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We report the observation of positive optical gain in silicon nanocrystals (Si-nc) embedded in
silicon nitride measured by the variable stripe length technique. We evidence the onset of
stimulated emission and report gain coefficients up to 52 cm ™" at the highest excitation power (6.5
W/cm?). Photoluminescence dynamics presents two distinct recombination lifetimes in the
nanosecond and the microsecond ranges. This was interpreted in terms of fast carrier trapping in
nitrogen-induced localized states in the Si-nc surface and subsequent slow radiative recombination,
suggesting that carrier trapping in radiative surface states plays a crucial role in the optical gain
mechanism of Si-nc. © 2011 American Institute of Physics. [doi:10.1063/1.3607276]

Obtaining an efficient light source from a silicon-based
material would enable opto-electronics integration at low
cost. Since the first report of optical gain in silicon nanocrys-
tals (Si-nc)," various groups have independently confirmed
this observation in Si-nc embedded in silicon oxide (SiO,)
obtained by different methods' ™ or in Si-nc/SiO, superlatti-
ces.® Optical gain coefficients from 10 to 100 cm ™' have
been measured mainly by the variable-stripe-length method
(VSL)” or by pump-probe experiments.' A four-level phe-
nomenological model has been proposed which takes into
account the strong competition between Auger recombina-
tion and stimulated emission in these systems.” Oxygen-
related states introduced at the interface Si-nc/SiO, matrix
may play a crucial role in the observation of stimulated emis-
sion. Nevertheless, it is not clear whether the optical gain is
intrinsic to Si-nc or related to the oxide passivation, and the
material conditions for reaching positive optical gain still
remain unclear. Si-nc embedded in silicon nitride (SiN,)
present intense photoluminescence (PL) in the nanosecond
range,” tunable in the visible spectrum.’ Electrical current
injection is expected to be easier in SiNy, leading to more ef-
ficient electroluminescence. However, no observation of op-
tical amplification in Si-nc/SiN, has been reported to date,
despite some initial efforts.'® In this letter, we report the ob-
servation of positive optical gain in the Si-nc/SiNy system.
We evidence the onset of stimulated emission at 550 nm and
report gain coefficients up to 52 cm ™' at the highest excita-
tion power. The observation of optical gain is related to the
PL decay mechanism of the samples, which is similar to
Si-nc/SiO; systems.

The SiNy film was deposited using a plasma-enhanced
chemical vapor deposition system. The deposition conditions
are described elsewhere.'' The film thickness was 830 nm
and the index of refraction measured at 633 nm was 1.95.
The excess concentration of silicon in the film was 17.7%
and the estimated concentration of Si-nc in the matrix was
~1.2x 10" cm ™. Si-nc have a mean diameter of 3.2 nm
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and a size distribution between 1 and 4 nm."" There was 5.6
at. % of CI incorporated in the film, improving the surface
passivation of Si-nc.'>'? Optical gain was evaluated using
the VSL conﬁgulration.7 The excitation pulses (Aey. =382
nm, duration 100 fs, repetition rate 200 kHz) were delivered
by a frequency-doubled Ti-sapphire oscillator. The beam
was focused into a rectangular stripe of ~60 pum x 1.5 mm
on the sample surface. PL emission from the sample facet
was collected with a microscope objective focused into a
spectrometer. Pumping powers of 6.5, 4.6, and 2.8 W/cm?
were used. The pump powers required to achieve gain with
fs pulses can be relatively low due to reduction of thermal
phenomena and high rates of carrier injection.” In order to
eliminate possible parasitic effects in the VSL measure-
we used the shifting-excitation-spot (SES) tech-
nique. SES measurements were used for the correct optical
alignment of the detection optics and to eliminate other mea-
surement artifacts.” Integrated PL decay dynamics was
measured using a photomultiplier tube with resolution of 2
ns and a streak camera with resolution better than 50 ps, tak-
ing into account the jitter between the pulses. All measure-
ments were done at room temperature and corrected for the
spectral response of the systems.

Ideally, the SES signal (Isgs) is given by Isgs=1y
(2)-exp[—aro(4)-x], where Iy(4) is the spontaneous emission,
x is the excitation spot position from the sample’s edge, and
oro(A) =a(4) + K represents the optical losses due to ab-
sorption and scattering. The difference between the VSL and
the integrated SES curves can provide information about the
net gain coefficient G(4) following the model of Eq. (1).5 If
no stimulated emission is present in the sample, the SES sig-
nal integrated over the stripe length (/) should give exactly
the same result as the VSL method (/ys;). If stimulated emis-
sion is present, the difference of the VSL and integrated SES
curves increases exponentially with /. For increasing excita-
tion intensities, the population of the excited state increases
with respect to that of the ground state and population inver-
sion can be reached. Then, stimulated emission occurs: mate-
rial intrinsic absorption o turns into gain g, when its sign is

© 2011 American Institute of Physics
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changed. Since the losses K due to scattering still remain,
the net gain coefficient that is measured experimentally
and that is shown in Eq. (1) is given by G =g, — K. In
this case, the total optical losses in the film, estimated
from the SES data, were o, =20 %2 cm~ ! for all emis-
sion wavelengths,

[
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VSL and integrated SES curves are compared at 550 nm
(Figure 1(a)) and 700 nm (Figure 1(c)). For 550 nm, the data
coincide at 2.8 W/cm?, clearly indicating the absence of net
gain. At 6.5 W/cm?, the initial parts of the VSL and inte-
grated SES curves are identical, but after a threshold stripe
length of 250 um, the integrated SES lies evidently under the
VSL curve, indicating the stimulated emission onset. For 4.6
W/cmz, the stimulated emission occurrence cannot be unam-
biguously determined. Figure 1(b) shows the difference
between VSL and integrated SES curves. The gain coeffi-
cient G was obtained by fitting the data using Eq. (1). To
avoid artifacts due to diffraction on the movable slits, the
data up to the threshold length were not considered in the fit.
Optical losses of —5 cm ™' are obtained for 2.8 W/cm?, while
positive optical gain of +18 cm™' is observed for 6.5 W/
cm?. For 700 nm, there is an exponential increase of the VSL
curves (Figure 1(c)), while the integrated SES curves
increase sublinearly. A positive difference between both
curves is clear after 150 um and it increases with pumping
power (Figure 1(d)), which constitutes clear evidence for
stimulated emission observation.” Saturation is observed in
all cases ~500 pum. G was estimated by fitting the difference
from the threshold length until the saturation length, because
saturation effects are not included in Eq. (1)."*'® The optical
gain coefficient reaches 52 cm ™' at 6.5 W/cm?.

Figure 2(a) features the PL spectrum detected at the
sample facet, where no waveguiding effects such as narrow-
ing of the PL edge emission with respect to the normal ge-
ometry were observed (as in Ref. 15). Only the interference
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FIG. 1. (Color online) VSL (symbols) and integrated SES curves (lines) at
detection wavelengths of (a) 550 nm and (c¢) 700 nm. Difference between
VSL and integrated SES curves and fit for gain at (b) 550 nm and (d) 700 nm.
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due to the multiple reflections at the film-substrate and air-
film interfaces can be appreciated. No spectral narrowing
with increasing excitation intensity was observed in our
case. This effect could be screened by the inhomogeneous
broadening of the PL spectrum due to the wide size distribu-
tion of Si-nc in the film. Gain spectra are presented in Figure
2(b) in the region from 525 to 750 nm. In this case, no blue-
shift from the gain spectrum with respect to the PL emission
is appreciated, as observed in Ref. 3, but there is a slight
spectral narrowing from 180 nm to 160 nm. This is consist-
ent with the fact that the mean Si-nc size in our sample is 3.2
nm, and we have a broad size distribution. On the other
hand, the gain spectra in Figure 2(b) increase with excitation
power as expected since population inversion strongly
depends on the pumping conditions.'*'®

Integrated PL dynamics was measured in the microsec-
ond (Figure 3(a)) and nanosecond (Figure 3(b)) regimes.
There are two distinct PL decay times in the film: a “slow”
radiative lifetime of 1.08 = 0.5 us that has a stretched expo-
nential behavior (f=0.66 = 0.03) and a “fast” radiative life-
time of 0.5*= 0.2 ns. Shorter picoseconds time decays can
also be present but they are not observed here because of the
time resolution of the experiment. The “slow” recombination
dynamics is similar to the one observed in Si-nc/SiO, sys-
tems,3’5 where the variation of the atomic structure of oxi-
dized Si-nc could influence the local competition between
radiative and nonradiative rates and, thus, be responsible for
the stretched exponential behavior of the PL decay.'” The ob-
servation of a us-stretched exponential decay is an important
difference between the PL dynamics that we observe in our
Si-nc and other SiN, films evaluated for optical gain,'” while
the fast nanosecond decay is typical of Si-nc embedded in
SiN,.® Theoretical calculations show that radiative lifetimes
in Si-nc are significantly influenced by bridging-nitrogen con-
figurations at the nanocrystals surface. Depending on the
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FIG. 2. (Color online) (a) PL emission detected at the sample facet. (b)
Gain spectra at different excitation powers.
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FIG. 3. (Color online) PL decay dynamics at (a) the microsecond range and
(b) the nanosecond range.

nitrogen surface passivation, localized states introduced
within the optical gap of Si-nc cause nitrogen trap states re-
sponsible for light emission.'® Therefore, we interpret
the light emission mechanism in our SiNy film as follows: the
fast nanosecond PL decay component is associated with the
nonradiative exciton trapping on the radiative nitrogen states
present at the Si-nc surface while the longer microsecond
decay results from the recombination, both radiative and non-
radiative, of the trapped excitons. This interpretation implies
that the trapped carriers are spatially separated, which leads
to a reduced electron-hole wavefunctions overlap and a sup-
pressed Auger mechanism.'® This effect depends on the type
of surface passivation, since different nitrogen-bonding con-
figurations at the Si-nc surface lead to different energy states
within the confined optical band gap.®*° The PL dynamics in
our samples resembles the one observed in Si-nc embedded
in SiO,, but at shorter decay times. Thus, the optical gain
mechanism could be similar. In particular, it seems that car-
rier trapping in radiative surface states induced by the Si-nc
passivation plays a crucial role.

In conclusion, we observed optical amplification in the
VSL configuration from Si-nc embedded in SiN,, with a
maximum gain coefficient of 52 cm™' at 700 nm for the

Appl. Phys. Lett. 98, 261108 (2011)

highest excitation power. The gain spectra increase with the
excitation power reflecting the dependence of population
inversion with the pumping conditions. The PL dynamics
was interpreted in terms of nanosecond carrier trapping in
nitrogen-induced localized states in the Si-nc surface and
subsequent microsecond radiative recombination. This sug-
gests that carrier trapping in radiative surface states induced
by the Si-nc passivation (either by oxygen or nitrogen) plays
a crucial role in the gain mechanism of Si-nc.
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