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Silicon Nanocrystals: Size Matters**

By Johannes Heitmann, Frank Miiller,
Margit Zacharias,* and Ulrich Gosele

This paper reviews new approaches to size-controlled silicon-nanocrystal
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synthesis. These approaches allow narrowing of the size distribution of
the nanocrystals compared with those obtained by conventional synthesis

processes such as ion implantation into SiO, or phase separation of sub-stoichiometric SiO,
layers. This size control is realized by different approaches to introducing a superlattice-like
structure into the synthesis process, by velocity selection of silicon aerosols, or by the use of electron
lithography and subsequent oxidation processes. Nanocrystals between 2 and 20 nm in size with a
full width at half maximum of the size distribution of 1 nm can be synthesized and area densities
above 107 cm™ can be achieved. The role of surface passivation is elucidated by comparing
Si/SiO; layers with superlattices of fully passivated silicon nanocrystals within a SiO, matrix. The
demands on silicon nanocrystals for various applications such as non-volatile memories or light-
emitting devices are discussed for different size-controlled nanocrystal synthesis approaches.

1. Introduction

The first experimental results more than a decade ago dem-
onstrating room-temperature luminescence of silicon nano-
crystals (Si-NCs) in silicon-implanted Sio," or in porous sili-
con??! triggered a strong interest in the fabrication of Si-NCs
and their properties. Besides fundamental physics questions
concerning quantum-confinement effects in the indirect semi-
conductor silicon,*"! potential applications such as light emis-
sion from electrically excited Si-NCs,*'*! energy transfer to
Er** ions,"*"”! and non-volatile memory devices?*?! also stim-
ulated a broad interest in this material system. For clarifying
the origin of the observed luminescence signal as well as for
the described potential applications, tight control over the size
of the nanocrystals is essential. Synthesis of Si-NCs can be re-
alized by electrochemically etching single-crystalline silicon in
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hydrofluoric acid, resulting in a sponge-like structure called
porous silicon;#622! by ion implantation of silicon into an SiO,
matrix followed by thermally induced Ostwald ripening of sili-
con clusters and their crystallization;*?% by deposition of
sub-stoichiometric oxide films using chemical vapor deposi-
tion (CVD);[27‘30] by sputtering processes;[Sl‘%] or by reactive
evaporation[m followed by a thermally induced phase separa-
tion and crystallization of the Si-NCs. All these methods result
in a relatively broad size distribution of the synthesized Si-
NGCs. Size control in these systems is normally realized by
shrinking the entire size distribution by varying the silicon
content within the SiO, matrix,”®! by changing the etching
conditions in the case of porous silicon,®” or by subsequent
oxidation of the nanocrystals.m] The resulting broad size dis-
tributions complicate the characterization of quantum-con-
finement effects and are undesirable for potential applications
of these structures. In the case of optical characterization, this
problem can be partially circumvented by resonant excitation,
which results in a narrowing of the excited size distribution.**!
These experiments could only be successfully realized for po-
rous silicon due to the availability of thick films (i.e., large
numbers of nanocrystals) which can be synthesized by this
method. Especially in the case of thin SiO, layers containing
Si-NCs, the density of Si-NCs of one size is too small for this
kind of investigation.

In recent years, new ways of narrowing the size distribution
of the Si-NCs have been developed by introducing new tech-
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niques to the synthesis process. This paper reviews the most
prominent and promising recently developed approaches for
the synthesis of narrow size distributions of Si-NCs and dis-
cusses their potential for applications.

2. Applications and New Perspectives

In this section, we discuss the need for size control in the Si-
NC system to investigate basic quantum-confinement effects
and for potential applications. From the various potential ap-
plications suggested for Si-NCs, we have chosen electrically
pumped light emission and non-volatile memories.

2.1. Optical Characterization

The origin of the room-temperature photoluminescence
(PL) signal from Si-NCs is still under discussion, and some es-
sential features of this PL signal are still not understood in de-
tail. Several mechanisms have been suggested to explain the
appearance of this luminescence signal, such as defects within
the Si02[41‘42] or at the nanocrystal surface,® ! the formation
of siloxene,“"*! or quantum-confinement effects of the exci-
tons caused by their spatial confinement within the Si-
NCs.*#%! For porous silicon, the latter mechanism was proved
to be the origin of the observed luminescence by the appear-
ance of silicon phonon-related structures in the resonantly ex-
cited PL signal.*®! For Si-NC within an oxide matrix, this dis-
cussion is still ongoing and the answer might be different for
different sample systems. Even if one assumes that quantum
confinement is the origin of this luminescence band, this ef-
fect can not easily be separated from other effects such as the
migration of excitons’>3! due to the broad size distribution
of the Si-NCs involved.

Hence, for optical characterization tight control of the crys-
tal size and a corresponding narrow size distribution are es-
sential. Optical measurements performed on individual silicon
quantum dots show very interesting results,>*>! but for a bet-
ter understanding of various features, such as the full width at
half maximum (FWHM) value of more than 100 meV for the
PL signal, low-temperature measurements are required. Such

measurements are only possible for a sufficiently large quan-
tity of monodisperse nanocrystals because of the low recombi-
nation probabilities at low temperatures. These monodisperse
nanocrystals have to be well passivated by SiO, in order to
obtain a measurable luminescence signal and to ensure that
the observed luminescence is caused by quantum-confine-
ment effects.

2.2. Electrically Pumped Light Emission from Silicon

Even after more than ten years of research on room-tem-
perature photoluminescent porous silicon, a commercial sili-
con-based light-emitting diode (LED) based on quantum-con-
fined luminescence in the near infrared is still not available.
Electroluminescence (EL) measurements on all sorts of Si-
NCs show efficiencies below 1x 107,51 This makes electri-
cally pumped light emission from Si-NCs unattractive for in-
dustrial applications at the moment. Size control and ordered
arrangements of the nanocrystals will make light emission
more efficient and could decrease the required voltages.
Nevertheless, even an increase of a factor of ten in efficiency
would not drastically change the situation with regard to po-
tential applications. The bandgap remains indirect, even for
very small crystallites, and the quantum efficiency of a Si-NC
is limited to one photon per lifetime due to very efficient Au-
ger recombination processes within the nanocrystal.’) The
lifetime of the quantum-confined silicon luminescence is
about 10 to 100 us depending on crystal size and measuring
temperatures.

The situation changes if one uses the Si-NCs as sensitizers
for other active elements, such as Er** ions. The Er** lumines-
cence at 1.54 um is of great technological interest due to the
absorption minimum of SiO,-glass fibers in this wavelength
range. The very small absorption cross-section of erbium pre-
vents effective application of Er** in integrated optoelectron-
ics, and so the use of appropriate sensitizers such as Si-NCs,
which can transfer their energy to the Er’* ions, is highly desir-
able. The very effective energy transfer to Er’* ions also al-
lows the fabrication of efficient electrically pumped devices.
Recently, ST Microelectronics reported an Er/Si-NC LED
with 10 % efficiency, which is the current record for silicon-
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based light emission.”*®! This device does not utilize any addi-
tional control of the crystal size besides the conventional
phase separation of bulk SiO, layers. A device with a narrow
Si-NC size distribution should show an even higher efficiency.
This narrow size distribution would also facilitate adjusting
the Si-NC (sensitizer) emission wavelength to the absorption
levels of Er'* as discussed below.

2.3. Non-Volatile Memories Based on Si-NCs

Si-NCs in oxide matrixes are serious candidates for the next
generation of non-volatile memories.”*?!! The working princi-
ple is shown in Figure 1.2 A thin (1-2 nm) tunneling oxide
separates the inversion surface of an n-channel silicon field-
effect transistor (FET) from a distributed film of Si-NCs that
covers the entire surface-channel region. A thicker tunneling
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Figure 1. a) Schematic cross-section of a Si-NC based non-volatile mem-
ory and its band diagram for b) writing, c) storing, and d) erasing. (Rep-
rinted with permission from [20]. Copyright 1996 American Institute of
Physics.)

oxide separates the nanocrystals from the control gate of the
FET. Electron injection occurs from the inversion layer via di-
rect tunneling when the control gate is forward biased with re-
spect to the source and drain. For gate oxides with thicknesses
between 2 and 5 nm, the retention times for these non-volatile
memories should be comparable to commercially available
EEPROMs (electrically erasable programmable read-only
memories). However, results demonstrating longer retention
times for Si-NCs have not yet been shown. The working prin-
ciple outlined in Figure 1 implies that the best configuration
for this approach would be a single layer of monodisperse
Si-NCs. A key requirement for this application is the indepen-
dent control of the Si-NC size and the inter-nanocrystal dis-
tance in order to reach the highest possible area density of
Si-NCs without any tunneling between neighboring nanocrys-
tals of the stored electrons.
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3. Size-Controlled Silicon-Nanocrystal Synthesis

3.1. Amorphous Silicon/Insulator Superlattices

The use of Si/SiO, superlattices was first introduced by
Lockwood and co-workers."””*8 In this technique, molecular-
beam epitaxy (MBE) combined with oxidization by UV/
ozone is used to precisely grow nanometer-thick amorphous
silicon layers in between SiO, layers. Quantum-confinement
effects of the amorphous silicon layers were investigated.[sﬂ
The observed room-temperature PL peak position depends
on the silicon-layer thickness and was fitted by the effective-
mass approximation. Later, similar systems could be realized
by reactive magnetron sputtering or co-sputtering,®> %! plas-
ma-enhanced (PE)CVD or low-pressure (LP)CVD,/*! or
reactive evaporation.[67] After the crystallization of the amor-
phous silicon layers, the passivation of the often brick-shaped
Si-NC surface plays a major role. Often the luminescence sig-
nal is reduced by non-radiative processes or dominated by ra-
diative recombination processes at special defects, which may
be formed at the nanocluster interface or cannot (at least, not
clearly) be assigned to a quantum-confined origin.[’*%] Ad-
ditional treatment of the samples with H, or O, improves the
passivation of the Si-NC surface so that in a few cases the ap-
pearing luminescence signal could clearly be assigned to a
quantum-confined origin.®! The Si-NCs show a brick-like
shape,®>%! and their size can be controlled by the initial thick-
ness of the amorphous Si layers as shown in Figure 2. Grain
boundaries exist between the different brick-like Si-NCs,
which are undesirable because of their potential to contain
numerous non-radiative recombination centers. The presence
of grain boundaries is a kind of “birth defect” of the amor-

60.00 nm

Figure 2. Crystallized amorphous Si/SiO, superlattices with a) 4.2 nm,
b) 8.5 nm, and c) 20 nm Si layer thicknesses. d) The magnified image of
a brick-shaped Si-NC with 20 nm vertical and 50 nm lateral dimensions.
(Reprinted with permission from [68]. Copyright 2000 Nature Publishing
Group.)
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phous silicon layer approach. An approach to avoid these de-
fects will be discussed in Section 3.2. The crystallization pro-
cess in the layered arrangement of the amorphous silicon
within the insulating matrix leads to a drastic change of the
critical crystallization energy.[(’g] The crystallization tempera-
ture increases for decreasing crystal size compared to values
for bulk silicon.l>’"! A combination of this controlled deposi-
tion method with a patterning of the resulting layered struc-
ture comparable to other microelectronic devices is possi-
ble.”"™ Especially in the work of Striemer et al.™ the
pre-patterning of the substrate provided additional control of
the crystallization position of individual crystals.

The approach of using ultrathin amorphous Si layers be-
tween insulating materials can also be adapted to a number of
different materials. The growth of Si-NC:H/a-Si:H was real-
ized by radiofrequency-sputtering methods as shown by Wu et
al.l Si/SiN, superlattices were synthesized by electron-gun
silicon evaporation and periodic electron cyclotron resonance
plasma nitridation,” by excimer pulsed-laser deposition,'>”!
and by LPCVD.[677] Si/Si,O,N, superlattices were produced
by LPCVD.™l Finally, Si/CaF, superlattices were synthesized
by room-temperature MBE.[%]

These controlled deposition methods led to a number of
diode-like structures for electrically pumped devices.!'>*%]
Also, for the EL measurements, different signal wavelengths
between 500 and 900 nm were reported; these were mainly at-
tributed to hot-impact ionization of excitons confined in the
Si-NCs. This explanation could not be proved in detail and is
still under discussion. The reported quantum efficiencies of
electroluminescence do not exceed 1 x 107,

The potential of these structures for non-volatile memory
applications could be shown by the appearance of a hysteresis
loop in the conductance—voltage (C-V) measurements of such
structures.”>®!! This was made possible by controlled recrys-
tallization and passivation by short-time steam oxidation of
the nanocrystal interfaces.””)

Erbium doping of the crystallized Si/SiO, superlattices was
carried out®™3 in order to use Si-NCs as sensitizers for Er’*
luminescence. The reported transfer efficiencies increase with
decreasing silicon-layer thickness,® but are quite low com-
pared to isolated Si-NCs synthesized conventionally by co-
sputtering of sub-stoichiometric oxides or ion implanta-
tion. 1419 Energy transfer from amorphous Si/SiO, superlat-
tices was also reported.[86] In this case, an exponential distance
dependence was reported, which so far has not been possible
to measure for crystallized samples.

The main problem of Si-NC synthesis via superlattices in-
volving amorphous silicon is the required passivation of the
nanocrystal surfaces and, especially, the nanocrystal/nanocrys-
tal grain boundaries, as mentioned above. At the grain bound-
aries between the Si-NCs defects like silicon dangling bonds
can occur, and can either dominate the PL signal or create
non-radiative recombination centers for electron-hole pairs
at the nanocluster/nanocluster interface. This is the reason for
the large number of different PL bands observed in samples
based on amorphous Si/SiO, and the rather low PL intensities
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in comparison with conventionally fabricated samples. For
applications in the area of nonvolatile memories, a passivated
surface of the nanocrystals is also essential. Subsequent oxidi-
zation steps after the superlattice growth were introduced to
overcome this problem.

3.2. Superlattices and Single Layers of Passivated Si-NCs in
SiO0,

As mentioned above, the main problem of the Si-NC syn-
thesis via the crystallization of amorphous silicon/insulator
superlattices is the passivation of the nanocluster/nanocluster
interfaces. One way to synthesize passivated nanocrystals
would be to introduce the required passivation step directly
into the deposition procedure. This was realized by the
LPCVD-assisted silicon-dot formation method where an addi-
tional oxidation step was introduced directly after the forma-
tion of the silicon dots.®”! This procedure was then repeated
up to six times, resulting in the formation of a superlattice of
well-passivated Si-NCs. The observed PL signal shows a size-
dependent blue-shift which most likely originates from quan-
tum-confinement effects, even though the authors!®”) prefer to
use surface states to explain the blue-shift.

The formation of just one layer of Si-NCs by LPCVD on
different substrate layers such as SiO,, Si3Ny, and SiO,N,, was
demonstrated by LPCVD of SiH, followed by oxidation.®!
For nanocrystals on the SiO, surface, current-voltage (I-V)
characteristics of single nanocrystals were measured and
showed a Coulomb gap of 0.19-0.25 V with staircases be-
tween 0.06 and 0.07 V. The size distribution over the whole
sample is still rather broad (FWHM: 3-4 nm),’®! but due to
the spatial resolution of atomic force microscopy (AFM), the
measurements allow examination of single nanocrystals, thus
providing an accurate determination of the size dependence
of the measured effects.® This growth of one layer of isolated
Si-NCs by LPCVD could also be shown by a number of other
authors."**?l Area densities up to 10'? cm™ were achieved by
this synthesis method.””! Excellent performance in terms of
charge storage and retention times was shown.”"™!I In the
work of Toannou-Sougleridis et al.,”! this deposition method
was used to investigate the quantum-confined Stark effect by
PL spectroscopy under external electric fields.

A method for forming a monolayer of well-defined Si-NCs
passivated by SiO, by ion implantation was theoretically pro-
posed by Miiller et al.”® In this proposal, low-energy silicon-
ion implantation (1 keV) into thin oxide layers would lead to
the formation of a single Si-NC layer. For specific implanta-
tion and annealing conditions, the formation of a single layer
of Si-NCs 2-3 nm in size and with area densities higher than
102 crystals per square centimeter was predicted. Above a
certain implantation dose (~10' cm™), percolation would
lead to a spatially connected two-dimensional silicon pattern.
For an implantation dose of 10" ecm?, experimental results
show charge-trapping behavior, as would be expected from
excess silicon in SiO,; for higher doses (2 x 10'® cm™), a peri-
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odic staircase plateau in the I~V characterization supports the
suggestion that single nanocrystals act as charge-trapping cen-

A relatively new approach for tight control of the size dis-
tribution of Si-NCs uses the phase separation of ultrathin
SiO, layers within SiO,/SiO, superlattices,[%] where 1<x<2.
This phase separation is a well-defined process in which the
annealing of the SiO,/SiO, superlattices results in the forma-
tion of amorphous silicon clusters in an SiO, matrix at lower
annealing temperatures, which then crystallize at annealing
temperatures above 900 °C.1! In Figure 3 the resulting super-
lattices of size-controlled Si-NCs (FWHM <1 nm) with sur-
faces well-passivated by SiO, are shown. The size of the
nanocrystals is controlled by the SiO, layer thickness. The
blue-shift of the photoluminescence as a function of decreas-
ing SiO-layer thickness and hence, the resulting decreasing
size of the Si-NCs, is demonstrated in Figure 4. The observed
PL signal of the crystallized samples can clearly be assigned
to quantum-confinement effects.””’) The PL intensity of such a
dense array of nearly identical nanocrystals is around two
orders of magnitude higher than the PL intensity of a crystal-
lized bulk thick SiO film prepared with the same total thick-
ness. This offers the possibility to use a reduced overall thick-
ness and hence, lower voltages, for device applications.
Erbium-doped crystallized samples show a very strong en-
hancement of the Er** luminescence by up to three orders of
magnitude.”®* The energy-transfer process has been shown
to be a so-called Forster process and to be very sensitive to
the spectral overlap of the Si-NC emission (acting as the “do-
nor”) and the absorption states of the Er’* ions (acting as the
“acceptor”). Adjusting the crystal size, i.e., the size-depen-
dent bandgap of the Si-NC, to ensure maximum spectral over-
lap of the two systems results in energy-transfer efficiencies
close to 100 %.°! In this case, the superlattices were pro-
duced by SiO evaporation which could be a disadvantage for
electrical pumping in terms of a lower breakdown field. Simi-
lar superlattices were produced by PECVD, which should
show better electrical characteristics.'"! The possibility to
control the distance between the individual Si-NCs indepen-
dently of the nanocrystal size via the stoichiometry x within
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Figure 3. Cross-sectional transmission electron microscopy images of a SiO/SiO, superlattice in
the amorphous state: a) as-deposited, and b) in the crystallized state after annealing at 1100°C.
The resulting nanocrystals are nearly equal in size and spherical in shape. c) A crystallized SiO bulk
layer after annealing at 1100 °C. (Reprinted with permission from [97]. Copyright 2002 Elsevier.)
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Figure 4. Photoluminescence spectra of a set of SiO/SiO, superlattices
with layer thicknesses of T to 4 nm—i.e., crystals sizes between ~2 and
4 nm. The luminescence was excited by the 325 nm line of an unfocused
HeCd laser with a power of 0.17 mW.

the ultrathin SiO, layers makes this approach very attractive
for memory applications.

The last approach mentioned in this section results in a sili-
con quantum-well structure rather than in Si-NCs. By tightly
controlled oxidation of a silicon-on-isolator (SOI) wafer it is
possible to create a single layer of ultra-thin single-crystalline
Si.1% The observed PL signal is clearly size dependent and
can be explained in terms of quantum-confinement effects.
Appropriate lateral structuring of this single crystalline layer
in the nanometer range would lead to Si-NCs with defined
and equal crystallographic orientations.

3.3. Size-Controlled Si-NC Fabrication from the Gas Phase

The fabrication of Si-NCs from the gas phase is another at-
tractive approach to form a narrow size distribution of nano-
crystals. This approach was introduced by Ehbrecht et al.'?!
Decomposition of silane in a gas-flow reactor using a CO, la-
ser was used to produce crystal sizes between 2 and 20 nm.
Time-of-flight mass spectroscopy (TOFMS) shows different
velocities for different crystal sizes.'”” A mechanical chopper
allows effective size control by velocity
selection of the clusters. A schematic of
the described setup is shown in Fig-
ure 5. The size-controlled Si-NCs can
be deposited on any substrate, and pat-
terning of the deposited film is possi-
ble.'%%! The very good size control was
used to show the quantum-confined ori-
gin of the strong room-temperature PL
signall®™1%! and to analyze different
size-dependent effects such as the influ-
ence of the size on the photon ener-
gies.[loz’l%] In spite of the very narrow
size distribution, the silicon lumines-
cence signal is still quite broad. This un-
expected result for these samples was
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Figure 5. Schematic view of an experimental setup consisting of a cluster
beam source and the elements used for deposition. The apparatus con-
tains a laser-driven flow reactor incorporated into the source chamber of
a molecular-beam machine and a time-of-flight mass spectrometer. The
reactant gas, SiH,, is admitted to the center of the flow reactor. The gas
flow is crossed at right angles with the focused radiation of a pulsed CO,
laser to initiate the decomposition. The resulting clusters are extracted
and analyzed. For more details, see reference [102]. (Figure courtesy of
Prof. F. Huisken, Max Planck Institut fiir Stromungsforschung, Géttin-
gen, Germany.)

explained by size-dependent strain, which introduces an addi-
tional broadening due to the different degrees of strain for
different crystal sizes.'""””! This technique, combined with a
projector geometry and the use of suitable masks, can be used
to create arbitrarily shaped luminescent structures.'®! The
technique and the main results for this class of samples are
summarized in a recent overview by Huisken et al.llo!

A similar approach was introduced by Camata et al.'*! Ab-
lation or evaporation of silicon by high-voltage electric-spark
discharge was used for silicon-aerosol synthesis. The created
aerosols were then ionized by a Kr® p-source and then size-
selected by a radial differential-mobility analyzer based on
the different charge-to-mass ratios for different crystal sizes.
By this method, Si-NCs between 2 and 10 nm were produced.
The size control is excellent (standard deviation of less than
10 %). This approach can be adapted to LPCVD or CVD
methods. Using conducting-tip AFM, it was possible to store
charge in individual Si-NCs deposited on an insulating materi-
al by this method.!'"

Orii et al. synthesized silicon aerosols via pulsed-laser abla-
tion of a silicon target in combination with a differential-mo-
bility analyzer.''!] Si-NC sizes between 3 and 6 nm and a size
distribution with a FWHM of about 1 nm were produced. In
the work of Dutta et al., the synthesis of Si-NCs from the gas
phase in SiH4 plasma growth was shown.!""?! The crystal size
was about 8 nm. A size-distribution width of about 1 nm was
obtained by controlling Ar and H, dilution. Single-electron
charging effects'®! and tunneling into single nanocrystals
were demonstrated on these samples. These experiments ben-
efited from a combination of the specific nanocrystal deposi-
tion method and a special contact design.[m] The observed lu-
minescence was attributed to excitons localized at the Si-NC/
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oxide interface.!""¥! This assumption was based on the absence
of silicon phonon-related structures in the resonantly excited
PL signal.

3.4. Single Si-NC Fabrication and Characterization

Besides the need for size control of Si-NCs for potential ap-
plications, measurements on single Si-NCs are essential for a
better understanding of the optical and electrical phenomena
in this material system. Size-controlled Si-NCs grown by the
approaches discussed above were used to characterize single
Si-NCs within a layer of crystallites by AFM measure-
ments®1 or by specifically designed contacts upon which
the nanocrystals were deposited.[m] Alternatively, the spatial
resolution of a transmission electron microscope was used to
measure the conduction band of single Si-NCs by electron en-
ergy-loss spectroscopy.!'™! Specifically, the methods of creat-
ing a single layer of isolated Si-NCs or the deposition of a
monolayer of silicon aerosol particles are the preferred candi-
dates for such measurements.

There also exist approaches to synthesize single Si-NCs of a
certain size at a given position for electrical or optical charac-
terization. Guo et al.'® showed the full functionality of a sin-
gle-electron transistor memory operating at room tempera-
ture on a polysilicon dot 9 nm in size. The synthesis of this
device was possible due to a combination of electron-beam li-
thography and reactive-ion etching. The device showed a dis-
crete shift in the threshold voltage, a staircase relation be-
tween the charging voltage and the shift, and a self-limiting
charging process.

For optical characterization of individual nanocrystals, Va-
lenta et al.” used a combination of electron-beam lithogra-
phy, reactive-ion etching, and subsequent oxidation processes
in order to create regular lattices of zero-dimensional silicon
nanoparticles, as shown in Figure 6. The luminescence spectra
of individual crystals still show a quite broad luminescence
signal (FWHM =120-210 meV) which was attributed to the
participation of one or more phonons in the optical transition.
In this work, quantum efficiencies of up to 35 % for individual
Si-NCs were reported. Similar results were obtained pre-
viously®>""! using a silicon-nanoparticle solution from disin-
tegration of porous silicon and depositing a thin film of the di-
luted suspension onto a glass coverslip by spin-coating. The
spatial resolution of the microscope of the micro-PL setup,
30 um, allowed detection of the PL signal of individual Si-
NCs. The FWHM of the luminescence signal for a single parti-
cle was approximately 115 meV. In both cases, the measure-
ments were performed at room temperature. Additional infor-
mation regarding the recombination process within the Si-
NCs could be expected from low-temperature measurements.
Such measurements on individual crystals are very unlikely to
succeed because of the drastically decreased recombination
probability at low temperatures.m
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Figure 6. Realization of isolated nanocrystals by using electron-beam li-
thography and plasma etching to produce a regular matrix of Si pillars,
followed by size reduction using a two-stage oxidation. The results are
shown in the scanning electron microscopy image of the silicon nanopil-
lars a) after initial patterning, b) following size reduction by thermal oxi-
dation and removal of oxide, and c) following the final oxidation step.
(Reprinted with permission from [54]. Copyright 2002 American Institute
of Physics.)

4. Conclusions

In this paper, new approaches for controlled Si-NC synthe-
sis by several superlattice approaches, by the synthesis of
nanocrystals from the gas phase, and by use of electron-beam
lithography were discussed. These techniques allow the syn-
thesis of Si-NCs with diameters between 1 and 20 nm in a
size-controlled manner with size distributions with a full width
at half maximum of about 1 nm.

A key requirement for most applications is the passivation
of the nanocrystal surface, which can be accomplished by sev-
eral approaches. Well-passivated monodisperse nanocrystals
can be produced from the gas phase, as has been shown by the
Huisken group,!%103105107) the Atwater group,!'”! and by Orii
and co-workers.'"! Also possible is the fabrication of super-
lattices of passivated monodisperse Si-NCs within an SiO,
matrix by LPCVD and subsequent oxidation,™”! or by the re-
active evaporation and phase separation of SiO,/SiO, super-
lattices.””) Additionally, in the latter synthesis technique, a
high number of periods can be deposited, which facilitates the
optical characterization. Due to the narrow size distribution,
the quantum-confinement effects and additional migration ef-
fects of the excitons could be investigated and separated from
each other.""® The broad FWHM of the luminescence charac-
teristics of ensembles of size-controlled Si-NCs!""! and of in-
dividual Si-NCsP¥ is assigned to the participation of phonons
in the recombination process.

For detailed optical characterization and for applications
using Si-NCs as sensitizers for Er’** ions, passivated Si-NCs
synthesized via SiO,/SiO, superlattices!®>™"! are almost ideally
suited. The enormous enhancement of the Er** luminescence
by more than three orders of magnitude due to the adjust-
ment of Si-NC emission and Er’* absorption shows the impor-
tance of Si-NC size control and surface passivation for this ap-
plication.

The synthesis of single passivated layers, either by deposit-
ing silicon aerosols onto a substrate or by creating a single
layer of passivated Si-NCs by MBE or reactive evaporation of
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SiO,, is appropriate for non-volatile memory applications. Re-
cently, Motorola presented a 4 Mbit memory chip based on a
single layer of Si-NCs deposited upon a gate oxide.!''”) This or
similar results could be obtained using any method introduced
in this paper, allowing the fabrication of a single layer of iso-
lated Si-NCs.

The various techniques introduced in this paper show great
potential for meeting the demands of the suggested applica-
tions for this material system. In addition, basic understanding
of the luminescence properties and quantum-confinement ef-
fects of the indirect semiconductor silicon has been advanced
based on the availability of controlled-synthesis techniques
for Si-NCs. The key requirements of an independent control
of Si-NC size and density, and the importance of surface passi-
vation, can be met by these various synthetic approaches.
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