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Abstract

An extensive experimental study of optical gain in silicon nanocrystals is under way. Different types of samples have been tested
(e.g., nanocrystalline silicon superlattices prepared in Rochester, ion implanted silicon dioxide prepared in Canberra) using different
measurement techniques (e.g., variable stripe length method in Trento and in Rochester, prism coupling in Canberra) and different
pump laser sources (from femtosecond to cw). All the results presented here have been reproduced in at least two different labora-
tories, making it unlikely that experimental artifacts play a role. So far, we have observed nsec-duration gain in the visible/near
infrared range in nanocrystalline silicon superlattices under high photoinjection conditions with short laser pulses. For other con-
ditions (e.g., lower photoinjection, ion implanted samples with a lower concentration of quantum dots), we have not observed gain.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The desire for faster computers is pushing the micro-
electronics industry to increase the integration density
and operating frequency of electronic chips. However,
this trend is not without limits. The electrical intercon-
nect is one of the major problems we will face within
10 years, not only between chips but also at the single
chip level [1]. Certainly finding a solution to this prob-
lem would have a huge impact for the semiconductor
industry. Replacing electrical interconnects with optical
interconnects is one of the promising ways to solve this
problem. In optical interconnects there is no distance re-
lated loss or distortion of the signal, no deleterious
fringing effect and no heat dissipation in the intercon-
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nect itself. The possibility of using wavelength division
multiplexed networks makes optical interconnects even
more attractive [2]. A basic optical interconnect system
includes a light source, a detector and the optical path
between them. Silicon can already be used for most of
the elements of a complete interconnect system. One-
dimensional photonic bandgap structures made of a
porous silicon microcavity impregnated with liquid crys-
tal molecules form an electrically-addressable mirror [3]
and can be useful as an optical switch. An all-silicon
modulator capable of GHz speed has also been demon-
strated [4]. Detectors made from silicon are also availa-
ble, including some capable of a very high response
speed [5]. However, due to the poor efficiency of silicon
based light emitters there are no appropriate silicon light
sources.

In 2000 evidence for optical gain was presented in sili-
con nanocrystals that were produced by implanting sili-
con in silicon dioxide layers grown on silicon wafers [6].
In that work, ~3 nm silicon nanocrystals luminescent in
the near infrared around 1.5eV were inserted into a
crude waveguide structure. The light emitted by the


mailto:fauchet@ece.rochester.edu 

746 P.M. Fauchet et al. | Optical Materials 27 (2005) 745-749

material was amplified as it traveled along the wave-
guide. Net modal gains between 10 and 100cm ™' were
measured using the variable stripe length (VSL) method.
Although gain has been independently reported by other
groups [7-12], several important questions remain unre-
solved. It is not clear why no gain is observed in some
studies [13—-15] or why groups that do observe gain re-
port that only a fraction of the samples yield gain. The
differences may be due to the use of different samples
or experimental conditions such as measurement setup
or pump fluence.

In this paper we present a comparative study done on
different types of samples prepared in different groups
(e.g. nanocrystalline silicon superlattices prepared in
Rochester, ion implanted silicon dioxide prepared in
Canberra). Those samples were tested using different
measurement techniques and different pumping strate-
gies at different laboratory independently.

2. Sample preparation and experimental setup

Silicon nanocrystalline superlattices were prepared by
magnetron sputtering in Rochester. A thick (1 pum) SiO,
layer was grown on silicon wafers to form the cladding
layer for the waveguide structure. Alternating layers of
amorphous silicon (a-Si) and SiO, were then deposited
in the same chamber to form a superlattice (SL) struc-
ture. Samples with different layer thicknesses have been
grown and tested. However, in all cases, the thickness of
both types of layer was kept between 2.5 and 4nm. The
a-Si layers were then transformed into dense arrays of
nanocrystals by a procedure that involves high tempera-
ture furnace annealing, possibly preceded by a quick
rapid thermal annealing step. We have shown that under
these conditions, the entire a-Si layer is transformed into
densely-packed nanocrystals that form a monodispersed
size distribution [16,17]. Indeed, the diameter of the
nanocrystals is given by the thickness of the initial a-Si
layer. (Thereafter, we will call these the Rochester sam-
ples.) Ion implanted samples were prepared in Canberra.
Waveguide structures were formed by implanting Si at
an accelerating voltage of several hundred eVs into
5um thick SiO, layers grown on (100) Si wafers by high
temperature, high pressure oxidation. After annealing at
1100°C for one hour in a flowing N, ambient nanocrys-
tals were formed with the size distribution between 3
and 5nm with a peak nanocrystal density of around
5% 10" cm™? [13]. (Thereafter, we will call these the
Canberra samples.)

Studies of optical gain were conducted on all samples
using the variable stripe length (VSL) method [18]. Nor-
mal PL and VSL measurements on the Rochester sam-
ples were performed using two different setups in two
different laboratories (Trento [7] and Rochester [19]).
In Trento, continuous wave measurements were per-

formed using a UV enhanced argon ion laser (365nm)
and a double monochromator with a photomultiplier
tube (PMT) for photon detection. The time resolved
measurements were performed using high fluence short
optical pulses (6ns, 10Hz, 355nm) produced by the
third harmonic of a Nd:YAG laser and a single grating
spectrometer with a picosecond visible streak camera for
photon detection. In Rochester, an amplified frequency
doubled Ti-sapphire system with ultrashort pulses
(~200fs, 1kHz, 405nm) was used and the signal was
analyzed by a scanning monochromator equipped with
a PMT and a gated photon counter. Measurements on
the Canberra samples also employed a pump-probe
technique in which the probe beam propagates in a
waveguide structure containing the silicon nanocrystals.
For these pump-probe measurements, a probe beam
(~150fs, 250Hz, 755nm) was coupled into the nano-
crystal waveguide using a prism coupler while the pump,
produced using the frequency doubled light from the
same laser beam, illuminated the top of the waveguide.
Detection was performed by a Si photodiode.

3. Experimental
3.1. VSL results on the Rochester samples

The normal incidence PL from the samples tested for
gain increases linearly with pump power in the range of
interest and its spectrum remains unchanged. These re-
sults indicate that Auger recombination does not play
an important role and confirm that our size distribution
is very narrow [20].

Fig. 1 shows results obtained on a sample that did ex-
hibit gain under cw mode-locked pumping. When the
pump intensity is raised from 10W/cm? to 1kW/cm?
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Fig. 1. Amplified spontaneous emission (ASE) measured under CW
mode locked pumping on a sample at two different pump intensities.
The solid squares show loss for low pump intensity and the open circles
show gain at high pump intensity. The signal was measured at 800 nm.
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(corresponding to a fluence of 0.12uJ/cm? to 12 pJ/cm?
per pulse), we observe a switch from a loss of
~20cm ! to a gain of ~100cm ™. These results strongly
suggest that under intense pumping, it is possible to pro-
duce enough gain to overcome the waveguide losses.
The magnitude of the gain is greater than in most results
obtained using other samples and we attribute this
enhancement to the greater density of nanocrystals in
the Rochester samples. When a similar sample was
tested in Trento using cw pumping, no gain was ob-
served at the maximum pumping intensity [11]. These
combined results suggest that intense pulsed pumping
is required to overcome the waveguide losses.

The results from time-resolved studies performed in
both Trento and Rochester confirm this conclusion. In
addition to the slow (us) emission component character-
istic of nc-Si systems, we measured a fast (ns) emission
component when either the pump fluence was increased
for a fixed pumping length or when the pumping length
was increased at a fixed pump fluence. Fig. 2 shows
time-resolved results obtained by varying the pumping
length at a fixed pump fluence (550mJ/cm?). As the
pumping length increases, a very clear fast emission peak
with a full width half maximum (FWHM) of about 10ns,
comparable to the pump duration, appears on top of the
slow emission background. We interpret this effect as due
to the appearance of stimulated emission. This result, ob-
tained in Trento under ns optical pumping, was con-
firmed in Rochester using fs pumping. Results of the
fast and slow components measured in Rochester are
shown in the inset of Fig. 2. Only loss was measured with
the slow component whereas gain could be measured
with the fast component. (The signals are normalized
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Fig. 2. Time resolved results obtained using the VSL configuration
with a pump fluence of 550mJ/cm? and ns optical pulses. The solid
line, triangles and circles correspond to a pumping length of 0.3mm,
0.5mm and 1 mm respectively. Inset shows normalized VSL results on
the fast component (circles) and slow component (squares) using fsec
optical pulses. Fitting (line) yields a gain of 36cm™' for the fast
component and a loss of 27cm ™! for the slow component.

since the intensity of the fast component is much higher
than that of the slow component.) The data were re-
corded with an observation time window of 10ns in the
case of the fast component and 2 ps in the case of the slow
component. (The time resolution of the detection system
is in the nsec time regime). Since nothing except the
observation time window was changed, the potential
artifacts of the VSL technique (e.g., finite numerical
aperture of the collecting optics or total internal reflec-
tion at the output surface [15,21]) cannot explain the
results under high pulsed pumping conditions. Fig. 3
summarizes typical VSL results using the setup in Tren-
to. Fitting yields a gain value of 50cm ™' at the maximum
fluence. In this case, switching from loss to gain was
achieved by simply increasing the pump fluence as shown
in the inset of Fig. 3. This behavior was also qualitatively
reproduced in Rochester. In Fig. 4 we plot the peak
intensity of this fast component vs pump fluence. The
sublinear behavior in the low pump fluence region chan-
ged abruptly to superlinear behavior beyond a threshold
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Fig. 3. Typical VSL results (circles) with a pump fluence of 550 mJ/cm?
and ns optical pulses. Fitting (line) yields a gain of 50cm™". The result
of fitting the data at three fluences plotted in the inset shows the
transition from loss to gain.
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Fig. 4. The peak intensity of the fast component is plotted vs pump
fluence The solid lines are power-law fitting with a slope of 0.7 and 2.86
for low fluence and high fluence part respectively. A clear threshold is
observed near 250 mJ/cm?,
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value, as expected when stimulated emission dominates
over Auger recombination.

The results obtained independently in the two differ-
ent laboratories on the Rochester samples are consist-
ent. They show that under intense pulsed pumping it is
possible to produce enough gain to overcome the wave-
guide loss, especially in the visible/near infrared range.
In addition, the fast (ns) optical gain can compete with
the non-radiative Auger recombination that is usually
invoked to rule out the possibility of population inver-
sion (and optical gain) in nc-Si [20].

3.2. Pump probe and VSL measurement on the
Canberra samples

Results from the pump-probe measurements on a
Canberra sample are plotted in the inset of Fig. 5, where
the time response of the probe beam is shown following
excitation with pump pulses of increasing fluence. The
probe beam is attenuated instead of amplified by the
pump beam. The magnitude of the attenuation increases
with increasing pump fluence and eventually saturates as
shown in Fig. 5. Based on the excited state carrier
absorption model proposed in Ref. [13], a reasonable
fit to the data is achieved as shown in Fig. 5. The fitted
value for the excited state absorption coefficient is about
4.6 x 10'®cm? in this case. This value is consistent with
the free carrier absorption cross-section in bulk silicon
[22].

A similar sample was tested in Rochester using the
VSL technique and fsec pulses. We observed no fast
component in the response, only the normal slow com-
ponent. As shown in the inset of Fig. 6 the typical
VSL measurement indicates loss, not gain, consistent
with what we observe for the slow component in the
Rochester samples. In Fig. 6 the fitted loss value from
the VSL measurement is plotted vs. pump fluence. The
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Fig. 5. The modulation of the probe beam in a pump probe
experiment is plotted vs pump fluence. The solid line is a fit to the
data using a simple excited state absorption model (Ref. [13]). The
inset shows the probe signal measured at the exit from the waveguide
as a function of time for different pump fluences.
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Fig. 6. Loss coefficients measured from VSL measurements plotted vs
pump fluence. The inset shows a typical VSL curve and a fit with a loss
of 24cm™".

loss increases and eventually tends to saturate with
increasing pump fluence. This behavior is consistent
with the results of the previous pump probe measure-
ment, although the values of the fluence differ by one or-
der of magnitude.

3.3. Discussion

In this paper, we have shown experiment data ob-
tained using different setups in different laboratories.
With the Rochester samples we showed that it is possible
to produce enough gain to overcome the losses in the
VSL method under intense pulsed pumping. The use
of different experimental setups and the time-resolved
experiments themselves ruled out any possible artifacts
associated with the VSL method. The fluences used to
achieve gain with the nsec pump pulses in Trento were
approximately one order of magnitude greater than
those used with the fsec pump pulses in Rochester. This
difference may indicate that recombination channels ex-
ist with a time constant <lInsec. With the Canberra
samples pump-probe experiments have been done in
addition to VSL experiments. In both experiments, only
loss was measured. Note that the fluence used in
Rochester for the Canberra samples was comparable
to the fluence used on the Rochester samples exhibiting
gain. One of the possible reasons for the lack of gain in
the Canberra samples is the lower concentration of
quantum dots. More detailed conclusions will require
more extensive comparative studies.

4. Conclusions
In conclusion, two different types of samples were

measured independently in different laboratories using
different techniques and different pump sources. The re-
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sults are consistent for both samples. Gain with ns-dura-
tion in the visible/near infrared range was observed from
the Rochester samples under high photoninjection con-
ditions with short laser pulses. No gain was observed in
the Canberra samples. The different results may be re-
lated to the different density of nanocrystals in the two
types of samples.

This research was supported in part by the Semicon-
ductor Research Corporation (Contract 2002-MC-995)
and National Science Foundation (Grant ECS-0112612).
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