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Abstract: The preparation of discrete erbium-doped silicon nanoparticles prepared by the co-pyrolysis of disilane
and the volatile complex Er(tmhd)3 (tmhd ) 2,2,6,6-tetramethyl-3,5-heptanedionato) is described. The
nanoparticles were characterized by transmission electron microscopy, selected area electron diffraction, X-ray
dispersive spectroscopy, photoluminescence, and UV-visible absorption spectroscopies. Erbium-doped silicon
nanoparticles possess a distinctive dark contrast in the transmission electron microscope, and the presence of
erbium is confirmed by X-ray energy dispersive spectroscopy. The mean diameter of the nanoparticle aggregates
can be shifted by altering the length of the pyrolysis oven employed. Chacteristic Er3+ near-infrared
photoluminescence at 1540 nm is detected in these doped nanoparticles; preliminary excitation and power
dependence measurements of this luminescence suggest a carrier-mediated emission mechanism.

Silicon, the semiconductor of choice for existing electronic
technologies, faces formidable challenges in future integration
with optoelectronic devices.1 Two strategies designed to thwart
its intrinsic indirect band gap and the accompanying absence
of efficient light emission are (1) the formation of luminescent
nanophase Si2,3 and (2) rare earth incorporation into single-
crystal Si.4-7 The rare earth ion erbium is of particular interest
for the latter approach because its (4I13/2) f (4I15/2) luminescent
transition at 1.54µm lies at a transmission maximum for silica-
based waveguides.4-8 Until now, however, such studies have
been mainly restricted to erbium implanted into bulk Si8 or
porous Si,9 or alternatively the co-deposition of erbium and
silicon thin films.10 Hence, it has not been possible to explore
the effects of rare earth doping of isolated, spherical Si
nanoparticles (Scheme 1). The effects of confiningdopedSi in
all three dimensions are crucial to the development of Si-based
nanophotonics and are of increasing importance as the sizes of

individual Si device structures diminish to the nanometer
regime.We describe here for the first time the preparation of
discrete erbium-doped silicon nanoparticles prepared by the co-
pyrolysis of disilane and the volatile complex Er(tmhd)3 (tmhd
) 2,2,6,6-tetramethyl-3,5-heptanedionato). The nanoparticles are
characterized by transmission electron microscopy (TEM,
HREM), selected area electron diffraction, X-ray energy dis-
persive spectroscopy (XEDS), photoluminescence (PL), and
UV-visible absorption spectroscopies.

Common routes for the preparation of homogeneous Si
nanoparticles include the laser ablation of solid crystalline Si,10,11

the gas-phase pyrolysis of silane or disilane,12-15 and the
reduction of halosilanes.16 Our strategy for the preparation of
rare earth-doped nanoparticles involves a modification of a high-
temperature aerosol reaction involving the combustion of
disilane (Si2H6, diluted in He carrier gas) followed by oxidation
and isolation as a colloidal solution.12,13Our apparatus is capable
of producing homogeneous oxide-capped Si nanoclusters and
also possesses the ability to introduce an additional vapor phase
reactant into the reactant stream (Scheme 2).

We employ the known erbium CVD precursor Er(tmhd)3

(tmhd) 2,2,6,6 tetramethyl-3,5-heptanedionato) as the Er source
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in this reactor. Our initial experiments have focused on the
effects of varying the pyrolysis oven length (from 1.5 to 6 cm)
on the structure and spectroscopic properties of the nanoparticles
isolated from these reaction products.

Experimental Section

Nanoparticle Synthesis.The reactor is constructed from 7 mm i.d.
quartz tubing, with gas flow regulated by mass-flow controllers (MKS
Inc.). A small pyrolysis oven operating at 1000°C is located
approximately 10 cm from the point where the disilane/He (0.48%
Si2H6, diluted in He carrier gas (Praxair) at various flow rates (vide
supra)) and Er(tmhd)3 (Strem, Inc.)/He (Praxair, UHP grade, maintained
at a flow rate of 3000 sccm) initially mix. After pyrolysis, the reaction
mixture travels downstream to a dual bubbler system where the aerosol
is collected as an ethylene glycol colloid. At the end of a 24 h reaction
period, the reaction mixture consists of a yellow colloid and brown
solid. After initial separation by centrifugation, the supernatant is treated
with THF in a ratio of 15:1 (THF:ethylene glycol) to force precipitation
of a solid product. The product is washed several times with ethanol
to remove physisorbed erbium ions. This precipitate can be redissolved
in ethylene glycol or acetone.

Instrumentation. Structural characterization of Er3+-doped Si
nanocrystal aggregates was performed using a JEOL 200CX TEM at
the University of North Texas. Samples were deposited on carbon films
on copper grids, and the ethylene glycol was allowed to evaporate prior
to imaging. Structural characterization of individual Er3+-doped Si
nanocrystals by HREM was performed using a Hitachi H9000 TEM at
UNT. X-ray energy dispersive spectroscopy (XEDS) analyses of Er3+-
doped Si aggregates were performed in the scanning transmission
electron microscopy (STEM) mode of the JEOL 200CX. Selected area
electron diffraction patterns (SADP) were obtained during TEM
analyses. UV-visible spectra were obtained using a Hewlett-Packard
8452A diode array spectrometer. Low-resolution ((4 nm) near-IR
photoluminescence (PL) spectra were obtained using an Applied
Detector Corp. liquid N2-cooled Ge detector in conjunction with a
Stanford Research Systems Chopper/Lock-in amplifier and an Acton
Research Corp. 0.25 m monochromator. Excitation was provided by a
Coherent Ar+ laser. A 10 cm lens was used to focus light emitted from
the samples onto the monochromator entrance slit. Emitted light was
collected at 90° relative to the excitation direction. A 1000 nm cutoff
filter (Melles Griot) was positioned over the monochromator entrance
slit to filter out second- and third-order light.

Results and Discussion

A conventional bright-field transmission electron micrograph
of a sample collected from the 3.0 cm long reaction furnace is
shown in Figure 1. There are two types of material clearly visible
in this micrograph with either light contrast (L) or dark contrast
areas (D). Selected area electron diffraction patterns (SADP)
from both areas are consistent with the diamond-cubic phase
of silicon. There is no evidence of elemental Er, Er silicide, or
Er oxide phases.

X-ray energy dispersive spectroscopy (XEDS) analyses of
the light and dark contrast areas were performed in the scanning

transmission electron microscopy (STEM) mode (Figure 2). For
dark contrast areas such as D in Figure 1, the spectra indicate
Si, and most importantly, the Er-L and Er-M peaks at 6.9 and
1.4 keV, respectively (Figure 2a). An estimated Er concentration
of 2-3% is based on quantitative analyses of the spectra. Similar
SADP and XEDS results were found for samples generated
using all three reaction furnace lengths. There is no evidence

Scheme 2

Figure 1. Conventional bright-field transmission electron micrograph
of a sample collected from the 3.0 cm long reaction furnace. There are
two distinct morphologies with light (L) and dark (D) contrast. The
dark contrast areas contain Er while the light contrast areas do not.

Figure 2. X-ray energy dispersive spectra from (a) a dark contrast
area similar to D and (b) a light contrast area similar to L in Figure 1.
The Cu is from the instrument and the Cu grid used to support the
TEM sample; the Fe is an artifact from the XEDS system.
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of Er in the light contrast areas similar to L in Figure 1 (Figure
2b), or in control samples prepared without Er(tmhd)3.

The average structure size of the features visible in Figure 1
was determined by measuring 400-700 individual structure
diameters for each type of sample. The averages and standard
deviations for samples isolated from all three reaction furnace
lengths are presented in Table 1. The structure sizes are best
described using log-normal statistics, as is usual for structures
formed by agglomeration or diffusion-controlled growth.17 The
average structure size and standard deviation both increase with
increasing furnace length, from an average size of 11 nm for
the 1.5 cm oven to 15 nm for the 6.0 cm oven. However, the
size distributions have significant overlaps (Figure 3). To test
whether the distributions were each a sample of a single
distribution or from separate distributions, Student’s t-tests were
performed. The t-statistic in all cases is less than 2.2× 10-7,
meaning that there are three distinct sample distributions and
not three measurements of a single distribution, with a high
degree of statistical significance.

High-resolution transmission electron microscopy (HREM)
was performed to elucidate the structure of the two types of
material observed by CTEM and to try to determine the location
of the Er incorporated into the samples. Figure 4 is a high-
magnification HREM view of one of the dark contrast structures
from the 3.0 cm furnace system observed by CTEM. Each dark
contrast structure is an aggregate composed of numerous discrete
Si nanoparticles, each nanoparticle with a mean diameter of 3
nm. Many of the particles contain various types of defects such
as edge dislocations and stacking faults (Figure 4b). There is

no evidence of Er clustering or second phase formation in any
of the HREM micrographs obtained to date. The inclusion of
Er in the Si lattice may be responsible for some of the defect
formation. However, we have synthesized control samples of
homogeneous Si nanoparticles produced by disilane pyrolysis
with a 3.0 cm oven in the absence of the Er(tmhd)3 complex,
and numerous stacking faults and other defects are clearly
present in the control nanoparticles (Figure 5). It is important
to stress, though, that there is a clear structural difference
induced by the Er3+ in the doped nanoparticles, as the diffraction
rings in the SADP patterns obtained from Si nanoparticles
containing Er are significantly broader than those obtained from
nanoparticles composed of Si alone. This is additional evidence
that Er incorporation enhances defect formation within the Si
nanoparticles (Figure 6).

A typical UV/visible absorption spectrum of an Er-doped Si
nanoparticle sample with a mean particle size of 2.5 nm
dissolved in ethylene glycol reveals a broad absorption tail with
an onset of absorption near 600 nm (Figure 7a). This behavior
is consistent with that of a solution of indirect band gap Si
nanoparticles.12

The room-temperature photoluminescence has also been
measured. Upon excitation at 488 nm, the anticipated Er3+

emission maximum near 1.54µm, associated with the (4I13/2)
f (4I15/2) transition, is observed (Figure 7b). Two scenarios are
possible for the fundamental luminescence mechanism of the
Er3+ centers:8 (1) Si carrier-mediated excitation of the Er centers
by energy transfer (as in ion-implanted single-crystal Si) or (2)
direct absorption into energy levels associated with the Er
centers (as in Er-doped SiO2 and silicate glasses). The first
mechanism is operative in the case of erbium ions which are
implanted into single-crystal Si, whereby a Si exciton engages
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Table 1. Statistical Data for Er-Doped Si Nanostructure Size versus Reaction Furnace Length

reaction furnace length
(cm)

ave struct sizea
linear statistics (nm)

std dev
(linear statistics)

ave struct size
log-normal statistics (nm)

std dev
(log-normal statistics)

1.5 11.3 3.8 1.03 0.14
3.0 13.8 4.8 1.11 0.15
6.0 15.2 6.6 1.15 0.16

a The average structure sizes were determined by measuring 400-700 individual structure diameters for each type of sample.

Figure 3. Log-normal structure size distributions for samples from the 1.5, 3.0, and 6.0 cm reaction furnaces.
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in energy transfer with the Er to produce the near-infrared
emission (Scheme 3).

The second scenario is dominant in systems such as Er-doped
SiO2 and silicate glasses, where excitation at 488 nm results in
the population of the4F7/2 level. An electron in this level can
undergo nonradiative decay into the4I13/2 level, leading to the
fluorescence transition to the4I15/2 level at approximately 1540
nm.

To analyze these possibilities, we have carried out measure-
ments of the excitation wavelength and power dependence of
the observed 1.54µm photoluminescence. For an excitation
wavelength range of 475-514 nm, we find that there is a
monotonic decrease in 1.54µm emission intensity as the
excitation wavelength increases (Figure 8a). No distinct increase
in the Er3+ PL is observed upon excitation at either 488 or 514
nm; such resonant absorption would be detected if a direct
excitation process was indeed responsible. Thus the steady
decrease in near-IR PL intensity with increasing excitation
wavelength is consistent with a carrier-mediated process.

The near-IR PL intensity is observed to be a sublinear
function of the pump laser power for all samples measured

Figure 4. High-resolution electron micrograph of an Er-doped Si
nanoparticle prepared from the 3.0 cm long furnace. The dark contrast
areas visible in Figure 1 are composed of an agglomeration of
nanoparticles. (b) High-resolution electron micrograph of a sample from
the 3.0 cm long furnace showing the presence of an edge dislocation
(indicated by the arrow).

Figure 5. High-resolution electron micrograph of a control sample of
homogeneous Si nanoparticles produced by disilane pyrolysis with a
3.0 cm oven in the absence of the Er(tmhd)3 complex. This particular
nanocrystal appears to be twinned, with stacking faults and other defects
visible in this image.

Figure 6. Selected area diffraction patterns of (a) Er-doped Si
nanoparticles prepared from the 3.0 cm long furnace and (b) control
sample of homogeneous Si nanoparticles produced by disilane pyrolysis
with a 3.0 cm oven in the absence of the Er(tmhd)3 complex.

Figure 7. (a) Room-temperature visible absorption spectrum of Er-
doped Si nanoparticles in ethylene glycol solution produced from
disilane pyrolysis (3.2 sccm) in a 3.0 cm furnace. (b) Room-temperature
photoluminescence spectrum of Er-doped Si nanoparticles in ethylene
glycol solution produced from disilane pyrolysis (3.2 sccm) in a 3.0
cm furnace, demonstrating the near-infrared emission near 1540 nm
(λex ) 488 nm).
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(Figure 8b). This observation is also consistent with a carrier-
mediated process, as reported for Er3+ in several systems.9b,19-22

Two mechanisms have been proposed to explain the sublinear
power dependency for Er3+ in crystalline semiconductors: (1)
saturation of optically active Er3+ centers with exciting light8

and (2) an increased contribution from nonradiative Auger
quenching processes occurring at excitation saturation levels,
as energy from electron/hole recombination is transferred to
electrons and then to the surrounding silicon matrix as heat.19

It is important to note that for these Er-doped Si nanoparticles,
no visible luminescence associated with the Si nanoparticles is
detected. In principle, Si nanoparticles approximately 3 nm in
diameter are within the realm of kinetic quantum confinement
for homogeneous Si nanoparticles, with an anticipated ac-
companying visible luminescence band.18 The absence of such
visible emission is consistent with energy transfer from the Si
exciton to the Er3+ centers. However, recall that careful strutiny
of the microstructure of control samples of homogeneous Si
nanoparticles produced by disilane pyrolysis with a 3.0 cm oven
in the absence of the Er(tmhd)3 complex shows that numerous
stacking faults and other defects are clearly present, and such
defects are also likely candidates for eliminating visible PL in
nanoparticles through nonradiative pathways.

The fundamental mechanism of doped nanoparticle formation
is without question an extremely complex reaction pathway that
has not been elucidated at this point. Despite numerous

investigations, the nucleation of homogeneous diamond cubic
Si from silylene oligomers produced from silane/disilane
pyrolysis is itself not well understood.22 One proposed mecha-
nistic step suggests that at some point silylsiylene or silylene
species are transformed to a crystalline product:

In extrapolating this idea to our system, we speculate that
the key question likely entails what critical Si cluster or silylene
oligomer size forms prior to association with one or more Er
centers:

A relevant associated question to raise here addresses the extent
of particle coalescence and growth after this key step. These
issues, along the role of the well-known limited solubility of
erbium in silicon,23 are currently under investigation.

This demonstration of the ability to produce doped nanoscale
Si dots with luminescent centers effectively opens the door for
the fabrication of a wide variety of rare earth-doped Si
nanoparticles, whose emission maximum can be “tuned” by the
selection of a particular rare earth ion (ranging from blue
emission from Tb3+ to near-infrared from Er3+). Such materials
are of enormous potential value, for example, in composite films
with conducting polymers or other matrices for optical and
optoelectronic applications. These and a number of related
experiments are in progress.
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Figure 8. Excitation wavelength (a) and power dependence (b) of the integrated near-infrared PL intensity for Er-doped Si nanoparticles in ethylene
glycol solution produced from disilane pyrolysis (3.2 sccm) in a 3.0 cm furnace.

Scheme 3

SinH2n+2 + SinH2n f Si (s) (1)

SinH2n+2/SinH2n + xEr3+ f Er-doped Si nanoparticles (2)
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