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Size-controlled highly luminescent silicon nanocrystals: A SiO /SIO,
superlattice approach
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Phase separation and thermal crystallization of SiOJSiGperlattices results in ordered arranged
silicon nanocrystals. The preparation method which is fully compatible with Si technologies enables
independent control of particle size as well as of particle density and spatial position by using a
constant stoichiometry of the layers. Transmission electron microscopy investigations confirm the
size control in samples with an upper limit of the nanocrystal sizes of 3.8, 2.5, and 2.0 nm without
decreasing the silicon nanocrystal density for smaller sizes. The nanocrystals show a strong
luminescence intensity in the visible and near-infrared region. A size-dependent blueshift of the
luminescence and a luminescence intensity comparable to porous Si are observed. Nearly size
independent luminescence intensity without bleaching effects gives an indirect proof of the
accomplishment of the independent control of crystal size and numb&0@2 American Institute

of Physics. [DOI: 10.1063/1.1433906

Nanoscaled structures play a major role in optoelectroni@nnealing of amorphous Si/SjQGuperlattice the size of the
and semiconductor research with many applications alreadfprmed nanocrystals is limited at least in one direction due to
in a commercial state. After intense research focused on pahe Si layer thickness uséd. A severe drawback of this
rous silicon there remains only limited hope for active light method is that most of the nanocrystals touch each other and
emitting silicon-based devices. Highly porous materials areéhe layers are more like a polycrystalline film as was shown
very fragile and will hardly survive standard Si technology. by transmission electron microscogyEM) investigations.

In addition, the surfaces of the remaining Si wires and dotThis clearly limits the luminescence efficiency in the visible
are highly reactive. In the past, the influence of surface pasange due to nonradiative processes at the grain boundaries.
sivation like oxidation or hydrogenation on the optical prop- In this letter, we present a method for the preparation of
erties was investigatedPresent Si nanocrystals research isSj nanocrystals which enables to control not only the size but
focused on the preparation of Si nanocrystals embedded iflso the density and the arrangements of the nanocrystals as
an oxide host. Methods applied for preparation are Si iornwell and independent of the stoichiometry. Strong photolu-
implantation into high quality oxidessputtering of Si rich minescenceéPL) and a size dependent shift of the PL posi-
oxides® or reactive evaporation of Si rich oxidés¥ith re-  tion are shown as a proof for size control and passivation.
gard to a strong photoluminescen@d) of the nanocrystal- Amorphous SiQ/SiO, superlattices were prepared by
line Si(nc-Si in the visible spectral range the control of size, reactive evaporation of SiO powders in oxygen atmosphere.
passivation, and density is mandatory. A blueshift of the lu-The films were deposited on 4 in. wafers in a conventional
minescence is observed with decreasing nanocrystal sizevaporation system with two symmetrically arranged evapo-
The size control is realized in all these methods by changingators. Rotation of the substrate enables a high homogeneity
the chemical stoichiometry of the films. Reduction of theover the whole wafer. Before evaporation the chamber was
implanted Si dose or the O enrichment are the usual ways fQfumped down to ¥ 10~ 7 mbar. The substrate temperature

a decrease in nanocrystal size. However, by decreasing thas 100 °C. In this work, a constant stoichiometryxef 1
nanocrystal size into the desired range the density of theas used for the ultrathin SiQayers. We prepared SiO lay-
nanocrystals is reduced simultaneously. In addition, there igrs with thicknesses from 3 ntsample A to 1 nm(sample

only a limited control of the size distribution. High tempera- B) and with 46—92 periods separated by $l@yers of 3 and

ture annealing results in diffusion of the Si atoms and in Sip hm to force the nanocrystals into a dense and layered ar-
clusters in the oxide. Crystallization occurs for cluster Sizesrangement. After deposition the samples were annealed at
larger than the critical crystallization radius and by using1100°C fa 1 h under N atmosphere.

annealing temperatures above the crystallization  gelected SiO/Sifilms were investigated by cross sec-
temperaturé.For device application accurate engineering Oftion TEM in CM20T and JEM-4010 electron microscopes.
spatial position, size, and density of the Si nanocrystals iShe cross section samples were prepared in the usual way
essential. As a first approach, the preparation of amorphoygc|yding final Ar ion milling. Imaging the superlattice struc-
Si/Si0, superlattices was suggesfedfter high temperature  yres as deposited and after annealing was realized applying
the Fresnel defocus method at medium magnifications. The
dElectronic mail: zacharias@mpl-halle.de formation of the nanocrystals during annealing and their
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FIG. 2. Nomalized photoluminescence spectra showing a blue shift corre-
lated with the crystal size.

estimated from dark field images a€3.8 nm for sample A,
and <2.0 nm for sample B. No larger crystals were ob-
served. By x-ray diffraction we estimated the average nano-
crystal size using the Scherrer equation. The average size
estimated from sample A was 3.4 nnt (.5 nm), in good
agreement with the abovementioned TEM results.

e Figure 2 shows the normalized luminescence spectra of
@ the investigated films. A strong blueshift from 960 to 810 nm
with decreasing nanocrystals size was observed. The PL does

FIG. 1. Cross-sectional TEM images of SiO/Si6uperlattices((a) As- h . d d d dati bl hi
prepared SiO/Si@superlattice. The darker layers represent the SiO sublay-nOt show any time dependent degradation or bleaching as

ers.(b) The same film after annealing. The separation of the nanocrystals biknown for porous silicon. The PL intensity varied by around
a thin oxide shell is clearly visiblec) High resolution TEM image of the 12094 compared to the PL intensity of the strongest sample
film. For clarity, the visible nanocrystals are highlighted by circles. The but does not systematically degrade with decreasing size
crystals are only found in the former SiO layers, which is emphasized by the . . ; . )
lines in the image(d) TEM image of a film with even thinner SiO layers2 Reactive evaporation of SiO powder in oxygen atmo-
nm after anneling. sphere was used previously for preparation of bulk amor-

phous SiQ films with x in the range between 1 and® Zhe
sizes were confirmed in dark field images and partly undef9h temperature annealing of such initially amorphous,SiO

high resolution imaging conditions. The PL spectra are takefiiMms results in phase separation described by
using a liquid nitrogen cooled CCD array camera attached to
a_single monochromator. The 325 nm Iine_ 01_‘ a HeCd laser SiOg(—>ESi02+
with a power of 35 mW was used as excitation source. All 2
spectra are corrected for spectral response of the measure-
ment system. and in Si clusters in a SiOmatrix. The phase separation of
Figure Xa) shows the as-prepared film of sample A with the SiQ, automatically ensures that nucleated Si
SiO and SiQ layers of 2.8—3.2 nm thickness. Figurébll  nanocrystals/nanoclusters are separated from each other by a
represents the same film after annealing. Clearly visible ar&iO, shell. Based on the above equation the thickness of the
the superlattice structure and the phase separation. The coxide between the Si nanoclusters depends on the stoichiom-
cular inset is an image zoom to demonstrate the size of thetry of the SiQ as well. The crystallization of bulk SiO
nanocrystals and their oxide separation. In high resolutiorilms results in randomly distributed nanocrystals with an
[Fig. 1(c)], nanocrystals can be seen by lattice images. Thaverage size depending on the original stoichiometry and a
arrangement in layers parallel to the substrate surface i®g normal size distribution. Also, an increase of the stoichi-
clearly visible. Please note, that only crystals having the righbmetry parametex to 1.63 is necessary in case of thick $iO
orientation with respect to the incident electron beam can bélms for an average size of 3 nm corresponding to a drasti-
seen by their lattice images. Figurédl presents sample B cally reduced density of nanocrystals correlated with a strong
with the SiO/SiQ superlattice structure but with even thin- decrease in PL intensifyln contrast, we used a constant
ner nanocrystalline layers and therefore smaller crystals. stoichiometry ofx around 1.0 for preparation of the thin SiO
Using dark field conditions the upper limit of the nano- layers. The nanocrystal sizes are controlled independently by
crystal sizes was estimated. The roughness of the interfacesing a layer thickness equal or slightly below the desired
was below 0.5 nm at both sides in the as-prepared filmsrystal sizes. As can be seen by comparing Figb) &nd
resulting in a size distribution of (3230.5) nm after anneal- 1(d) the density of the nanocrystals is even higher for the
ing for sample A. The upper limit of the nanocrystal sizefilm with the ~2 nm crystals which is due to the thinner
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buffer oxide layers of only 2 nm in this case. After phase = The observed blueshift of the PL signal with decreasing
separation and crystallization the nanocrystals show a size icrystals size in Fig. 2 can be explained by quantum confine-
the range of the layer thickness with small fluctuation due tanent taking the complete oxygen passivation of our nanoc-
the fact that by accident there might be one or even twaystals into account In this case, the blueshift is smaller
atomic layers more on each side of the interface in agreemeiitan expected for a recombination via free exciton states
with the original interface roughness. Even more important isvhich normally is found for hydrogen passivated Si cluster.
the fact that we can clearly limit the upper size of the nanocHowever, there is still a deviation for our smallest sizds (
rystals with our method as can be seen by our TEM and high<2 nm) which requires further investigations. The nearly
resolution TEM. Such control cannot be realized by eithersize-independent PL intensity observed in our SiO)S0-

ion implantation or bulk thick SiQfilms which show inclu-  perlattices indicates the accomplishment of an independent
sions of larger sizes randomly arranged in the matrix. Theontrol of crystal size and number. So far we did not observe
amorphous Si/Sipfilms are polycrystalline after the anneal- the expected increasing PL intensity for samples with de-
ing process with grain boundaries and the formation of bri-creasing crystal size. However, several additional size depen-
quettes for thicker layers. dent effects such as the absorption cross section or the crys-

Some of the nanocrystals visible in Figclseem to be  tajlization process itself may also play a role and influence
smaller than the layer thickness which is due to the fact thajhe p| intensity.

either the TEM preparation cuts the nanocrystals at different |, conclusion, the preparation of Si€8iO, superlat-

cross positions or some of the nanocrystals are really smallgjzes represents a simple and efficient method for fabricating
or both. Note, that the position of the nanocrystals can bgghly Juminescent Si nanocrystals which allows indepen-
controlled in growth direction due to the position of the yent control of size, size distribution, and density. We can
layer. Within the layers there seems to be a self arrangemeny, 5 nge the Si nanocrystals in a specific depth and for a spe-
[see zoom in Fig. (b)] correlated to used stoichiometry and gific nymper of layers and with a specific density. The thick-
thickness of the buffer oxide In a way that for adjacent I.ayershess of the SiO layer controls the size of the crystals. The
the nanocrystals are formed in the middle of wo adjacengtoichiometry parametet enables the control of the crystal
nanocrystals. Such an arrangement could be understood nsity within the layers as well as the separation of the
the periodic_ correlated strain fluctua_ti_ons of the nanocryst anocrystals by a sufficient oxide barrier. In addition, the
network which could prefer this posn!on for a nucleus. Thethickness of the Si@layers which are used for separation of
sel-arrangement effect is destroyed if the buffer Slayer the active nanocrystalline layers controls the overall density

s too thin(below 2 nm due to the influence of the interface of the nanocrystals in the films. Such control is not possible

roughness or if the layer is to thick due to strain relaxation. . . : . :
S L with the known preparation methods available in the litera-
The lower limit in size is given by the crystallization theory

: I ture. The process is fully compatible with normal Si technol-
adapted to nanometer-thick lay@réle expect a critical crys- . T o
o . S ogy. Also, reactive evaporation is quite simple and easy to
tallization diameter of around 1.8 nm for oxide interfaces

and the above superlattice structure. Hence, a layer thickne(s:gntml' In addition, other methods like electron beam evapo-

of 1 nm(sample B will most likely not result in nanocrystals rg’qon, CVD, reactivg rf sputtering or even-pulsed laser depo-
of a diameter of 1 nm. As seen in Figidl the size is slightly sition can be applied for the preparation of amorphous

larger than the original layer thickness and in the range of th<§'Q</SIOZ superlattices, and should result in a similar nano-

critical crystallization diameter. Especially for such samplescTystalline structure after annealing. Strong photolumines-

the full width at half maximum{FWHM) of the size distri- C€Nce of the samples, comparable to that of porous silicon,
bution is below=+0.5 nm. Smaller crystals are not expectedWaS observed associated with a blueshift with decreasing size
to be stable using equilibrium annealing conditions but could®f the nanocrystals. The nearly size independent PL intensity
possibly be generated by using rapid thermal annealing. 'S @n indirect proof of the accomplishment of the indepen-
The quantum confinement model predicts a blueshift ofdent control of crystal size and number.
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