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Optical and electronic properties of Si nanoclusters synthesized in inverse micelles
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Highly crystalline, size-selected silicd®i) nanocrystals in the size range 2—10 nm were grown in inverse
micelles and their optical absorption and photoluminescéRtg 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 produgced.8 nm diameter containing about 150 Si atoriigh 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 bulk2dl eV for nanocrystals-2 nm in
diameter and the direct transitionla¢l" ,5— I';5) 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—35%0.8~8.5 eV was observed from
these nanocrystals. The most intense PL was in the violet region of the spéetB68 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 mod&8163-18299)02328-7

[. INTRODUCTION To understand the origin of visible PL and other elec-
tronic properties of Si nanoclusters, it is necessary to study
Because it is an indirect band-gap semiconductor, silicorsize-selected nanoclusters and to assess the role of surface
(Si) has a major drawback: its inability to emit light effi- recombination. Definitive experimental results will be key to
ciently, and, furthermore, its weak emission is in the near IRfuture scientific progress and practical utilization of this ma-
There is presently a large research effort aimed at explorin§erial. From a physics perspective, such studies should lead
physical and chemical means to break silicon’s lattice symi0 @ better understanding of quantum confinement of elec-
metry and mix different momenturtk) states in order to trons and holes in indirect band-gap semiconductors. Quan-
induce a useful level of luminescence and optical gain. Théum confinement in direct gap semiconductors such as GaAs
approaches include (1) impurity-induced Iuminescence and CdSe is fairly well understood, but much less is known
(e.g., S, B, Be, Br (2) alloy-induced luminescencée.g., about confinement in indirect gap materidls!! The bulk
Si-Ge-0Q, (3) porous silicon, and4) quantum wires and dots excitonic radius for Si is~4 nm which suggests that quan-
(or nanosize clusteysThe first two of these approaches are tum confinement effects should be observed for nanocrystals
plagued by, among other things, relatively low luminescencémaller than this size. . _
intensity at low temperature which becomes vanishingly We have developed a synthesis method based on using
weak at room temperature, whereas the last two, which maijiverse micelles as reaction vesséts produce useful quan-
be mechanistically related via quantum confinement, havdities of size-selected clusters and have used this method to
considerable potential but have remained largely unconsynthesize a variety of metal and compound semiconductor
trolled and poorly understood. Success in this endeavor i§lusters:>~*° These clusters have been remarkable in their
obviously a major challenge to materials science, one tha¥ize monodispersity and the sharpness and richness of their
could have profound technological implications. spectral features which have demonstrated strong quantum
Because Vvisible photo|uminescen¢@|_) has been ob- confinement effects. In this paper we apply our inverse mi-
served from Si nanoclustetghese clusters and their poten- cellar synthesis method to produce size-selected Si nanoclus-
tial are a subject of current interest. Si nanoclusters havéers and to study their size-dependent optical absorption and
been produced by aerosol techniqaqﬂasma depositioﬁ, phOtOlumIneSC.enC.éDL). We shall first discuss the SyntheS|S
sputtering’ spark ablation and grown as colloid,or in ~ and characterization of these nanoclusters and then present
g|ass matrices by a Variety of approadﬁés'nduding ion and discuss their Optical properties inClUding Comparison
implantatiorf followed by high temperature annealing; how- With earlier work and theoretical predictions.
ever, all of these techniques produce a large distribution of
cluster sizes resulting in very broad optical absorption and
PL features which limit usefulness and make definitive inter-
pretation in terms of quantum confinement and other mecha- Size-selected nanosize Si clusters were grown by a ge-
nisms difficult. neric process described in detail elsewhér€.Controlled

II. SYNTHESIS AND CHARACTERIZATION
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FIG. 1. Coplot of optical absorbance at 250 ridashed ling
and PL (emission detector at 400 nm excitation at 250 nm, solid
line) vs elution time for a solution containing two sizes of Si nano-
crystals. Chromatography conditions were a ODS200-¢i18-
terminated reverse phaseolumn with 120 A pores, using acetoni-
trile as a mobile phase at 0.5 ml/min flow.

nucleation and growth of the nanoclusters occurs in the inte-
rior of nanosize surfactant aggregates called inverse micelles.
An anhyrous ionic sale.g., SK,, whereX=ClI, Br, or | is
d|_ssolved in the hydrophilic interior of a solut|0_n of mlcelle_s. FIG. 2. HRTEM images ba 2 nm Sicrystal (upper lefl, 810
Since the ionic salts are completely insoluble in the continu-_ crystals(upper right, and a SAD pattern for 8—10 nm crystals
ous oil medium usece.g., octang nucleation and growth of ' '
Si is restricted to the micelle interior which can be varied
from 1-10 nm. The anhydrous salt dissolves to form a trans-
parent ionic solution but with a complete absence of waterdation of the Si nanoclusters. However, upon exposure to
in a sense the salt is “hydrated” by the micelle. The absenc@xygen, a yellowing of the solution occurs presumably due
of water prevents simple hydrolysis to form Si@hich is  to surface oxidization.
why this synthesis must be performed in water-free oils like HPLC separation and elution peak spectral data were ob-
octane or decane, and using a controlled atmosphere glovained using apparatus with automated fraction collection.
box. Similarly, the surfactants used, both nonionic aliphaticPrevious HPLC experiments on Si/Si@anoclusters synthe-
polyethers, or alternatively quaternary ammonium cationisized in the gas phase showed a broad range of elution
surfactants, must be dissolved in anhydrous THF and drieime<1° which is in contrast with our results where the Si
over Na metal to remove any small traces of water. peak is of comparable width to that from the other molecular

We next reduce 8IV) to Si(0) using an anhydrous metal constituents of the solution. Figure 1 illustrates separation of
hydride, (usualy 1 M LiAIH, in THF). The reduction is g sizes of Si nanoclusters. Using the PL detector we can
rapid with vigorous bubbling as Has is released, electrons jgentify which size of cluster has significant room tempera-
are transferred to the @) and the light yellow solution e p| and also make sure that no impurity organic chemi-
becom(_as cleafor the Smalle.St clusters form}adQne tan cals could be giving rise to the PL signal. Only the absor-
detgrmme the correct stoichiometry of the reaction by fo"bance peak corresponding to the more numerous population
lowing the d|sappearance.of the(lSf) charge transfer pe.aks' of small, 2.0 nm clusters coincides with a strong visible PL
from the precursor solution. Control over cluster size is_. :

signal. We also obtained the complete absorbance and PL

achieved by variation of the micelle size, intermicellar inter- . ) .
wavelength dependences for each size Si nanoclusters as will

actions and reaction chemistry. Clusters with diameters beb h in Sec. IIl. Inductivel led ol al
tween 1.8 and~10 nm were produced. Spectroscopy and € shown In Sec. 1. Induclively coupled plasma/mass Spec-

high pressure liquid chromatograptiPLC) with on-line troscopy of th_e collected Si fractions showed that nearly_ 80%
spectroscopy, conductivity and refractive index diagnostic®f the total Si was recovered by HPLC and the only inor-
were used to demonstrate 100% reduction of th¢v3ito ~ 9anic detected was Si. Gas chromatography/mass spectros-
the final S{0) nanocluster form. All solvents and surfactants COpy showed the only significant organic chemical in the
used were HPLC grade and completely dust free to preverftollected fractions was the mobile phase solvent. In particu-
inhomogeneous nucleation. lar, no surfactant was detected.

Since there is no source of oxygen in the reaction mixture, Other characterization tools employed were x-ray diffrac-
and anhydrous metal hydrides are used as reducing agentstitn, selected area electron diffractig®AD), and high-
is likely that the Si cluster surface is terminated by hydrogerresolution transmission electron microscdpiRTEM). Fig-
from the metal hydride, although we currently have no directure 2 shows HRTEM images @ 2 nmcrystal (upper lefy,
proof of this. When kept in the glove box under Ar, there 8—10 nm crystal$upper righf and a SAD pattern from 8—10
appears to be no long terfne., 6 month to 1 yeardegra- nm crystals. The high crystalline quality is evident.
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FIG. 3. The optical absorption spectrum of bulk Si at 300 K 0200 300 400 500
(after Ref. 16 and the band structure near the band-gap region
(after Ref. 17. Wavelength (nm)
IIl. RESULTS AND DISCUSSIONS FIG. 4. The extinction spectra of several Si na_nocrystal_samples
compared with the absorption spectrum of bulk Si and a Mie theory
A. Optical absorption calculation ford=10 nm Si taken from Ref. 10.

To better understand the optical absorption of Si clusters,
it is instructive to review the spectrum of bulk Siwhich  merely intended to reveal the shape and influence of scatter-
reflect the details of the band structtfréFig. 3). The long ing, leaving the discussion of the details of the cluster spectra
absorption tail between 1.2 and3 eV reflects the indirect until later.
nature of the bandgap. The sharp rise in absorption with Some of our Si nanocrystal samples exhibited consider-
increasing photon energy starting around 3.2(880 nm is  able structure in their absorption spectra while others had
associated with the direct transition at the point [I',s  less structure. Featureless spectra have been observed by
—1I"15] whose energy is 3.4 e\365 nm), and the second other workers from Si nanocrystals embedded in glass ma-
sharp rise starting around 4 €820 nn) is associated with a trices or from surface oxidized nanocrystals. However, subtle
second direct transition, most likely tHgs—1',, transition  features are sometimes observed. The results of Littau
whose energy is 4.2 e\295 nn or possibly the direct tran- et al?® on the larger §=6.5nm) of their two samples ex-
sition atX. hibit a weak hint of the direct-gap absorptions~a860 nm

The measured optical respon@® extinction) of nanoc-  and at~290 nm. Similarly, there is an inflection point in the
rystals reflects the sum of the scattering and absorption. Th&bsorbance in Kanemitsu’s datt ~350 nm. We have seen
scattering needs to be taken into consideration in comparinthis feature in the absorbance data on several of our samples.
cluster spectra to that of bulk Si. Figure 4 shows the extincA particularly interesting example fal=8-10nm nanoc-
tion spectrum of relatively larged=10nm) Si clusters rystals is shown in Fig. 5 where the feature appears as a
calculated*°from Mie theory and compares it to the absorp- shoulder at~370 nm followed by a relatively sharp increase
tion spectrum of bulk Si. The two spectra are normalizedn absorbance and double peaks~&270 nm and 220 nm.
around the absorption shoulder corresponding to the  The resemblance of these features and closenestithose
—1I' ;5 direct transition. One of the obvious differences in thein the spectrum of bulk Sisee Fig. 3 is striking indicating
two spectra is the significantly enhanced extinction of thethat clusters of this sized=8—10 nm), which is comparable
clusters which is due to scattering. Shown also in Fig. 4 areo the size of the excitonic diameter in the bulk, retain much
three cluster spectr@lso normalized at about the shoulder of the character of bulk Si with very little evidence for quan-
of the I'y)5—1I"45 transition, two (d=10 and 1.8 nmfrom  tum confinement effects.
the present work and the thirdl€3.7 nm) from Kanemit- Some of our smaller size nanocrystal samples exhibited
su’s work® Our d=10 nm spectrum is from one of our ear- highly structured absorption spectra. An example is shown in
liest samples that was not purified and size-separated byig. 6 for a sample witld=2.0 nm. The figure also shows
HPLC, and thus we suspect that it had a relatively broad sizéhe bulk Si spectrum for comparison. The two spectra are
distribution. Because of uncertainties in the absolute valueeemarkably similar with that of the nanoclusters shifted to
of the measured extinction coefficients, the normalization okhorter (highe wavelength(energy. The long absorption
the nanocrystal spectra in Fig. 4 is only approximate and igail associated with the indirect band gap and the two direct
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FIG. 5. The extinction and Plexcitation at 490 nispectra for 3 Bulk /
ad=8-10nm Si nanocrystal sample. o [
o
transitions (",5—1"15 andI',5s—1",, or possibly that afx)
are very well defined in the nanocrystal spectrum. Because . .
our samples are very dilute~(10"“molar) the signal-to- Y 1' —— " —
noise ratio for this sample is low for the low absorbance
associated with the indirect transitions, hence the noise in Photon Energy (eV)

this region of the spectrum.

Figure 7 provides a linear absorbance vs. wavelength plqu’3
for the same two samples as in Fig. 6 with emphasis on thBuI
region of the direct transitions. The absorbances have been
normalized as before to the value at the shoulder associateslly, both direct transitions of the nanocrystals are blue-
with the I',s—1T';5 transition. The close resemblance of the shifted by about 0.4 eV compared to the bulk. As we shall
two spectra shows that the bulk-like character of the bandee below, this is a smaller quantum confinement effect than
structure of Si is preserved down to tde=-2 nm size(i.e., is found for the indirect gap, but it is larger than is predicted
down to nanocrystals with-200 atoms or legsThe data in by model calculations.

Fig. 7 show clear evidence for quantum confinement; specifi- There is another aspect of the results in Fig. 7 that de-
serves attention. Reference to Fig. 3 reminds us that the Si
conduction band df involves two overlapping bands pf,«
states, one with positive and the other with negative disper-
sion. Quantum size confinement can be expected to influence
these two bands differently resulting in their splitting which
in turn might be reflected in the shape of thes— 15 ab-
sorption. While model calculatioffsdo indeed predict such
splitting, our cluster results in Fig. 7 and for other samples
do not reveal it. However, our restiltand those of othef

on Ge nanocrystals do show evidence for such splitting.

The absorption data in Figs. 4—7 suggest a blueshift of the
indirect absorption tail with decreasing nanocrystal size, and
the gap appears to remain indirect. The small absorbance
values in the tail region along with some uncertainty due to
correcting the data for the scattering contribution make de-

Energy (eV) ta?led analysis of the dat_a in this wavelength region uncer-
tain. However, the quality of the data on some of our

FIG. 6. The absorption spectrum ofda=2 nm Si nanocrystal Samples was sufficiently good to allow meaningful analysis.
sample. The spectrum of bulk Si is shown for comparison. The insefor an indirect transition the absorption data in the region of
shows absorption results for=1.8 nm Si nanocrystals. The inter- the band edge can be describedoyrh=C(hv— Eg)?
cept of the straight line with the axis defines the indirect band-gap where « is the absorption coefficienhv is the photon en-
energy. ergy,C is a constant anf is the band-gap energy. Analysis

FIG. 7. The photodissociation spectrum ofgStlusters from
f. 25 is coplotted with the absorptigar extinctior) spectra for
k Si and one of ourd=2 nm) nanocrystal samples.
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of data ford= 1.8 nm clusters using this relationshipset in  loosely-bound, liquidlike state. We shall return below to a
Fig. 6) yielded Eq=2.2eV. While the uncertainty in this discuss@on of the spectra of small Si nanocrystals and to a
value may be as large as(0.2-0.3 eV because of the afore- comparison of our results to theory.

mentioned weak absorption of the cluster solutions in the tail

region as well as some inaccuracies introduced in correcting B. Photoluminesence

for scattering, the result clearly demonstrates a significant
guantum confinement effect for the indirect gap of Si. Our
result is in close agreement with a study by Betsl?® on The fate of photogenerated electron-hole pairs in a semi-
SiO,-capped Si nanocrystals. From photoluminescence exciconductor is determined by traps and intrinsic recombination
tation (PLE) and photoluminescend®L) measurements on processes. Weak photoluminescen@) from phonon-
nanoclusters estimated to have a Si core diameter in thassisted, indirect band-ga&ph recombination in bulk Si has
range 1-2 nm, these authors deduced a bandgap of 2.06 elveen observe#. At room temperature, this PL peaks in the
As we shall discuss later, these measured quantum confingear IR at 1130 nni=1.1 eV), and at low temperaturés.g.,

ment effects are smaller than those predicted by effectiv€? K) there is also emission from, or to, shallow impurity
mass theory but are comparable to results of some modégvels. In the present work on Si nanocrystals we have ob-
calculations. served room temperature emission at various wavelengths in

Our smallest Si nanocrystalsi€ 1.8 nm) have~150 at-  the range 700-350 nin-1.8-3.5 eV, i.e., across the visible
oms and still retain bulklike optical properties. There hasrange. All our data were obtained at room tempera(@es
been considerable theoretical interest in the structure, shafe and the solvent was in almost all cases acetonitrile.
and properties of Si clusters containing up to few tens atoms In nanocrystals, a large number of the atoms are at or near
and in answering the question of how small can Si clusterhe surface leading to a preponderance of dangling bonds and
be and still retain bulklike properti€é-2* The results have defects which result in surface states. Adsorbed impurities
revealed major changes in shape as a function of size with @n produce additional surface states, and all of these states
qualitative change from prolate to more spherical structuresan act as traps or recombination sites. Consequently, light
in the narrow range between 24 and 30 atéfns. emission from nanostructures, be they nanocrystals or porous

Rinnen and Mandich determined the absorption spectra Si, can be quite complex with considerable uncertainties
of gas-phase neutral Si clusters in the size ranggt&iSi,,  about the origin of the observed PL. In solution-grown
using resonant one-and two-color photodissociation spectroganocrystals such as our own, there is the added concern that
copy. A surprising aspect of their results is that the spectr&xcess precursors and reaction products can lead to some
are essentially identical over the whole size range studiedyminescence which can interfere with that due to the Si
despite the theoretical findings that there is a wide variatiorglusters. In this regard, HPLC separation/purification has led
in the structure of the clusters over this range. The spectruri® significant improvement in the quality of the observed PL
of Sigy is shown and compared to bulk adg-2 nm cluster ~ spectra. Even so, it is difficult to definitively rule out the role
spectra in Fig. 7. The authors observed that thg_gispec-  of contaminants in the measured PL spectra of nanoclusters
tra have much in common with the spectrum of bulk crystal-in colloidal solutions.
line Si, however, the similarity in the spectra is not so obvi- In considering optical absorption and PL spectra it is nec-
ous. essary to take into account the exciton binding enekgy,

On the basis of their results Rinnen and Man&aton-  For nanocrystal&g is expected to be significantly enhanced
cluded that these small Si clusters must share one or morver its bulk value due to quantum confinement and the ex-
common structural entities which are strong chromophoregpected smallere of the nanocrystals. For example, Zunger
One possibility is that these small clusters share a commoand Wang® find e ~8 for d=2 nm Si nanocrystals com-
bonding network which persists and extends as the clustgrared with a bulk value of 11.4. The smalleralso strength-
grows in size, and that this network may be related to that oens the Coulombi@-h attraction which is given byJ(r)
bulk Si. Another possibility is that all of these clusters con-=—e?/ er, wherer is the distance between the electron and
tain at least one loosely bound smaller cluster such as theole. Tight binding calculations by Leung and Whaffey
abundant Sj which may be responsible for the sharp spec-yield a large increase ifcg of Si with decreasing cluster
tral structure in Fig. 7. We believe that the latter explanatiorsize. Similarly, Takagahara and Tak&Yealculated a large
is the correct one and offer the following explanation. increase inEg with decreasing cluster size for indirect-gap

In the photodissociation experimefitshe temperature of semiconductors in the framework of effective mass theory.
the clusters was estimated to be in the range 700—900 K. Ifheir results for Si show thdg increases from 14.3 meV
work on metallic and semiconducting clusters, it is generallyfor the bulk to~250 meV ford=2 nm clusters.
found that the melting point is substantially depressed with Figure 8 shows a room temperature PL spectrum of one of
decreasing cluster size. Thus, for example, the melting pointur earliest nanocrystal sample$<t5 nm) obtained before
of CdSe decreases sharply with decreasing cluster size, iteeveloping our HPLC capability. For excitation at 256 nm,
value ford=3 nm being about one half of its bulk value and the PL spectrum exhibits intense, structured emission cen-
is expected to be much less for smaller clustérBhus, we  tered at~365 nm (3.4 eV) and a weaker, also structured,
suggest that for the conditions of Rinnen and Mandich’s exemission centered at 600 n{®.06 e\}. It may well be that
periments, their Si clusters are essentially in a “moltenthe structure in both emissions is associated with the pres-
state” and that small entities like giare indeed the domi- ence of impurities or even different size populations. The
nant species. These entities have closed shap®5 nm emission appears to be largely due to diett
configuration$® which can quite conceivably exist in a recombination af’(I',s—I';<), and its high intensity and

1. Present results
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FIG. 8. The PL spectrum of an as-prepackd5 nm Si nano-
crystal sample. The dashed curve is x5 nm Si nanoclusters
capped by SiQ excited at 350 nm, taken from Ref. 2. The inset
shows a coplot of the extinction and PL spectra fat=a4.0 nm Si
nanocrystal sample.

FIG. 9. Coplot of the extinction and PL spectfar two excita-
tion wavelengthsfor d=2 nm Si nanocrystal samples.

culations for Si and attributed to quantum confinement and
reduced electronic screening. As we have already noted,
Takagahara and Taketldind Eg>0.25eV for the indirect
short PL decay lifetime £=1.5ns, as will be discussed gap of Si clusters withd<2 nm. Tagakiet al®> deduced a
later) are consistent with this assignment. The origin of thevalue of Eg=0.32eV ford~3.3nm Si clusters. Similarly,
600 nm PL is more uncertain. If both emissions were intrin-Read et al*! find Eg=0.32eV for the indirect gap of Si
sic properties of Si nanocrystals, then the 600 nm emissioquantum wires of~3 nm diameter. More recent first prin-
would be due to bandgap recombination. In this scenaricgiples calculations by @it et al3?® show Eg increasing
reference to the absorption data discussed above, would sufgem 0.3 eV ford=3 nm to~1.0 eV ford=1 nm. However,
gest that the 365 and 600 nm emission peaks are associatedfore concluding that the shift between absorption and
with a small nanocrystal population with=2 nm. emission peaks is equal By, caution is in order. For small
The dashed curve in Fig. 8 is the PL spectrum ofnanocrystals the electron and hole will be in very close prox-
SiO,-capped Si nanoclusters reported by Litetual 2@ for imity and the exciton state should be strong in both absorp-
their “1.0 colloid” sample d<5 nm) excited at 350 nm. tion and emission suggesting that the shift should be
We believe that this luminescence has the same origin as thamall®” Thus, some uncertainty remains as to the origin of
peaked at~600 nm in our spectrum, but is red shifted be- the observed 0.4 eV shift. Possible contributors are size poly-
cause of larger crystallite size. As will be discussed later, welispensity, electronic fine structure and/or phonon effects.
believe this luminescence is due to band gap indirect recom- It can be seen that the major PL peak in Fig. 9 is asym-
bination. metric. Analysis of the spectrum reveals a secondary peak at
For excitation at 320 nm the PL spectrum for our sample~420 nm(~3.0 e\). As appears to be typical for Si nano-
in Fig. 8 retains its structured two-peak character, but thestructures, the 365 nm pedkith the 420 nm peak sub-
peaks are red shifted compared to excitation at 256 nm. Spéracted is fairly broad, its width at half max being1 eV.
cifically, the more intense emission is centered~&30 nm  This sample also exhibits weaker and quite broad emission at
(3.3 eV) and the less intense emission is peaked®0 nm  wavelengths longer than 500 nm, as shown. This lumines-
(1.82 e\). The redshift of the emission may come from ex- cence is less well defined than that for the sample in Fig. 8.
citing a population of larger clusters with the longer wave-In addition to being purer, the sample in Fig. 9 is also more
length excitation. The~680 nm peak in our PL spectrum monodisperse as suggested by its sharper absorption fea-
excited at 320 nm is redshifted from Littat al’s> PL spec-  tures. Consistent with this observation, the extra structure in
trum in Fig. 8, consistent with a larger cluster population. the PL spectrum in Fig. 8, attributed to different size popu-
Results on ad=2 nm size-selected, purified sample arelations of nanocrystals, is absent in Fig. 9.
shown in Fig. 9. The absorption spectrum was discussed ear- Figure 9 also shows the PL spectrum for a similar sample
lier (Figs. 6 and 7. The first absorption peak at 325 (81  excited at 490 nn{2.53 €V i.e., just above the indirect gap
eV) is attributed to thd ,5—I"45 direct gap, but blueshifted for this nanocrystal size. This PL peak is centered at 580 nm
by ~0.4 eV due to quantum confinement. Excitation at 2452.14 eV}, and it is tempting to attribute it to indirect band-
nm yields the PL spectrum shown. The major peak is cengap recombination. However, we note that this luminescence
tered at 365 nm(=3.40 eV i.e., essentially at the same is identical to that observed on much largei=(8—10 nm)
wavelength as for the sample in Fig. 8. Again, we attributenanocrystals as shown in Fig. 5. We are thus led to conjec-
this peak to direce-h recombination af. It is redshifted ture that this PL is due to surface or defect recombination.
from the absorption peak by 0.4 eV. It is tempting to view The independence of this luminescence of nanocrystal size
this shift as a measure the exciton binding energy. Indeed, ithay be relevant to semiempirical tight-binding and ab initio
magnitude is comparable to values deduced from model calocal density calculations by Allaet al>* which demon-
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T T T T T T T T x-ray absorption fine structuréNEXAFS) and extended
Si Nanoclusters :::::mz:: (_2 :_slkadet‘al‘r X-ray ab.sorption. fine structurEXAFS) _measurements.
ar @ PresentWork A T;ia:i; g Keeping in mind the above precautions, we can now offer
- X Saunders etal’ some observations on the data in Fig. 10. Looking first at the
3 Vv E Liudeal” results of earlier work, we note that there are differences in
> v O the dependence on size reported by different authors. Some
§3 i ~ ~E B Kanemitsu' | of the differences, but not all, are almost certainly due to
w NY~EE V Kim™ uncertainties in size. Secondly, we note that essentially all of
& ~B - 1% the PL peaks energies on Si nanocrystals capped with SiO
§ v + .y -~ @ or embedded in glass matrices fall within the shaded region
a2F A ® S, ] in Fig. 10, albeit this region embodies a wide band of ener-
AR B gies or wavelengths at each value fAn issue for these
______ N sample$® 7838 js the role of the SiQor glass and suboxide
layer that almost certainly exists at the interface. There are
1 ; . - : a = = ' undoubtedly defects and surface states at this interface, and

0 1 2 3 4 5 6 7 8 9

diameter (nm) they could play a significant role in determining the lumines-

cence from such samplé$.The authors of most of these
FIG. 10. Summary of datditerature and present worlon peak ~ WOrks imply generally that the observed PL is intrinsic to the
PL energy versus Si nanocrystal size. Si nanocrystal cores, but doubts remain. The shaded region
also embodies much of the published PL peak energies on
Jporous Si samples, an observation that has been used by
Si nanocrystals. The excitons are obtained for dimer bond ome authors 1o suggest that the PL of porous Si is Intrinsic
p_a'ssivate_d by,.e.g., hydroge{relevant to our cIuste};or . ir? ?Hgi?g;?;%;%g;yg&ong doubts and many puzzles remain
silicon oxide. Light emission from these trapped excitons is : . : .
essentially independent of size. ' Whereas some of our data points fal! in thg shaded region
op Fig. 10, the rest fall well above this region. As noted

The inset in Fig. 8 shows the absorption and PL spectra earlier, our PL spectra generally exhibited a higher ener
a nanocrystal sampled& 4 nm) with structured absorption Co P 9 Yy ng gy
major peak and a lower energy minor peak. It is the energies

[peaks at 355 nni3.48 eV} and 280 nm4.40 eV} which we . 4 ) ;

believe are associated with the quantum confinement-shifte%llc :hesermmoriﬁ?ali(rs{ tt?]at ;?” Irn th? sh\zdelc)i rltiag\llon. Our hilgth;j

two direct transitions al'] exhibited a PL peak centered at est energy points € higure are, we believe, associate
with direct (I',5—1"45) recombination. As far as we know,

540 nm(2.30 eV) for excitation at 470 nm2.64 eV, i.e., this is the first observation of such direct recombination from

well below the first direct transition dt. This emission is at _. . . . .
slightly shorter wavelength than the peaks in Figs. 5 and 9'3' andlls made p_OSS|bIe by guantum conflnement._ Consistent
with this conclusion, the decay lifetime of the luminescence

Isz?gggsglg% eh>g;|n: I(; e? é(')gr:gég,hf) ezlkfag%(grﬁm (IE ih8e ;n\zet "is on the order of a nanosecofas discussed belgwKim'’s

which is most likely due to recombination at the indirect 'gNeSt €nergy pointin Fig. 10 may also be due to this direct
band gap recombination.

The heavy dashed curve in Fig. 10 depicts the intermedi-
ate part of our data, and the data of Kanenfisuod Iwasaki
et al® Here two scenarios can be examined. The first pre-

As seen above, Si nanocrystals in solvents produced bgumes that the low energy emissidiand thereby all emis-
our inverse micellar synthesis photoluminesce at variousions in the lower shaded regioare due to Si bandgap
wavelengths in the range-700-350 nm(~1.8-3.6 eV. emission, i.e., indirect recombination. The intermediate en-
Figure 10 summarizes the results for our samples and conergy emissions would then be associated with some chro-
pares the PL peak energies with those from other authors. Imophore that may be related to the synthesis. The measured
doing this comparison it is necessary to caution that a majoPL decay lifetimes for these emissions are on the order of a
uncertainty in the figure is knowledge of the size of thefew to tens of nanoseconds, as we shall see later. Alterna-
nanocrystals. We have presented the data using the nomin@tely, the intermediate energy emissions are due to bandgap
diameters deduced from our work and reported by the variemissions and the low energy emissions due to surface-state
ous authors. It is very difficult to be certain that TEM imagesrecombination as also suggested by Kanenfitsihe
will give truly representative dimensions and shapes in theelectron-hole pairs are generated in the interior of the Si
absence of large statistical samples. In the few cases whemanocrystals. Some of the electrons rapidly decay into the
statistical analyses were performed, it was found that nandewer-energy surface states while sofaelarger fraction in
crystal samples embody a broad distribution of sizes. Theseur cas¢ recombine with the holes across the gap. One dif-
broad distributions are evident to some extent in the venficulty with this scenario is that some of the emission ener-
broad PL peaks of nanocrystal Si samples. Even for ougies for sizesi>4 nm fall above effective mag&EMA) pre-
HPLC-separated and purified cluster populations, we findliction (discussed beloywhich overestimates the quantum
relatively broad PL peaks, suggesting, at least in part, sizeonfinement effect—an observation that argues in favor of
dispersion. Undoubtedly, the most accurate size informatiothe first scenario.
in Fig. 10 is that due to Schupplet al3* who deduced the Some observations on porous Si are relevant to the inter-
sizes of their Si@-capped nanocrystals fromiSinear-edge mediate energy regime in Fig. 10. Blue light emission is

strated the stability of self-trapped excitons at the surface

2. Comparison with earlier luminescence results
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commonly observed from aged and or oxidized porous Si. 35 (——p T T
This emission is observed in the range 410-490(r18.0— T =46
2.5 eV) depending on the aging/oxidation conditions, and the 30 1=40ps
radiative lifetime is in the ns range for some samples and in T2 = 1610 ps
the us range for other samples. The energy range of this PL - A1/A2 ~7000
! . ’ S 25 .
overlaps most of the data in the intermediate regime in Fig.
10. The origin of this PL is a subject of continuing debate
between two competing mechanisms. In one, as in the recent
work of Li et al,>¥% the PL with us lifetime is believed to
come from the crystalline cores of oxidized nanometer-size
Si particles, whereas the PL with ns lifetime is attributed to
the oxidized layer. In the second mechanism, the PL is at-
tributed toe-h recombination at centers located at the inter-
face between the Si nanocrystals and the Si oxide as well as
on the inside of the oxide laye?s? In this mechanism, the
photoexcitation most likely occurs in the crystalline Si cores
and the carriers transfer to the luminescent centers at the B —
interface or in the oxide. This second mechanism comes 500 1000 1500 2000 2500
closer to our present case where we believe that the PL in the time (ps)
intermediate regime is due to surface state recombination.
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FIG. 11. Decay of the PL intensity at 460 nm fod& 3 nm Si
3. Radiative recombination rate and quantum efficiency nanocrystal sample. The inset shows the decay of the PL of a simi-

. L. . lar sample at lower time resolution.
The radiativee-h recombination ratél/7), wherer is the P

radiative lifetime, is an important measure of the effective-
ness of a luminescing material. For direct band gap semicoqm
ductors like GaAs the recombination is fastbeing on the

To estimate the quantum efficien¢®.E,) of various so-

ions of Si nanoclusters, we measured the total area under
o . the PL curve and normalized this by the absorbance of the
order of 1-10 nanoseconds or less. For indirect gap materia, mple at the excitation wavelength. We performed identical

“ketﬁ" onéhe o}h;ar han?, th_e recombénattlon |§|I_s|@ube|r(1jg | measurements on a laser dye, Coumarin 500, known to be
on the order ot tens of microseconds 1o MIllISECoNds. Ny hqa to 100% efficient at light emission. We took the ratio
nanocrystals all vibronic as well as recombination rates ar

9f the cluster solution PL area to the dye emission PL area

expected to increase as the electron and hole wave functions y.. identical excitation conditions, lamp energy, and spec-

become more compact and more overlapping with Olecrea?Fometer bandpass as a measure of the efficiency of light
Ing size. emission of the nanoclusters. The largest room temperature

Wel hafve Ob;?_'n;& for a couple of tourt82| gnSar}](oc_%staf[ ﬁ?.E. achieved was 3.9% for 2.0 nm Si nanocrystals in aceto-
samples from ecay measurements a - "€ Mkitrile with no special treatment of the cluster surface, or
experiment was performed aih=3 nm nanocrystals in sol- annealing

vent using an apparatus with picosecond resolution in the In a similar study on Ge nanocrystlsve examined the

laboratory of our pollaporator Professor David Kelley of influence of the polarity of the solvent on the Q.E. Extensive
Colorado State University. The results expressed as PL @M 2 ond=2 nm Ge nanocrystals revealed a gradual de-

plitude vs time at 460 nm for excitation at 300 nm are shown, ...« in pL efficiency with decreasing solvent polaet-

]|cn 't:'g.'l 1f1.t‘t 'I;jhg dteca?(ff_ multlex]!oo?_en:!a: but can bet Sf’iﬂs'ylene glycob>acetonitrile-toluene>orthoxylene). The same
actorily fitted by two lifetimes, a fast initial component with 3 - 4o expected for Si.

=46 ps and a slow component with-1.6 ns. It is not clear
what the origin of the fast component is, but the slower is
comparable to that for direct-like-h recombination as in
bulk GaAs. The inset in Fig. 11 shows the PL decay kinetics There has been an evolution of theoretical treatments of
for another sample witld=3 nm measured at lower time the electronic structure of semiconducting nanocrystals. The
resolution. The decaffor PL at 440 nm can be adequately earliest treatment is the effective mass approximatiiviA)

fit by two exponentials. The fast component with 17nsis  due to Efros and Efrd8 which assumed spherical nanocrys-
convolved by the instrument response so that the decay déls, parabolic energy bands and infinite potential barriers at
the sample may be actually faster. The slow component witthe crystal boundary. In the EMA one replaces the micro-
7=48ns is due to the sample. The scatter at long times iscopic quasi-periodic potential of the bulk material by a con-
due to digitization noise. As discussed above, the origin oftant potential, and the kinetic energy operator is replaced by
this PL is not known, but we believe it is due to surface statean effective-mass operator derived from the parabolic expan-
recombination. Thisr=48ns is also much shorter thats  sion of the bulk band structure. Experience on a large num-
observed for Si@capped Si nanoclusters; e.g., Littaual?  ber of materials has shown that EMA generally treats large
fit their time-resolved PL results on their colloid 1.0 sample(d>5-6 nm) nanocrystals fairly accurately but fails seri-
(d<5nm) with two exponentials yielding,=17us and ously for smaller nanocrystafé. Consequently, there have
T,=76us. (A note of caution is in order: in Fig. 11 the been a number of attempts at improving it. For example,
decay is measured over a very narrow range of times and tHerus® included the electron-holee¢h) interaction energy,

7s should be considered tentatiye. i.e., the Coulomb term, dealt with finite-potential walls to

C. Comparison with theory
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Sp—T——T T T T T T 230 data consist of PL peak energies vs. size as was presented in
[\ SiNanocrystals Fig. 10. Thus, we superimpose on the theoretical results in
[\ 7 ; - sv";;(mn) oo Fig. 12 the experimental data of Fig. 10 in an attempt to look
4F 3 - RKF (Ref. 18) for trends. We caution, however, that many of the experi-
[ s hewid s o mental data shown are not necessarily attributed to recombi-
2l 6 - H(Ref. 44) E nation associated with th@ndirect) band gap, rather, they
a3 7 - OCaL(Ret.32) =400 = may be due to surface or impurity recombination or, in the
1:,’ [ A5 - case of some of our results, to direct recombinatiod at
K] § Additionally, in comparing the experimental and theoretical
2 — 600 results, one needs to keep in mind the relatively large and
size-dependent exciton binding energy as well as the large
1%° uncertainty in determining size.
N 6 5 1200 Zunger and Warf§ compared their calculated exciton en-
— ; 2 ; L ; :; 4 ; — ergy vs. size both W|th_ band-ga_lps estimated from absqrptlon
diameter (nm) measurements and with experimental PL peak energies and

found some systematic trends. Specifically, all the experi-

FIG. 12. Comparison of theoretical band-gap energies and exmental bandgap data fell above the calculated Energgl vs
perimental PL peak energi¢same data as in Fig. 1@or Si nano-  curve, whereas all the PL data fell below this curve leading
crystals. to the conjecture that the observed PL originates from some

persistent (approximately size-independensurface states

calculate excited state energies, and considered the influentgther than from intrinsic nanocrystal states. However, it
of the dielectric constant of the surrounding medium.should be noted that in this comparison the absorption and
Kayanumd® went on to consider the influence of nanocrystalPL data came from different sources, and, furthermore, the
shape, specifically, spheres vs cylinders. Despite these in&bsorption data are from porous Si samples, making defini-
provements, EMA results generally overestimate the contive conclusions difficult. Although many of our findings ap-
finement effect, especially for small clusters. pear to be in qualitative agreement with Zunger and Wang'’s

In an attempt to overcome this shortcoming, tightobservations, it is premature to come to any definitive con-
binding*®~*2and pseudopotentid?®3*methods have been clusions about mechanisms. The experimental situation has
employed with various degrees of success. Rama Krishn@® greatly improve before we reach that stage.
and Friesnéf used empirical pseudopotentials to calculate Leung and Whalle§’ investigatede-h interactions in
the influence of size confinement on the indirect gap as wellruncated small spherical Si nanocrystals by incorporating
as on thel',5—I'y5 and I'ys—L transitions. An interesting Coulomb, exchange and spin-orbit couplings into tight-
aspect of their work is the finding that the dird¢js=—I';s  binding models. They reported the optical absorption spectra
transition energy first increases slightly with decreasing crysfor nanocrystals with 41, 83, and 147 atoms in size, corre-
tal size and then decreases. The decrease is attributed to thgonding tod=1.16, 1.47, and 1.78 nm, respectively, the
inverted parabolic shape of the conduction band"aDur latter being equal in size to our smallest nanocrystals. The
results do not agree with this finding. Rather, we find a sig-hanocrystals were constructed by sequentially adding shells
nificant increase in this energy for our smallest nanocrystalsabout a central atom, and therefore have tetrahedral symme-
Another feature of their results is the finding that size con-ry. Figure 13 compares their calculated, vs energy spec-
finement splits the two overlapping{«) conduction bands trum for the 147-atom cluster with the extinction data for our
atI’ (I'y5) as well as the two overlapping bands at the top of1.8 nm nanocrystals which are of comparable size; (s
the valence band also Bt (Actually, these two latter bands the imaginary part of the dielectric constarnthe absorption
are slightly split in bulk Si by spin-orbit interaction as shown spectrum,o,,{ w), is directly related toe ,(w) by ogps~
in Fig. 3) These splittings should, in principle, be reflected € »(w). The agreement between the two spectra in Fig. 13 is
in that part of the absorption spectrum due to direct transifairly good, especially with respect to the bandgap and the
tions atl’. However, as we have already noted, there is ndirst direct [",5—1I"15) transition.
discernible evidence for it in our Si nanocrystal spectra. The Several groups have calculated the intrinsic recombina-
reason for the absence of such evidence is embodied in th®n rate, 1f, as a function of size using different models for
results in Fig. 3, namely the curvature of the two split-off band gap recombination in Si nanocrystals. Some of these
conduction bands dt. Specifically, the first split-off band is results are summarized in Fig. 14 which also shows our ex-
concave and the second is convex providing a potential welperimental results as well as those of other authors. Because
for electrons. Thus, the first direct optical transitiod'ah Si  of aforementioned uncertainties in the experimental data,
nanocrystals is to this second band. particularly in size determination, it had been hoped that

Figure 12 shows various theoretical results on the variamodel calculations will provide guidance as to the depen-
tion of the indirect bandgap energy with size for Si nanoc-dence ofr on size. Unfortunately, the very large disparities
rystals. Clearly, there are very substantial quantitative differamong the various model results in Fig. 14 do not allow us to
ences among these results, especially at small sizes makingditaw any definitive conclusion. The only certainty in these
difficult to draw any meaningful conclusions. In attempting results is thatr decreases with decreasing cluster size, as is
to compare these results with experimental data, we note thaxpected. Leung and Whaf@provided two bounds for vs
very few authors have reported the experimental magnitudd as shown by the dot-dash curves. The bounds account for
of the bandgap for Si clusters. Almost all of the availablevariations in model parameters for both surface-truncated
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FIG. 13. Comparison of the extinction spectrum forda d (nm)

=1.8nm Si nanocrystal sample with the calculatedw), spec-
trum for 147-atom Si nanocrystalfrom Ref. 29. The two nano-
crystal samples are of about the same size. The arrow indicates the .

. R R size. Theoretical results are also shown.
location of the calculated indirect band gap which is in good agree-
ment with our experimental value.

FIG. 14. Summary of the availab{present work and literatuye
rgiata on the dependence of the PL decay lifetime on Si nanocrystal

oms. HPLC techniques with on-line optical and electrical
and hydrogen-terminated nanocrystals. Most all of the othefliagnostics were developed to purify and size separate the
calculated results fall between these two bounds. clusters and to ensure obtaining background-free absorbance

As for the experimentally determinefls, we can make and PL spectra.

the following observations. First we note that the model re- In addition to the long wavelength absorption tail associ-
sults in Fig. 14 are for band gap recombination. Three dat&ted with the indirect-bandgap, several direct transitions
points on SiQ-capped Si nanocrystal®ne from Wilson —Wwere evident in the data. It was found that the smallest gap in
et al}®and two, presumably on the same sample, from Littananosize Si remains indirect to the smallest sizes studied,
et al?) fall in the middle of the band of model results. The =1.8 nm. The different electronic transitions exhibited vari-
associated’s are on the order of a few tens of microseconds.0us quantum confinement effects. The indirect band-gap
We also show a band of experimental resutts porous Si.  shifts from 1.1 eV in the bulk to-2.1 eV for nanocrystals
These data also fall within the broad band of model results=2 nm in diametefin qualitative agreement with theoretical
Our two data points£'s=1.5 and~50 n9 and Kanemitsu's Ppreductiong and the direct transition dt (I';s—I'15) blue
datum point (7-: 0.8 ns) fall well outside the range of the shifts by 0.4 eV from its 3.4 eV bulk value over the same
model results as they should, consistent with our interpretasSize range. Some transitions were relatively insensitive to
tion of the associated PL as being due to dimdt recom- ~ cluster size, a feature that can be qualitatively understood in
bination and surface/defect recombination and not due téerms of the shape of the associated dispersion curves in the
bandgap recombination. There are no model calculations afand structure.

propriate for these data. We have observed room-temperature photoluminescence
from Si nanocrystals at various wavelengths in the range
IV. SUMMARY AND CONCLUSIONS 700-350 nm(1.8—-3.5 eV, i.e., across the visible range. The

largest quantum efficiencies wetred% for d=2 nm Si. No

We have successfully grown size-selected Si nanocrystalgost synthesis surface treatment was employed to achieve
in the size range 1.8 to 10 nm. HRTEM fringe images showthese results. Solvent polarity was shown to influence quan-
that the nanocrystals are of high crystalline quality, and electum efficiency.
tron diffraction results show that they retain their bulk dia- The most intense PL was in the blue region of the spec-
mond structure down to about 4—5 nm diameter. Optical abtrum (~365 nm) and is attributed it to direct electron-hole
sorption data suggest that these nanocrystals retain theiecombination at’ (I',5— 145 transition. The short radiative
bulklike properties and structure down to the smallest sizedifetime for this PL {=1.5ns with a faster initial compo-
produced(~1.8 nm diameter containing about 150 Si at- nen) is comparable to that for GaAs and is consistent with
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our assignment. This observation of direct recombination irwhich is very sensitive to small changes in surface charac-
Si is a consequence of quantum confinement. A relativelyeristics, may play a significant role in elucidating the influ-
strong PL centered around 580 nm is fairly insensitive toence of surface structure on the optical properties of nano-
cluster size, and is attributed to surfaee defecf recombi-  clusters.
nation. Other PL peaks were tentatively assigned, but more
work is needed to confirm the assignments. ACKNOWLEDGMENTS
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