. However, our result19 and those of others20

on Ge nanocrystals do show evidence for such splitting.
The absorption data in Figs. 4–7 suggest a blueshift of

indirect absorption tail with decreasing nanocrystal size, a
the gap appears to remain indirect. The small absorba
values in the tail region along with some uncertainty due
correcting the data for the scattering contribution make
tailed analysis of the data in this wavelength region unc
tain. However, the quality of the data on some of o
samples was sufficiently good to allow meaningful analys
For an indirect transition the absorption data in the region
the band edge can be described by21 ah5C(hn2Eg)2

wherea is the absorption coefficient,hn is the photon en-
ergy,C is a constant andEg is the band-gap energy. Analys

et

FIG. 7. The photodissociation spectrum of Si30 clusters from
Ref. 25 is coplotted with the absorption~or extinction! spectra for
bulk Si and one of our (d52 nm) nanocrystal samples.
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of data ford51.8 nm clusters using this relationship~inset in
Fig. 6! yielded Eg52.2 eV. While the uncertainty in this
value may be as large as6~0.2-0.3! eV because of the afore
mentioned weak absorption of the cluster solutions in the
region as well as some inaccuracies introduced in correc
for scattering, the result clearly demonstrates a signific
quantum confinement effect for the indirect gap of Si. O
result is in close agreement with a study by Bruset al.2~b! on
SiO2-capped Si nanocrystals. From photoluminescence e
tation ~PLE! and photoluminescence~PL! measurements on
nanoclusters estimated to have a Si core diameter in
range 1–2 nm, these authors deduced a bandgap of 2.06
As we shall discuss later, these measured quantum con
ment effects are smaller than those predicted by effec
mass theory but are comparable to results of some m
calculations.

Our smallest Si nanocrystals (d51.8 nm) have;150 at-
oms and still retain bulklike optical properties. There h
been considerable theoretical interest in the structure, sh
and properties of Si clusters containing up to few tens ato
and in answering the question of how small can Si clus
be and still retain bulklike properties.22–24 The results have
revealed major changes in shape as a function of size w
qualitative change from prolate to more spherical structu
in the narrow range between 24 and 30 atoms.22.

Rinnen and Mandich25 determined the absorption spect
of gas-phase neutral Si clusters in the size range Si18 to Si41
using resonant one-and two-color photodissociation spec
copy. A surprising aspect of their results is that the spe
are essentially identical over the whole size range stud
despite the theoretical findings that there is a wide varia
in the structure of the clusters over this range. The spect
of Si30 is shown and compared to bulk andd52 nm cluster
spectra in Fig. 7. The authors observed that the Si18–41spec-
tra have much in common with the spectrum of bulk cryst
line Si, however, the similarity in the spectra is not so ob
ous.

On the basis of their results Rinnen and Mandich25 con-
cluded that these small Si clusters must share one or m
common structural entities which are strong chromopho
One possibility is that these small clusters share a comm
bonding network which persists and extends as the clu
grows in size, and that this network may be related to tha
bulk Si. Another possibility is that all of these clusters co
tain at least one loosely bound smaller cluster such as
abundant Si10 which may be responsible for the sharp spe
tral structure in Fig. 7. We believe that the latter explanat
is the correct one and offer the following explanation.

In the photodissociation experiments25 the temperature o
the clusters was estimated to be in the range 700–900 K
work on metallic and semiconducting clusters, it is genera
found that the melting point is substantially depressed w
decreasing cluster size. Thus, for example, the melting p
of CdSe decreases sharply with decreasing cluster size
value ford53 nm being about one half of its bulk value an
is expected to be much less for smaller clusters.11 Thus, we
suggest that for the conditions of Rinnen and Mandich’s
periments, their Si clusters are essentially in a ‘‘molt
state’’ and that small entities like Si10 are indeed the domi
nant species. These entities have closed sh
configurations26 which can quite conceivably exist in
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loosely-bound, liquidlike state. We shall return below to
discussion of the spectra of small Si nanocrystals and t
comparison of our results to theory.

B. Photoluminesence

1. Present results

The fate of photogenerated electron-hole pairs in a se
conductor is determined by traps and intrinsic recombinat
processes. Weak photoluminescence~PL! from phonon-
assisted, indirect band-gape-h recombination in bulk Si has
been observed.27 At room temperature, this PL peaks in th
near IR at 1130 nm~51.1 eV!, and at low temperatures~e.g.,
77 K! there is also emission from, or to, shallow impuri
levels. In the present work on Si nanocrystals we have
served room temperature emission at various wavelength
the range 700–350 nm~;1.8–3.5 eV!, i.e., across the visible
range. All our data were obtained at room temperature~295
K! and the solvent was in almost all cases acetonitrile.

In nanocrystals, a large number of the atoms are at or n
the surface leading to a preponderance of dangling bonds
defects which result in surface states. Adsorbed impuri
can produce additional surface states, and all of these s
can act as traps or recombination sites. Consequently,
emission from nanostructures, be they nanocrystals or po
Si, can be quite complex with considerable uncertaint
about the origin of the observed PL. In solution-grow
nanocrystals such as our own, there is the added concern
excess precursors and reaction products can lead to s
luminescence which can interfere with that due to the
clusters. In this regard, HPLC separation/purification has
to significant improvement in the quality of the observed
spectra. Even so, it is difficult to definitively rule out the ro
of contaminants in the measured PL spectra of nanoclus
in colloidal solutions.

In considering optical absorption and PL spectra it is n
essary to take into account the exciton binding energy,EB .
For nanocrystalsEB is expected to be significantly enhance
over its bulk value due to quantum confinement and the
pected smallerP of the nanocrystals. For example, Zung
and Wang28 find P'8 for d52 nm Si nanocrystals com
pared with a bulk value of 11.4. The smallerP also strength-
ens the Coulombice-h attraction which is given byU(r )
52e2/Pr , wherer is the distance between the electron a
hole. Tight binding calculations by Leung and Whalley29

yield a large increase inEB of Si with decreasing cluste
size. Similarly, Takagahara and Takeda30 calculated a large
increase inEB with decreasing cluster size for indirect-ga
semiconductors in the framework of effective mass theo
Their results for Si show thatEB increases from 14.3 meV
for the bulk to;250 meV ford52 nm clusters.

Figure 8 shows a room temperature PL spectrum of on
our earliest nanocrystal samples (d<5 nm) obtained before
developing our HPLC capability. For excitation at 256 n
the PL spectrum exhibits intense, structured emission c
tered at;365 nm ~3.4 eV! and a weaker, also structure
emission centered at 600 nm~2.06 eV!. It may well be that
the structure in both emissions is associated with the p
ence of impurities or even different size populations. T
365 nm emission appears to be largely due to directe-h
recombination atG(G252G15), and its high intensity and
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short PL decay lifetime (t51.5 ns, as will be discusse
later! are consistent with this assignment. The origin of t
600 nm PL is more uncertain. If both emissions were intr
sic properties of Si nanocrystals, then the 600 nm emiss
would be due to bandgap recombination. In this scena
reference to the absorption data discussed above, would
gest that the 365 and 600 nm emission peaks are assoc
with a small nanocrystal population withd>2 nm.

The dashed curve in Fig. 8 is the PL spectrum
SiO2-capped Si nanoclusters reported by Littauet al.2~a! for
their ‘‘1.0 colloid’’ sample (d,5 nm) excited at 350 nm
We believe that this luminescence has the same origin as
peaked at;600 nm in our spectrum, but is red shifted b
cause of larger crystallite size. As will be discussed later,
believe this luminescence is due to band gap indirect rec
bination.

For excitation at 320 nm the PL spectrum for our sam
in Fig. 8 retains its structured two-peak character, but
peaks are red shifted compared to excitation at 256 nm. S
cifically, the more intense emission is centered at;380 nm
~3.3 eV! and the less intense emission is peaked at;680 nm
~1.82 eV!. The redshift of the emission may come from e
citing a population of larger clusters with the longer wav
length excitation. The;680 nm peak in our PL spectrum
excited at 320 nm is redshifted from Littauet al.’s2 PL spec-
trum in Fig. 8, consistent with a larger cluster population

Results on ad52 nm size-selected, purified sample a
shown in Fig. 9. The absorption spectrum was discussed
lier ~Figs. 6 and 7!. The first absorption peak at 325 nm~3.81
eV! is attributed to theG252G15 direct gap, but blueshifted
by ;0.4 eV due to quantum confinement. Excitation at 2
nm yields the PL spectrum shown. The major peak is c
tered at 365 nm~53.40 eV! i.e., essentially at the sam
wavelength as for the sample in Fig. 8. Again, we attrib
this peak to directe-h recombination atG. It is redshifted
from the absorption peak by 0.4 eV. It is tempting to vie
this shift as a measure the exciton binding energy. Indeed
magnitude is comparable to values deduced from model

FIG. 8. The PL spectrum of an as-preparedd<5 nm Si nano-
crystal sample. The dashed curve is ford,5 nm Si nanoclusters
capped by SiO2 excited at 350 nm, taken from Ref. 2. The ins
shows a coplot of the extinction and PL spectra for ad54.0 nm Si
nanocrystal sample.
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culations for Si and attributed to quantum confinement a
reduced electronic screening. As we have already no
Takagahara and Takeda30 find EB.0.25 eV for the indirect
gap of Si clusters withd<2 nm. Tagakiet al.3 deduced a
value of EB50.32 eV for d'3.3 nm Si clusters. Similarly,
Read et al.31 find EB50.32 eV for the indirect gap of S
quantum wires of;3 nm diameter. More recent first prin
ciples calculations by O¨ güt et al.32~a! show EB increasing
from 0.3 eV ford53 nm to;1.0 eV ford51 nm. However,
before concluding that the shift between absorption a
emission peaks is equal toEB , caution is in order. For smal
nanocrystals the electron and hole will be in very close pr
imity and the exciton state should be strong in both abso
tion and emission suggesting that the shift should
small.32~b! Thus, some uncertainty remains as to the origin
the observed 0.4 eV shift. Possible contributors are size p
dispensity, electronic fine structure and/or phonon effects

It can be seen that the major PL peak in Fig. 9 is asy
metric. Analysis of the spectrum reveals a secondary pea
;420 nm~;3.0 eV!. As appears to be typical for Si nano
structures, the 365 nm peak~with the 420 nm peak sub
tracted! is fairly broad, its width at half max being;1 eV.
This sample also exhibits weaker and quite broad emissio
wavelengths longer than 500 nm, as shown. This lumin
cence is less well defined than that for the sample in Fig
In addition to being purer, the sample in Fig. 9 is also mo
monodisperse as suggested by its sharper absorption
tures. Consistent with this observation, the extra structur
the PL spectrum in Fig. 8, attributed to different size pop
lations of nanocrystals, is absent in Fig. 9.

Figure 9 also shows the PL spectrum for a similar sam
excited at 490 nm~2.53 eV! i.e., just above the indirect ga
for this nanocrystal size. This PL peak is centered at 580
~2.14 eV!, and it is tempting to attribute it to indirect band
gap recombination. However, we note that this luminesce
is identical to that observed on much larger (d>8 – 10 nm)
nanocrystals as shown in Fig. 5. We are thus led to con
ture that this PL is due to surface or defect recombinati
The independence of this luminescence of nanocrystal
may be relevant to semiempirical tight-binding and ab ini
local density calculations by Allanet al.33 which demon-

FIG. 9. Coplot of the extinction and PL spectra~for two excita-
tion wavelengths! for d52 nm Si nanocrystal samples.
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strated the stability of self-trapped excitons at the surface
Si nanocrystals. The excitons are obtained for dimer bo
passivated by, e.g., hydrogen~relevant to our clusters! or
silicon oxide. Light emission from these trapped excitons
essentially independent of size.

The inset in Fig. 8 shows the absorption and PL spectr
a nanocrystal sample (d54 nm) with structured absorptio
@peaks at 355 nm~3.48 eV! and 280 nm~4.40 eV! which we
believe are associated with the quantum confinement-sh
two direct transitions atG# exhibited a PL peak centered
540 nm ~2.30 eV! for excitation at 470 nm~2.64 eV!, i.e.,
well below the first direct transition atG. This emission is at
slightly shorter wavelength than the peaks in Figs. 5 an
suggesting extrinsic origin. The PL spectrum in the inse
Fig. 8 also has a secondary peak at;700 nm ~;1.8 eV!
which is most likely due to recombination at the indire
band gap.

2. Comparison with earlier luminescence results

As seen above, Si nanocrystals in solvents produced
our inverse micellar synthesis photoluminesce at vari
wavelengths in the range;700–350 nm~;1.8–3.6 eV!.
Figure 10 summarizes the results for our samples and c
pares the PL peak energies with those from other author
doing this comparison it is necessary to caution that a m
uncertainty in the figure is knowledge of the size of t
nanocrystals. We have presented the data using the nom
diameters deduced from our work and reported by the v
ous authors. It is very difficult to be certain that TEM imag
will give truly representative dimensions and shapes in
absence of large statistical samples. In the few cases w
statistical analyses were performed, it was found that na
crystal samples embody a broad distribution of sizes. Th
broad distributions are evident to some extent in the v
broad PL peaks of nanocrystal Si samples. Even for
HPLC-separated and purified cluster populations, we fi
relatively broad PL peaks, suggesting, at least in part,
dispersion. Undoubtedly, the most accurate size informa
in Fig. 10 is that due to Schuppleret al.34 who deduced the
sizes of their SiO2-capped nanocrystals from SiK near-edge

FIG. 10. Summary of data~literature and present work! on peak
PL energy versus Si nanocrystal size.
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x-ray absorption fine structure~NEXAFS! and extended
x-ray absorption fine structure~EXAFS! measurements.

Keeping in mind the above precautions, we can now of
some observations on the data in Fig. 10. Looking first at
results of earlier work, we note that there are differences
the dependence on size reported by different authors. S
of the differences, but not all, are almost certainly due
uncertainties in size. Secondly, we note that essentially a
the PL peaks energies on Si nanocrystals capped with S2
or embedded in glass matrices fall within the shaded reg
in Fig. 10, albeit this region embodies a wide band of en
gies or wavelengths at each value ofd. An issue for these
samples2,3,7,8,35~a! is the role of the SiO2 or glass and suboxide
layer that almost certainly exists at the interface. There
undoubtedly defects and surface states at this interface,
they could play a significant role in determining the lumine
cence from such samples.33 The authors of most of thes
works imply generally that the observed PL is intrinsic to t
Si nanocrystal cores, but doubts remain. The shaded re
also embodies much of the published PL peak energies
porous Si samples, an observation that has been use
some authors to suggest that the PL of porous Si is intrin
to Si nanostructures. Strong doubts and many puzzles rem
in this area as well.2~a!,35~b!

Whereas some of our data points fall in the shaded reg
in Fig. 10, the rest fall well above this region. As note
earlier, our PL spectra generally exhibited a higher ene
major peak and a lower energy minor peak. It is the energ
of these minor peaks that fall in the shaded region. Our hi
est energy points in the figure are, we believe, associa
with direct (G252G15) recombination. As far as we know
this is the first observation of such direct recombination fro
Si and is made possible by quantum confinement. Consis
with this conclusion, the decay lifetime of the luminescen
is on the order of a nanosecond~as discussed below!. Kim’s
highest energy point in Fig. 10 may also be due to this dir
recombination.

The heavy dashed curve in Fig. 10 depicts the interme
ate part of our data, and the data of Kanemitsu8 and Iwasaki
et al.6 Here two scenarios can be examined. The first p
sumes that the low energy emissions~and thereby all emis-
sions in the lower shaded region! are due to Si bandgap
emission, i.e., indirect recombination. The intermediate
ergy emissions would then be associated with some c
mophore that may be related to the synthesis. The meas
PL decay lifetimes for these emissions are on the order
few to tens of nanoseconds, as we shall see later. Alte
tively, the intermediate energy emissions are due to band
emissions and the low energy emissions due to surface-
recombination as also suggested by Kanemitsu.8 The
electron-hole pairs are generated in the interior of the
nanocrystals. Some of the electrons rapidly decay into
lower-energy surface states while some~a larger fraction in
our case! recombine with the holes across the gap. One d
ficulty with this scenario is that some of the emission en
gies for sizesd.4 nm fall above effective mass~EMA! pre-
diction ~discussed below! which overestimates the quantu
confinement effect—an observation that argues in favor
the first scenario.

Some observations on porous Si are relevant to the in
mediate energy regime in Fig. 10. Blue light emission
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commonly observed from aged and or oxidized porous
This emission is observed in the range 410–490 nm~;3.0–
2.5 eV! depending on the aging/oxidation conditions, and
radiative lifetime is in the ns range for some samples and
the ms range for other samples. The energy range of this
overlaps most of the data in the intermediate regime in F
10. The origin of this PL is a subject of continuing deba
between two competing mechanisms. In one, as in the re
work of Li et al.,35~c! the PL withms lifetime is believed to
come from the crystalline cores of oxidized nanometer-s
Si particles, whereas the PL with ns lifetime is attributed
the oxidized layer. In the second mechanism, the PL is
tributed toe-h recombination at centers located at the int
face between the Si nanocrystals and the Si oxide as we
on the inside of the oxide layers.35~d! In this mechanism, the
photoexcitation most likely occurs in the crystalline Si cor
and the carriers transfer to the luminescent centers at
interface or in the oxide. This second mechanism com
closer to our present case where we believe that the PL in
intermediate regime is due to surface state recombinatio

3. Radiative recombination rate and quantum efficiency

The radiativee-h recombination rate~1/t!, wheret is the
radiative lifetime, is an important measure of the effectiv
ness of a luminescing material. For direct band gap semic
ductors like GaAs the recombination is fast,t being on the
order of 1–10 nanoseconds or less. For indirect gap mate
like Si, on the other hand, the recombination is slow,t being
on the order of tens of microseconds to milliseconds.
nanocrystals all vibronic as well as recombination rates
expected to increase as the electron and hole wave func
become more compact and more overlapping with decr
ing size.

We have obtainedt for a couple of our Si nanocrysta
samples from PL decay measurements at 295 K. The
experiment was performed ond53 nm nanocrystals in sol
vent using an apparatus with picosecond resolution in
laboratory of our collaborator Professor David Kelley
Colorado State University. The results expressed as PL
plitude vs time at 460 nm for excitation at 300 nm are sho
in Fig. 11. The decay is multiexponential but can be sa
factorily fitted by two lifetimes, a fast initial component wit
t546 ps and a slow component witht51.6 ns. It is not clear
what the origin of the fast component is, but the slower
comparable to that for direct-likee-h recombination as in
bulk GaAs. The inset in Fig. 11 shows the PL decay kine
for another sample withd53 nm measured at lower tim
resolution. The decay~for PL at 440 nm! can be adequately
fit by two exponentials. The fast component witht517 ns is
convolved by the instrument response so that the deca
the sample may be actually faster. The slow component w
t548 ns is due to the sample. The scatter at long time
due to digitization noise. As discussed above, the origin
this PL is not known, but we believe it is due to surface st
recombination. Thist548 ns is also much shorter thant’s
observed for SiO2-capped Si nanoclusters; e.g., Littauet al.2

fit their time-resolved PL results on their colloid 1.0 samp
(d,5 nm) with two exponentials yieldingt1517ms and
t2576ms. ~A note of caution is in order: in Fig. 11 th
decay is measured over a very narrow range of times and
t’s should be considered tentative.!
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To estimate the quantum efficiency~Q.E.! of various so-
lutions of Si nanoclusters, we measured the total area un
the PL curve and normalized this by the absorbance of
sample at the excitation wavelength. We performed ident
measurements on a laser dye, Coumarin 500, known to
close to 100% efficient at light emission. We took the ra
of the cluster solution PL area to the dye emission PL a
under identical excitation conditions, lamp energy, and sp
trometer bandpass as a measure of the efficiency of l
emission of the nanoclusters. The largest room tempera
Q.E. achieved was 3.9% for 2.0 nm Si nanocrystals in ac
nitrile with no special treatment of the cluster surface,
annealing.

In a similar study on Ge nanocrystals19 we examined the
influence of the polarity of the solvent on the Q.E. Extens
data ond52 nm Ge nanocrystals revealed a gradual
crease in PL efficiency with decreasing solvent polarity~eth-
ylene glycol.acetonitrile.toluene.orthoxylene). The same
trend is expected for Si.

C. Comparison with theory

There has been an evolution of theoretical treatments
the electronic structure of semiconducting nanocrystals.
earliest treatment is the effective mass approximation~EMA!
due to Efros and Efros36 which assumed spherical nanocry
tals, parabolic energy bands and infinite potential barrier
the crystal boundary. In the EMA one replaces the mic
scopic quasi-periodic potential of the bulk material by a co
stant potential, and the kinetic energy operator is replaced
an effective-mass operator derived from the parabolic exp
sion of the bulk band structure. Experience on a large nu
ber of materials has shown that EMA generally treats la
(d.5 – 6 nm) nanocrystals fairly accurately but fails se
ously for smaller nanocrystals.37 Consequently, there hav
been a number of attempts at improving it. For examp
Brus38 included the electron-hole (e-h) interaction energy,
i.e., the Coulomb term, dealt with finite-potential walls

FIG. 11. Decay of the PL intensity at 460 nm for ad53 nm Si
nanocrystal sample. The inset shows the decay of the PL of a s
lar sample at lower time resolution.
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calculate excited state energies, and considered the influ
of the dielectric constant of the surrounding mediu
Kayanuma39 went on to consider the influence of nanocrys
shape, specifically, spheres vs cylinders. Despite these
provements, EMA results generally overestimate the c
finement effect, especially for small clusters.

In an attempt to overcome this shortcoming, tig
binding40–42and pseudopotential18,28,43,44methods have bee
employed with various degrees of success. Rama Kris
and Friesner18 used empirical pseudopotentials to calcula
the influence of size confinement on the indirect gap as w
as on theG252G15 and G252L transitions. An interesting
aspect of their work is the finding that the directG252G15
transition energy first increases slightly with decreasing cr
tal size and then decreases. The decrease is attributed t
inverted parabolic shape of the conduction band atG. Our
results do not agree with this finding. Rather, we find a s
nificant increase in this energy for our smallest nanocryst
Another feature of their results is the finding that size co
finement splits the two overlapping (ps* ) conduction bands
at G (G15) as well as the two overlapping bands at the top
the valence band also atG. ~Actually, these two latter band
are slightly split in bulk Si by spin-orbit interaction as show
in Fig. 3.! These splittings should, in principle, be reflect
in that part of the absorption spectrum due to direct tran
tions atG. However, as we have already noted, there is
discernible evidence for it in our Si nanocrystal spectra. T
reason for the absence of such evidence is embodied in
results in Fig. 3, namely the curvature of the two split-o
conduction bands atG. Specifically, the first split-off band is
concave and the second is convex providing a potential w
for electrons. Thus, the first direct optical transition atG in Si
nanocrystals is to this second band.

Figure 12 shows various theoretical results on the va
tion of the indirect bandgap energy with size for Si nano
rystals. Clearly, there are very substantial quantitative dif
ences among these results, especially at small sizes mak
difficult to draw any meaningful conclusions. In attemptin
to compare these results with experimental data, we note
very few authors have reported the experimental magnit
of the bandgap for Si clusters. Almost all of the availab

FIG. 12. Comparison of theoretical band-gap energies and
perimental PL peak energies~same data as in Fig. 10! for Si nano-
crystals.
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data consist of PL peak energies vs. size as was present
Fig. 10. Thus, we superimpose on the theoretical result
Fig. 12 the experimental data of Fig. 10 in an attempt to lo
for trends. We caution, however, that many of the expe
mental data shown are not necessarily attributed to recom
nation associated with the~indirect! band gap, rather, they
may be due to surface or impurity recombination or, in t
case of some of our results, to direct recombination atG.
Additionally, in comparing the experimental and theoretic
results, one needs to keep in mind the relatively large
size-dependent exciton binding energy as well as the la
uncertainty in determining size.

Zunger and Wang28 compared their calculated exciton e
ergy vs. size both with band-gaps estimated from absorp
measurements and with experimental PL peak energies
found some systematic trends. Specifically, all the exp
mental bandgap data fell above the calculated Energy vd
curve, whereas all the PL data fell below this curve lead
to the conjecture that the observed PL originates from so
persistent ~approximately size-independent! surface states
rather than from intrinsic nanocrystal states. However
should be noted that in this comparison the absorption
PL data came from different sources, and, furthermore,
absorption data are from porous Si samples, making de
tive conclusions difficult. Although many of our findings ap
pear to be in qualitative agreement with Zunger and Wan
observations, it is premature to come to any definitive c
clusions about mechanisms. The experimental situation
to greatly improve before we reach that stage.

Leung and Whalley29 investigatede-h interactions in
truncated small spherical Si nanocrystals by incorporat
Coulomb, exchange and spin-orbit couplings into tig
binding models. They reported the optical absorption spe
for nanocrystals with 41, 83, and 147 atoms in size, cor
sponding tod51.16, 1.47, and 1.78 nm, respectively, th
latter being equal in size to our smallest nanocrystals. T
nanocrystals were constructed by sequentially adding sh
about a central atom, and therefore have tetrahedral sym
try. Figure 13 compares their calculatedP2 vs energy spec-
trum for the 147-atom cluster with the extinction data for o
1.8 nm nanocrystals which are of comparable size. (P2 is
the imaginary part of the dielectric constant.! The absorption
spectrum,sabs(v), is directly related toP2(v) by sabs;v
P2(v). The agreement between the two spectra in Fig. 1
fairly good, especially with respect to the bandgap and
first direct (G252G15) transition.

Several groups have calculated the intrinsic recombi
tion rate, 1/t, as a function of size using different models f
band gap recombination in Si nanocrystals. Some of th
results are summarized in Fig. 14 which also shows our
perimental results as well as those of other authors. Beca
of aforementioned uncertainties in the experimental da
particularly in size determination, it had been hoped t
model calculations will provide guidance as to the dep
dence oft on size. Unfortunately, the very large dispariti
among the various model results in Fig. 14 do not allow us
draw any definitive conclusion. The only certainty in the
results is thatt decreases with decreasing cluster size, a
expected. Leung and Whaley29 provided two bounds fort vs
d as shown by the dot-dash curves. The bounds accoun
variations in model parameters for both surface-trunca

x-
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and hydrogen-terminated nanocrystals. Most all of the ot
calculated results fall between these two bounds.

As for the experimentally determinedt’s, we can make
the following observations. First we note that the model
sults in Fig. 14 are for band gap recombination. Three d
points on SiO2-capped Si nanocrystals~one from Wilson
et al.10 and two, presumably on the same sample, from Lit
et al.2! fall in the middle of the band of model results. Th
associatedt’s are on the order of a few tens of microsecon
We also show a band of experimental results1 on porous Si.
These data also fall within the broad band of model resu
Our two data points (t ’s51.5 and;50 ns! and Kanemitsu’s
datum point (t50.8 ns) fall well outside the range of th
model results as they should, consistent with our interpr
tion of the associated PL as being due to directe-h recom-
bination and surface/defect recombination and not due
bandgap recombination. There are no model calculations
propriate for these data.

IV. SUMMARY AND CONCLUSIONS

We have successfully grown size-selected Si nanocrys
in the size range 1.8 to 10 nm. HRTEM fringe images sh
that the nanocrystals are of high crystalline quality, and e
tron diffraction results show that they retain their bulk d
mond structure down to about 4–5 nm diameter. Optical
sorption data suggest that these nanocrystals retain
bulklike properties and structure down to the smallest si
produced~;1.8 nm diameter containing about 150 Si a

FIG. 13. Comparison of the extinction spectrum for ad
51.8 nm Si nanocrystal sample with the calculated«2(w), spec-
trum for 147-atom Si nanocrystals~from Ref. 29!. The two nano-
crystal samples are of about the same size. The arrow indicate
location of the calculated indirect band gap which is in good agr
ment with our experimental value.
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oms!. HPLC techniques with on-line optical and electric
diagnostics were developed to purify and size separate
clusters and to ensure obtaining background-free absorb
and PL spectra.

In addition to the long wavelength absorption tail asso
ated with the indirect-bandgap, several direct transitio
were evident in the data. It was found that the smallest ga
nanosize Si remains indirect to the smallest sizes studied
51.8 nm. The different electronic transitions exhibited va
ous quantum confinement effects. The indirect band-
shifts from 1.1 eV in the bulk to;2.1 eV for nanocrystals
;2 nm in diameter~in qualitative agreement with theoretica
preductions!, and the direct transition atG (G252G15) blue
shifts by 0.4 eV from its 3.4 eV bulk value over the sam
size range. Some transitions were relatively insensitive
cluster size, a feature that can be qualitatively understoo
terms of the shape of the associated dispersion curves in
band structure.

We have observed room-temperature photoluminesce
from Si nanocrystals at various wavelengths in the ran
700–350 nm~1.8–3.5 eV!, i.e., across the visible range. Th
largest quantum efficiencies were;4% for d52 nm Si. No
post synthesis surface treatment was employed to ach
these results. Solvent polarity was shown to influence qu
tum efficiency.

The most intense PL was in the blue region of the sp
trum ~;365 nm! and is attributed it to direct electron-hol
recombination atG (G252G15 transition!. The short radiative
lifetime for this PL (t51.5 ns with a faster initial compo
nent! is comparable to that for GaAs and is consistent w

the
-

FIG. 14. Summary of the available~present work and literature!
data on the dependence of the PL decay lifetime on Si nanocry
size. Theoretical results are also shown.
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our assignment. This observation of direct recombination
Si is a consequence of quantum confinement. A relativ
strong PL centered around 580 nm is fairly insensitive
cluster size, and is attributed to surface~or defect! recombi-
nation. Other PL peaks were tentatively assigned, but m
work is needed to confirm the assignments.

The work presented here represents an exploratory
tempt to understand the relationship between Si nanoclu
size, structure, surface chemistry and the resulting opt
properties. We have identified features in the optical prop
ties that deserve much more detailed study in order to un
stand the influence of size and of surface bonding and te
nation on the electronic properties. In this regard, HPL
d

H

iri,

Y.

J

a
y

tt

.

m

ar

n.
n
ly
o

re

t-
ter
al
r-
r-
i-
,

which is very sensitive to small changes in surface char
teristics, may play a significant role in elucidating the infl
ence of surface structure on the optical properties of na
clusters.
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