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Luminescence of Nd-enriched silicon nanoparticle glasses
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Abstract

We report on the luminescence of amorphous silicon nanocomposites doped with neodymium. Effective non-resonantly pumped emis-
sion from the neodymium ions can occur for specimens made at processing temperatures as low as 300 �C for compositions close to SiO.
We discuss the emission intensities of the most important Nd transitions at wavelengths of �800, �900, �1060, and �1350 nm under
non-resonant excitation (all these bands are crystal-field-split and are therefore broad). The Nd emission bands show only a weak
quenching effect as a function of temperature. The results indicate that amorphous silicon nanoclusters are excellent sensitizers for
the main Nd optical transitions and offer additional advantages associated with a lower-temperature fabrication procedure. Finally,
we discuss optical microcavity structures containing Nd ions and silicon nanoclusters.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Silicon nanocrystals are excellent sensitizers for the rare
earth elements (see [1–3] and references therein.) Optical
transitions in rare earth doped glasses are only weakly
allowed and therefore have low excitation cross-sections
(�10�21 cm2), whereas the presence of silicon nanoparticles
in the SiO2 matrix opens up a powerful alternative excita-
tion mechanism. Incident light is absorbed by the nanocl-
usters (excitation cross-sections on the order of 10�16 cm2

in the blue-green part of the spectrum), followed by an effi-
cient energy transfer to the rare earth ions. This mechanism
provides two key advantages with respect to the develop-
ment of practical devices: first, the excitation efficiency
can be increased by orders of magnitude, and second, exci-
tation can be broadband optical or even electrical.

Erbium-doped silicon nanocomposites have been inten-
sively investigated and waveguide amplifiers showing net
optical gain have recently been reported [4]. However, there
are only a small number of studies involving other rare
earth ions of technical interest such as Yb, Tb, and Nd
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[5–7]. Neodymium in particular is interesting for at least
two reasons. First, it has an emission band in the second
fiber transparency window at �1350 nm, and second, neo-
dymium-doped ceramics represent a classic laser amplifica-
tion medium. The objects of our present investigation are
therefore to characterize the optical properties of neodym-
ium-doped silicon nanocomposites processed at low tem-
peratures, and to explore high-Q microcavities and
waveguides for gain/loss testing. Here, we report on the
first aspects of our work completed to date: basic optical
and microstructural characterization and the first test
microcavity.

2. Experimental

Specimens were fabricated by co-evaporation of SiO and
either Nd2O3 or Nd onto fused quartz substrates. In the first
set of samples (Set A), the SiO was evaporated thermally
while Nd2O3 was deposited by electron beam evaporation.
In the second set of samples (Set B), the SiO was evaporated
by electron beam evaporation while Nd was deposited ther-
mally. Films were 100 and 200 nm thick for Set A and B,
respectively, as determined by the rate monitor. Effort was
made to maintain stable evaporation rates, although some
minor variations were unavoidable when high-SiO rates
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Fig. 1. Photoluminescence data for Specimen Set A (0.14 at.% Nd) for
various annealing temperatures. The Si nanocluster peak shifts to longer
wavelengths as the annealing temperatures increase. The Nd 4F3/2! 4I9/2

peak at �900 nm decreases with increasing annealing temperatures.
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were required to produce low Nd concentrations. The
resulting films were subsequently annealed at temperatures
between 300 and 1100 �C in �96%N2 + 4%H2 at pressures
slightly above 1 atm. This annealing atmosphere was
chosen on the basis of extensive previous investigations
showing the importance of hydrogen for passivating non-
radiative defects (e.g., see Refs. [8–10]).

Specimens were characterized by electron microprobe
analysis and transmission electron microscopy (TEM).
The microprobe was operated at 3 kV to minimize beam
penetration of the substrate according to electron range
calculations, requiring the neodymium M-lines to be used
for the analyses. The set of microprobe standards are rare
earth phosphates and SiO2 provided by the Smithsonian
Institute. Standard ZAF correction techniques were
applied to the microprobe data. For TEM, selected speci-
mens were prepared by the usual cross-sectional thinning
techniques, and imaging was done in high resolution and
EELS modes. The photoluminescence was measured using
either an Ar laser operated at 476 nm or a HeCd laser oper-
ated at 325 nm as the excitation source. The luminescence
was collected using a fiber optic system, and was analyzed
on either a silicon or an InGaAs CCD spectrometer whose
spectral response was calibrated with a standard blackbody
radiator.

3. Results and discussion

3.1. Specimen Set A

Specimens from Set A have 0.14 at.% Nd
(�4 · 1019 ions/cm�3) and a Si:O ratio of 1:1.15 according
to the electron microprobe results. Simulations of the
X-ray distribution for a 3 kV probe beam in a 100-nm-
thick SiO film show that the oxygen composition may be
slightly overestimated (this is not, however, the case for
the 200-nm-thick films in Set B). This concentration of
Nd is the same as that used in the previous study [5]. Unex-
pectedly, during testing we found that the source material
(Stanford Products, 99.99% Nd2O3) contained a significant
amount of gadolinium. Gadolinium concentrations in the
films were comparable to that of the neodymium. We sub-
sequently analyzed the Smithsonian neodymium phosphate
microprobe standard and found that it, too, contains sev-
eral percent of Gd. The previous studies appear to have
obtained Nd concentrations from the synthesis procedure
only, and did not analyze for possible impurities (e.g.,
Ref. [5]). The electronic structure of Gd is unique among
the rare earths in that the first excited state is 3.96 eV above
the ground state, much higher than for Nd or for silicon
nanoclusters and also above the pump wavelengths used
in the present studies. Therefore, for this investigation,
the Gd is inert.

The specimen was divided into eight separate pieces,
which were annealed at temperatures from 400 to
1100 �C in 100� intervals. At the lower annealing tempera-
tures, two principle luminescence bands were observed in
the wavelength range of 500–1000 nm—a broad shorter-
wavelength peak that is intrinsic to the Si–O matrix, and
the crystal-field-split 4F3/2! 4I9/2 Nd transition centered
at �915 nm (Fig. 1). The highest Nd intensity was found
to occur after annealing at 400 �C. As the annealing tem-
perature increased, the matrix peak intensity first decreased
before recovering to produce a stronger luminescent band
centered in the near infrared typical of silicon nanocrystals.
On the other hand, the Nd emission intensity decreased
monotonically and was not detectable on top of the nano-
cluster emission for annealing temperatures greater than
900 �C. In all specimens, a weak (non-permanent) bleach-
ing was observed in which the emission intensity was low-
ered by a few percent over a period of a several minutes
during laser irradiation. In order to ensure consistency,
all PL results were taken after the emission intensity had
stabilized.

Since these data were obtained by pumping away from
any of the principal Nd absorption bands, the results show
that an excitation mechanism is at work that, for a compo-
sition close to SiO, is particularly effective at the lower
annealing temperatures. To illustrate the importance of
the non-resonant excitation process, we also synthesized a
test sample containing 0.26 at.% Nd doped into SiO2; no
Nd emission could be observed from this sample under
all attempted pumping conditions, including excitations
resonant with the most absorbing Nd levels (e.g., pumping
at 808 nm). This observation is consistent with the low
direct excitation cross-section for these transitions and
with the much larger excitation cross-sections reported



Table 1
Electron microprobe results for Specimen Set B

Nd Si O Al

Atomic % from microprobe

1.720 48.928 49.337 0.015
0.920 49.514 49.566 0.000
0.602 49.246 50.145 0.007
0.474 49.792 49.723 0.011
0.442 49.806 49.713 0.038
0.493 49.815 49.686 0.007

All data are normalized to 100%.
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consistently, for example, in Er-doped silicon nanocompos-
ites (see [2] and references therein).

We attribute the excitation mechanism in specimens
annealed at 500 �C or lower to energy transfer from amor-
phous silicon nanoparticles. Indeed, we have demonstrated
the existence of amorphous Si-rich clusters in SiO pro-
cessed at 500 �C [11], and that the presence of these clusters
is responsible for the broad PL band in the visible part of
the spectrum [12]. Of particular importance is the fact that
effective Nd emission can be obtained at temperatures as
low as 400 �C, which makes trial device fabrication consid-
erably easier. In the following section, we will show that
this method can be extended to even lower processing
temperatures.

Temperature quenching was found to be relatively
minor, with the 1100 nm Nd emission band intensity
decreasing by approximately 50% on heating from 4 to
285 K (Fig. 2). The quenching effect is weaker than for a
high-temperature thermally-processed crystalline nano-
composite [5]. A strong temperature quenching effect is a
characteristic of the undesirable back-transfer processes
in which, at higher temperatures, excitations are trans-
ferred from the rare earth ions back to the Si nanoclusters
(e.g., via confined carrier absorption [13]). The remarkably
weak temperature dependence of the Nd emission suggests
that back-transfer effects are small. On the other hand, the
Si nanocluster emission intensity decreased by approxi-
mately 80% on heating from 4 to 300 K independent of
the Nd emission (we observe a similar nanocluster temper-
ature dependence in undoped samples).

The results in Figs. 1 and 2 are encouraging, but the
presence of a pronounced nanocluster luminescence peak
suggests that the samples may not be optimized. At the
lowest Nd concentrations the emission intensity should
be proportional to the Nd concentration and, as observed
in Specimen Set A, the nanocluster emission will still be
present. At higher Nd levels, concentration quenching pro-
cesses become important and the Nd emission should
Fig. 2. Photoluminescence data for Specimen Set A (0.14 at.% Nd) at
temperatures from 4 to 285 K. Data from two spectrometers, infrared and
visible, are stitched together at approximately 950 nm to display a greater
range. Inset shows the fitted intensity of the second Nd peak at 1100 nm as
a function of 1000/T (the line is a guide to the eye).
decrease, as observed in laser glass [14]. In other words,
there should be enough Nd to optimize the transfer from
the silicon nanoclusters but not so much that concentration
quenching becomes significant. Therefore, the results sug-
gest that increased Nd concentrations may lead to a stron-
ger emission in the present materials. In Specimen Set B,
therefore, the Nd concentration was varied in order to opti-
mize the emission intensity.

3.2. Set B

Specimen Set B was produced using metallic Nd in the
source, since highly stable evaporation rates could be
obtained and the impurity concentration was found to be
smaller. The electron microprobe results for Specimen Set
B are shown in Table 1. In this case, the starting material
(nominally 99.99% Nd) has small but detectable impurities
principally of aluminum (less than 0.1 at.%), while the con-
centration of Gd was below detection limits. For these
evaporation conditions, the Si:O ratio was very close to
1:1 (effectively SiO according to the microprobe results).
Simulations show that virtually none of the beam electrons
can penetrate the 200-nm-thick films. Since, in the previous
specimen set, we found optimum luminescence for anneal-
ing temperatures below 500 �C, in Set B we produced dif-
ferent Nd concentrations (Table 1) and annealed all
specimens at temperatures between 300 and 500 �C.

Fig. 3 shows the photoluminescence results for a speci-
men with �0.44 at.% (�1.3 · 1020 ions/cm�3) Nd, annealed
at 300, 400, and 500 �C. All four principal Nd emission
bands between 800 and 1400 nm were clearly observed,
and the nanocluster luminescence was undetectable. All
Nd spectra are well-modeled with several overlapping
Gaussians (Lorentzians resulted in lower correlation coeffi-
cients). The inset to Fig. 3 shows the results of the fit for the
4F3/2! 4I9/2 transition using four Gaussian curves; the
result is clearly a good fit to the experimental spectra.
Gaussian peaks are consistent with the inhomogenously
broadened transitions expected for neodymium ions
embedded in an amorphous host.

To our knowledge, this is the first time that the techni-
cally important 4F3/2! 4I13/2 transition at 1350 nm has
been observed in a non-resonant pumping configuration
using silicon nanocluster sensitizers. The emission was
strongest for the 400 �C anneals, but was only approxi-



Fig. 3. Photoluminescence data for Specimen Set B (0.44 at.% Nd)
annealed at 300, 400, 500 �C. Data from two spectrometers are stitched
together at approximately 950 nm to display a greater range. The
Gaussian fit used to determine the peaks is seen in the top inset for the
4F3/2! 4I9/2 transition. An elemental map (using the Si K edge at
1839 eV) of the 500 �C anneal is shown on the bottom right (image
width = 15 nm), in which bright areas correspond to silicon-rich clusters.
There was no evidence of crystallinity in the electron diffraction patterns.

Fig. 4. Photoluminescence data for Specimen Set B for all specimens
annealed at 400 �C. Data from two spectrometers are stitched together at
approximately 950 nm to display a greater range. The inset shows the peak
intensity of the fitted 4F3/2! 4I9/2 transition as a function of Nd
concentration.
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mately 20% lower for the 300 �C anneals. The emission
intensity was investigated for the different samples and it
was greatest for the lowest Nd concentration (0.44 at.%,
see Fig. 4). Concentration quenching effects are well docu-
mented in neodymium-doped glass and are due to a variety
of cross-relaxation processes and Nd clustering [14]. There-
fore, for silicon-rich oxide (SRO) glass with an overall
composition close to SiO, the Nd concentration required
to maximize the emission intensity is between 0.14 and
0.44 at.% Nd.

The fact that strong non-resonantly pumped Nd emis-
sion can be obtained at such low-processing temperatures
may be useful for the fabrication of devices based on this
material. Here, we demonstrate this concept using a simple
metal-mirrored Fabry–Perot microcavity (one that could
not be fabricated at high-annealing temperatures) in which
the active material was SiO:Nd. Four separate layers were
deposited on a fused quartz wafer: a 200-nm-thick Ag back
mirror, the active SRO:Nd layer grown under conditions
matching as closely as possible to the best sample from
Set B (0.44 at.% Nd), a partly transparent 35-nm-thick
Ag top mirror, and a top 50-nm-thick SiO2 layer to serve
as an oxidation barrier. The whole multilayer structure
was subsequently annealed at 400 �C under the same con-
ditions as for previous samples (we found that annealing
at temperatures above 500 �C destroyed the silver mirrors,
illustrating one of the advantages associated with this
lower-temperature procedure).
The cavity mode depends on the optical path length of
the active layer as well as the optical phase change upon
reflection at the metal mirrors:

k ¼ 4pnd cos h
2pmþ /1 þ /2

; ð1Þ

where k is the wavelength, n is the refractive index of the ac-
tive layer (the SOPRA tables provide the refractive indices of
SiO [15]), d is the specimen thickness, h is the emission angle
(90� in the present measurements) m is the order number,
and / is the phase change on reflection at the SiO–Ag inter-
faces. In order to obtain a resonant mode at 915 nm (the
peak emission band in these samples), transfer matrix calcu-
lations showed that an active layer thickness of 433 nm is
required to obtain the m = 1 interference maximum (i.e.,
the second maximum, since the values of / in Eq. (1) provide
a solution for the m = 0 mode as well). We kept the SiO:Nd
deposition conditions as similar as possible to those for the
most intensely emitting specimen in Fig. 4.

The results are shown in Fig. 5. For a modest Q-factor
of 135 we observe an intensity enhancement factor of an
order of magnitude over the best non-cavity specimens nor-
malized to an equivalent net material thickness. By slightly
grading the SRO:Nd layer thickness using an off-axis depo-
sition geometry the resonant wavelength could be tuned
across the free space Nd emission peak at different loca-
tions on the same specimen (inset to Fig. 5). The measured
intensity enhancement factor does not account for reflec-
tion and absorption of the pump beam in the top silver



Fig. 5. Microcavity photoluminescence data. The second-order SiO:Nd
900 nm microcavity is shown, with the 0.44 at.% sample from Specimen
Set B as a reference. Both were annealed at 400 �C and pumped with the
476 nm HeCd laser line. The inset displays the spectral tunability of the
graded cavity.
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mirror, or for multiple reflections of the laser beam inside
the cavity. According to theory, the enhancement factor
G, in a narrow solid angle perpendicular to the mirrors,
is given by [16]:

G ¼ ð1þ
ffiffiffiffiffi

Rb

p
Þ2ð1� RtÞ

ð1�
ffiffiffiffiffiffiffiffiffiffi

RbRt

p
Þ2

; ð2Þ

where Rt and Rb are the reflectivities of the top and bottom
mirrors, respectively. Here, G is in effect a rate enhance-
ment factor, but, following the discussion of Vredenberg
et al. [16], it can be equal to the intensity enhancement if
the lifetimes are similar, which is the case for the present
relatively low-Q samples (data not shown). Eq. (2) gives
G = 86, which is several times higher than the observed
value of �10. On the other hand, the measured cavity line-
width (�7 nm) is very close to the theoretical one (it is 8 nm
for a 35-nm-thick Ag mirror and decreases to 6 nm for a
50-nm-thick top mirror. Here, we see a Q-factor compara-
ble with theory but an intensity enhancement factor several
times smaller. This is due to a variety of competing effects
including pump beam absorption in the top mirror, multi-
ple reflections of the pump beam in the cavity, the finite
collection angle of the luminescence, and the fact that the
emitters are distributed evenly throughout the active layer
and are not concentrated at the electric field antinode posi-
tions as assumed in Eq. (2) [16].

4. Conclusion

We have shown that the principal neodymium emission
bands can be effectively pumped via a strong non-resonant
transfer mechanism from amorphous silicon nanoclusters.
Temperature quenching is remarkably low, suggesting that
the back-transfer processes are weak. Excellent emission
characteristics can be obtained at processing temperatures
as low as 300 �C. All of the principal Nd emission bands
are readily identified in specimens under conditions in
which there is no detectable emission in resonantly-pumped
Nd-doped silica films. These observations are encouraging
with respect to the development of optical devices based on
SRO:Nd. To illustrate this we demonstrated a simple
Fabry–Perot microcavity centered at 915 nm into which
the Nd emission was coupled to produce a narrow and
intense emission spectrum. Currently, we are further opti-
mizing the specimen synthesis parameters and constructing
higher-Q microcavities using dielectric mirrors, as well as
using rate equation modeling of the rise and decay times
in order to extract some of the critical characteristics
(transfer times, cross-sections, etc.) for estimating gain
and loss parameters in this material.
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