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Abstract

We discuss here some crucial issues related to the validity of the variable stripe length (VSL) method to measure
optical gain in semiconductor materials and we especially point out the main experimental as well as conceptual dif-
ficulties arising when the VSL method is barely applied to low gain materials such as silicon nanocrystals (Si-nc) devised
in a planar waveguide geometry. The variable stripe length method is revised carefully considering all the basic as-
sumptions of its underlying one dimensional optical amplifier model, such as the gain saturation problem, the pump
diffraction effects, and the inhomogeneous collection coupling of the amplified spontaneous emission. We will show how
the standard one dimensional optical amplifier model has to be generalized in order to avoid undue artefacts as well as
fundamental flaws. We indicate that, once the model has been properly modified, a more refined experimental analysis
can be performed on the VSL experimental data yielding unambiguous gain values even in the case of planar wave-
guides made of low gain materials.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Optical gain coefficients can be measured by the
variable stripe length (VSL) technique firstly in-
troduced during the seventies [1]. The big advan-
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tage of such a widely used experimental method is
that no special sample preparation is needed and
transparent as well opaque samples are equally
suited for gain measurements. In addition, the
basic principle of the technique is extremely sim-
ple: the one-dimensional amplifier model. How-
ever, the applicability range of this technique has
not been deeply investigated so far. Special care is
needed when measuring low gain materials and
planar waveguide structures. Diffraction as well as
stray light coupling effects can lead to artificial
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Fig. 1. Sketch of the variable stripe length configuration. The amplified spontaneous luminescence Intensity /asg(z) is collected from
the edge of the sample as a function of the excitation length z. The laser beam is focused on a thin stripe by a cylindrical lens.

gain values making the VSL technique highly
misleading. To address all these potential sources
of experimental as well as conceptual flaws, we
propose here both a careful experimental strategy
and a generalized approach based on a more
complex modelling of the one dimensional optical
amplifier scheme, relaxing all the simplifying hy-
pothesis that originate the standard VSL model.

The aim of this work is intended to be twofold:
on one side we want to carefully review the main
assumptions that lay behind the apparently sim-
ple-looking VSL technique and, on the other side,
we want to demonstrate that once the VSL data
are carefully considered within a generalised one
dimensional amplifier model, accurate and repro-
ducible optical gain values can be deduced from
planar active waveguides even in the low gain
limit. The model system used in this work is a
planar waveguide where the active core layer is
formed by silicon nanocrystals (Si-nc) dispersed in
Si0; [3-5]. We begin our analysis by reviewing the
VSL technique method as applied to an amplifier
rod. In the following sections we will modify this
simple model in order to study optical gain in
planar waveguide structures.

In the VSL method the sample is optically ex-
cited by an intense laser beam, which is focused by
a cylindrical lens to form a narrow stripe on the
sample surface. The length z of the stripe can be
varied through a movable (variable) slit. An am-
plified spontaneous emission (ASE) signal Isg is
collected from the edge of the sample as a function

of z (Fig. 1). As a result of population inversion
achieved at high pumping rates, spontancously
emitted light is amplified and an intense, and par-
tially coherent ASE signal grows up exponentially
increasing the excitation length z. Distinctive
characteristics of the ASE signal are that the
ASE bandwidth is appreciably narrower than that
of spontancous emission and that the intensity
growth exhibits a soft threshold behaviour versus
power [2,3]. In addition, the presence of the ASE
signal significantly shortens the luminescence decay
time since the stimulated emission lifetime is in-
versely related to the flux of stimulating photons
[3-5].

The ASE intensity increase versus z is usually
described in a first approximation by a one di-
mensional optical amplifier model [6,7]. The one
dimensional rod amplifier is a good approximation
for VSL measurements applied to planar active
waveguides when the gain coefficient is high. In
fact the optical pumping geometry realizes a ge-
ometry very similar to the one found in gain-
guided stripe semiconductor lasers which are
widely used in photonics. Here, the lateral mode
confinement is realized by confining the inverted
region, i.e. the gaining region, to a narrow stripe
by spatial confinement of the injected current. The
limits of the rod amplifier model are evident when
the gain coefficient is low (few cm™!) as discussed
in Section 5.

Considering a one dimensional amplifier rod of
cross sectional area S and length L, a propagation
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intensity equation can be written for the sponta-
neous emission [6,7]:
dr

E:(Fgm_

where g, is the gain of the material, I' is the
confinement factor of the waveguide structure, o is
the propagation loss coefficient, 4y, is the sponta-
neous emission rate, N* is the excited state popu-
lation density and Av is the energy of the emitted
photon. Q(z) is the solid angle subtended by the
exit amplifier face as seen from the differential el-
ement dz in the amplifier (see Fig. 2). The factor
Q(z)/4m on the right hand side of Eq. (1) is the
fraction of spontaneous emission from element dz
that propagates along the amplification axis. Eq.
(1) can be analytically integrated to obtain the
ASE intensity at the exit face of the amplifier only
under specific working hypothesis.

Since most of the significant ASE emission arises
from the emitting elements near z = L, which ex-
perience the largest single pass gain, it is always
assumed that Q(z) = Q = S/L? (see Fig. 2). More
generally, the z-dependence of Q(z) strongly affects
the collection efficiency of the ASE signal. The
condition Q(z) = Q corresponds to the assumption
of a constant collection efficiency, hypothesis which
is satisfied for optical amplifiers based on optical
fibres or two-dimensional waveguides, but which is
not fulfilled in the case of planar waveguides where
the modes spread in the waveguide plane intro-
ducing a z dependence in the otherwise constant
collection efficiency (described by the variable Q(z)

a)] 4+ (AspN™ x hv)[Q(z)/4n], (1)

Fig. 2. Top view of the excited stripe on the surface of the
planar waveguide. L is the total length of the amplifier, z is the
slit edge position projected on the sample surface, dz is the in-
tegration element, Q(z) is the solid angle defined by the exit
facet of the amplifier and the point z of the slit edge on the
sample surface. Q(z) = Q when z = L.

factor). In addition, inhomogeneous coupling can
also arise as a result of an inappropriate choice of
the numerical aperture (and depth of focus) of the
collection optics used in the experiments, or as a
result of the collection of surface (non-guided) light
emission as will be discussed in later sections.

The first assumption of the simple one dimen-
sional amplifier model consists therefore in the
homogeneous collection efficiency of the edge
emitted radiation, assuming a light collection effi-
ciency that does not depend on the pumping length z.

In addition to this requirement, to find an an-
alytical solution of Eq. (1) a constant gain coeffi-
cient along the amplifier axis is usually assumed.
However, under certain circumstances, a spatial
dependence in the gain coefficient is observed.
Examples are related to the gain saturation prob-
lem or when a non-homogeneous pump intensity
profile is used. We will discuss these effects in the
next sections. This second general hypothesis can
be referred to as the homogeneity of the gain and
pump intensity over the whole pumping length z.
Only under these strict assumptions, Eq. (1) can be
integrated with the boundary condition 7xsg(0) =
0. In the case of an amplifier formed by an active
waveguide, the solution to Eq. (1) is

) @)
8mod

where J,,(Q) = (%) is the spontaneous
emission intensity emitted within the solid angle Q
and gnoq 18 the net modal gain of the material,
defined as gmoq = I'gm — o. For simplicity of no-
tation, we put gy,0q = g hereafter. From a fit of the
experimental data with Eq. (2), the modal gain g
can be deduced for every wavelength within the
spontaneous emission spectrum [8].

Inse(2)

2. Gain saturation

In the derivation of Eq. (2) we have assumed
that g is independent of z. This is not true in
general, because the ASE intensity itself could
significantly deplete the excited state population
N* reducing the gain as the signal intensity builds
up along the amplification axis. This is known as
the gain saturation effect [6].
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In order to take into account the effect of gain
saturation, the ASE propagation equation (1) can
be modified by replacing the small signal gain g
(independent on the signal intensity) and the small
signal excited state population Nj with the corre-
sponding relations for the intensity dependent
optical gain g(z) and population density N(z). In
the case of homogeneous amplifier systems the
corresponding expressions are [6]:

8o Ny
g(Z) = 1(z) and N(Z) = —0](2)3
1+ Tsat Tsat

respectively, and Eq. (1) can be rewritten as

d]_ g()I
dz 1419

+ (Asp% x hv> < [0/an),  (3)
Isat

where for simplicity we have set « =0, I' = 1 and

2 constant.

In the case of inhomogeneous amplifier systems,
which could correspond to our test model where
Si-nc have a wide size distribution, the intensity-
dependent gain coefficient can be obtained by
integrating the contributions from the different
frequency components (each of which saturates
differently depending on the detuning from the
central gain frequency) and the saturation formula

[6] g(z) = W is usually assumed. The cor-
responding ASE propagation equation is thus

modified to:

d/ / N;
=Tt e
Z 1+1(z) 1+1(z)

x hv | [Q/4n).
E Lsat

(4)

We notice here that the gain saturation expressions
used in Egs. (3) and (4), even if derived within the
hypothesis of simple three and four levels models,
are often applicable far outside the range of validity
of these simplified models [6], and Egs. (3) and (4)
can be assumed to hold without loss of generality.
Our model system is based on Si-nc and most of
the reported experimental evidences of optical gain
in Si-nc systems have been related to the presence of
an effective four levels system due to strong struc-
tural relaxation of small oxygen-saturated Si-nc
involving localized states [4,5,8,9]. Thus we consider

the signal saturation intensity of a four level am-
plifier I, = Aw/at, where o is the emission cross
section of the Si-nc and 7 is the Si-nc radiative
lifetime.

The results of the numerical integration of Egs.
(3) and (4) are shown in Figs. 3(a) and (b) where we
plot the ASE intensity and the gain coefficient
versus the pumping length of the VSL experiment
for both the gain saturation models. The gain co-
efficient remains equal to the small signal gain g,
(here we have considered gy = 50 cm™!) until a
critical pumping length, saturation length zg, is
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Fig. 3. Panel (a): Amplified spontaneous emission (ASE) in-
tensity versus the length of the photo-excited region which re-
sults from solving Eq. (3) considering a small signal gain
coefficient gy = 50 cm~' and homogeneous gain saturation
(solid line), solution of Eq. (4) for the case of inhomogeneous
gain saturation model (dash-dot line), solution of the simple
one dimensional amplifier model without the contribution of
gain saturation (dotted line). Panel (b): Spatial dependence of
the optical gain coefficient in the case of inhomogeneous satu-
ration (dash-dot line), homogeneous gain saturation (solid line)
and without the gain saturation effect (dotted line). A satura-
tion length z, = 0.2 cm can be deduced for the simulation
parameters used: signal wavelength A = 750 nm, Q = 107° sr,
Si-nc density N; =10 cm™3, Si-nc emission cross section
o = 107! cm?, Si-nc lifetime © = 10 ps.
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achieved (in the example considered z;,, = 0.2 cm).
For z > zg,,, g decreases and, eventually, vanishes.
In this situation, the ASE intensity starts to deviate
from the usual exponential increase according to a
characteristic saturation behaviour. It is interesting
to note here that the onset of gain saturation (the
critical length) is almost independent on the satu-
ration model considered. In fact, only the decrease
of the intensity dependent gain beyond the satu-
ration length reflects the choice of the actual satu-
ration model. In the example of Fig. 3, a saturation
length of 0.2 cm can be deduced, regardless of the
details of the saturation mechanism (homogeneous
or inhomogeneous).

Our model can be used to estimate the maxi-
mum gain-length product gz, in order to avoid
the onset of gain saturation in the VSL experi-
ments. From Fig. 3, gz, = 10 can be deduced.
This result is consistent with the quantitative esti-
mation of the critical gz;, product derived in [6]
under the assumption of a four level system:

)5
A ]Sélt
=10t ( Giag'ss ) G)

where 1 is the emission wavelength and A/ is the
emission linewidth.

It is clear from Eq. (5) that large-core amplifi-
ers, subtending large solid angles, are most sus-
ceptible to the saturation of ASE signal, since a
larger flux of spontancously emitted photons can
be sustained. The application of Eq. (5) to the case
of Si-nc emitting at 750 nm with a typical lumi-
nescence width of 130 nm (and a typical Q = 10~°)
yields gzg,: ~ 10, in agreement with the gain-length
product estimated on the basis of our simple sat-
uration model.

In addition, Eq. (5) can be significantly simpli-
fied in the case of high gain materials (gain-length
products gz, > 1). Defining a luminescence
quantum yield n = t4,,, and imposing the gain-
saturation condition Ixsg = I, We can obtain:

4r
8Ze ~ log <71_Q) (6)

Eq. (6) shows that materials with high quantum
yields have small gain-length product, strongly
reducing the applicability range of the VSL
technique.

We point out that similar gain-length product
estimations can be deduced by applying the
Lindford formula, that is a general relation con-
taining the integral information over the whole
spectral emission band. In the case of inhomoge-
neously broadened lasers one has [2]:

Q\ (G-1)
Inse =nls| — | ——
(GInG)?

4n

where G is the single pass gain G = exp(gz) and
Iasg 1s the integrated emission intensity. For ex-
ample, for Si-nc where gain coefficients ranging
from 10 to 100 cm™' have been measured by VSL
[3-5,8,9], a maximum pumping length of the order
of 0.1 cm (when g = 100 cm™!) can be calculated,
in good agreement with the estimate deduced from
the integration of Egs. (3) and (4).

; (7)

3. Pump diffraction effects

A second important requirement for the validity
of Eq. (2) is that of a constant pumping excitation
intensity. Here we discuss an example which arises
due to Fresnel diffraction effects caused by the
edge of the slit [10]. Clearly these diffraction effects
can be avoided by placing the slit very near to the
sample surface [5]. However not always this is
possible due to experimental constraints. We sug-
gested a simple way to characterise and control
experimentally diffraction effects [3,4]. It is based
on the measure of the diffused pump light intensity
as a function of the slit position. This measure-
ment is extremely easy to perform within a stan-
dard VSL set-up, since it can be performed exactly
as a VSL measurement (in the 90° configuration)
by collecting the diffused pump laser light as a
function of z.

We tested this approach by using a Si-nc
waveguide produced by PE-CVD deposition fol-
lowed by a high temperature annealing treatment
(Fig. 4) [11]. Fig. 5 shows the results of a VSL
measurement where the signal has been collected
both at the pump wavelength (365 nm, hollow
triangles) and at the ASE wavelength (750 nm,
solid circles). The full line in Fig. 5 is a calculation
of the diffracted pump beam within a Fresnel ap-
proximation. A good agreement between data and
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—— Si0,/Si-nc(n=2)/Si0,/quartz/air waveguide
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Fig. 4. Spatial mode profile of the waveguide structure for one
representative silicon nanocrystals (Si-nc) sample. Calculation
has been performed by assuming a refractive index of 2 for the
Si-nc rich region and an effective 4 layers planar waveguide.
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Fig. 5. Amplified spontaneous emission (ASE) at 800 nm (solid
circles) and scattered pump laser signal at 365 nm (open tri-
angles) simultaneously measured as a function of the excitation
length. The VSL signal has been normalized over its saturation
value. The solid line is the result of a simulation of the Fresnel
diffraction curve using the experimental parameters (normalized
to one). Pump laser beam waist on the cylindrical lens was 1.5
mm. As half of it was intercepted by the slit, a rectangular
excited region on the sample surface of 10 pm x 0.8 mm was
used. The laser wavelength was 365 nm and the pump intensity
on the sample surface was 50 W/cm?. The variable slit was
placed at a distance of 3 cm from the sample surface. The
sample was a SiO,/Si0,:Si-nc/SiO, waveguide deposited on top
of a quartz substrate. Experimental details are given in [4]. The
line on the open circles is a fit to the data with Eq. (2). The gain
parameter deduced from the fit is reported in the figure.

calculation can be observed. In Fig. 5, the pump-
ing intensity can be considered constant on the
sample only for z > 0.04 cm. Note that we arbi-
trarily set the origin of the z-axis in a region where
no signal was measured. In the region where dif-
fraction effects are dominant (z < 0.04 cm) /asg
increases exponentially with z. A fit of the data
with Eq. (2) in this z-region will yield an artificial
positive gain coefficient of about 100 cm~'. This is
an artefact which has a very peculiar signature: the
artificial gain value is almost independent on the
pump intensity on a wide pump intensity range.
Gain has to depend on the pump intensity since
population inversion strongly depends on the
pumping conditions. On the contrary, if the data
in Fig. 5 are fitted for z > 0.04 cm, negative gain
values (i.e. optical losses) of =50 cm~! are deduced
from the fit with Eq. (2) (solid curve). Our pro-
posed pump diffraction analysis is of great help in
understanding the initial position from which the
VSL data can be fitted within the approximations
of the one dimensional model of Eq. (2).

The ending points in this fit are chosen on the
basis of the saturation length (as discussed before)
and of the laser waist size, since an artificial satu-
ration effect can arise also from its Gaussian in-
tensity profile. In our experiment we used an UV
extended Ar laser with a Gaussian beam profile.
To avoid the inherent inhomogeneity of the
Gaussian profile, we used the conservative ap-
proach to place the sample edge in the middle of
the transversal laser waist. Even if this strategy
leads to an underestimation of the actual gain
values, it allows to rule out serious experimental
flaws such as apparent gain observations and sat-
uration regime.

4. Coupling effects

A third important issue concerning VSL mea-
surements is that of the constant coupling of
the guided emission with the detection optics. The
coupling efficiency must be independent on the
pumping length z in order to apply Eq. (2), as al-
ready pointed out.

On the contrary, in the case of planar wave-
guides the coupling efficiency is not independent
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on the excitation length z since the in-plane
spreading of the emission originates inhomoge-
neous coupling effects with the detection optics
that can strongly affect the experimental results. In
addition, for excitation near to the sample edge
(short z), the excited and amplified optical modes
are less collimated (see Fig. 2) with respect to the
modes excited at large distances (large z).

To experimentally check the homogeneity of
such a coupling, a comparison of VSL results with
that of the “shifting excitation spot” (SES) tech-
nique has been proposed [12]. The SES method
was originally introduced in [13,14] to measure the
optical losses in a laser waveguide structures.
Briefly, the SES method consists in exciting the
sample on a small spot area, whose lateral position
can be shifted with respect to the sample edge, and
detecting the intensity of the light emitted from the
sample edge (Fig. 6). Since the emitted light travels
along a region which is not photo-excited, the
collected intensity as a function of the spot posi-
tion z decreases according to a characteristic at-
tenuation law. In the simple case of collimated
optical beams (like in optical fibers) the intensity
decay follows the exponential Lambert—Beer’s law.
Since the optical mode remains collimated while

(a)

detector

waveguide

Fig. 6. (a) Sketch of the shifting excitation spot technique
(SES). The spotted excitation is obtained by using 40 um pin-
hole. (b) Projection on the waveguide plane and definition of
the relevant quantities to estimate the collection efficiency.

propagating, the collection efficiency is indepen-
dent on the exciting spot position thus allowing for
an easy measurement of the loss coefficient «. On
the contrary, in the case of a planar waveguide, the
optical mode has an angular spread in the wave-
guide plane which depends on the exciting spot
position z (see Fig. 6(b)).

The collection efficiency of the emitted light for
both VSL and SES experiments will thus be geo-
metrically limited by the finite numerical aperture
(NA) of the collection system in the waveguide
plane, where NA = sin(¢) and the angle ¢ is de-
fined in Fig. 6(b). The analysis is simple for the
SES geometry, if we assume a cylindrically sym-
metric collection system (a simple spherical lens, a
microscope objective, etc.) with a lateral dimen-
sion d (parallel to the waveguide plane) and posi-
tioned at a fixed distance x from the sample edge
(see Fig. 6(b)). Light from the point z is isotropi-
cally emitted in the waveguide plane, i.e. over an
angle 2, and propagates along the waveguide
plane. Let us define the collection efficiency p(z) of
the optical system by the ratio of the transversal
acceptance angle of the collection system ¢(z) to
the total angle: p(z) = ¢/2n. Thus:

d/2

p(2) :%: (1/2n) tan"! (#) (8)
Eq. (8) simplifies to p(z) < 1/z when the exciting
spot position is well inside the sample (or z > x).

Hence for planar waveguides the measured lu-
minescence signal in a SES experiment will be
proportional to p(z) exp(—a - z), which reduces to
x exp(—a-z)/z for z>> x [15]. It is interesting to
note that, in the more general case discussed here,
the standard Lambert—Beer’s law can be extended
to the case of inhomogenecous spatial coupling by
writing:
dr/

&=l +0() ©)

where the effect of the mode divergence is fully
taken into account through the coupling function
p(2).

To study the experimental coupling conditions
in our samples, we have applied SES technique to
a Si-nc planar waveguide with a core thickness
wy; = 250 nm and two silica cladding layers with
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thickness w, = 100 nm deposited on a quartz
substrate (Fig. 4). We excited the luminescence by
a tiny laser spot with an estimated diameter of
~100 pum on the sample surface and with a wave-
length of 365 nm (UV extended Argon laser). The
laser spot was formed by passing the beam
through a movable pin-hole just after the cylin-
drical lens used in the VSL and near to the sample
surface. Collection of the luminescence exiting
from the edge and guided by the sample was per-
formed via a 40x microscope objective with
NA = 0.65, the same aperture that we use for VSL
measurements. The transversal numerical aperture
of the waveguide was estimated to be NA =
A/mwy = 0.44, allowing total collection of the edge
emitted light.

Fig. 7 shows SES and VSL measurements per-
formed on the same sample. In SES measurement
shown in Fig. 7(a) the luminescence signal de-
creases exponentially when sweeping the laser spot
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3 o © Sharp edge E
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Fig. 7. Edge emission intensity at 750 nm versus slit position
for SES measurements (Fig. 7(a)) and versus slit width for VSL
measurements (Fig. 7(b)). The sample was a SiO,/SiO,:Si-nc/
Si0, waveguide deposited on top of a quartz substrate [4]. SES
measurements on an irregular edge (filled squares) and on a
sharp edge (open circles) of the sample are shown for com-
parison. Fit of the experimental data with the modified Beer’s
law for SES data or with Eq. (2) for VSL data are reported on
the graph.

from the sample edge (open circles). An effective
loss parameter o can be extracted which is related
to both absorption and propagation losses in the
waveguide. Moreover, this « value coincides within
the experimental errors with the optical loss value
obtained from VSL measurements performed at
the same wavelength (Fig. 7(b)), when using a low
pump power in a spectral region with a negligible
absorption due to the Si nanocrystals. This is an
important consistency proof showing that under
our experimental conditions the coupling efficiency
both in VSL and SES measurements are identical
over the pumping range. This crucial observations
allow us to rule out from an experimental point of
view any artificial effect due to uncontrolled cou-
pling conditions during the VSL experiments. It is
worth noticing that also the quality (roughness
and imperfections) of the sample edge significantly
affects the measured SES profiles: indeed complex
oscillatory behaviour is observed for a damaged
edge (solid squares in Fig. 7(a)) [4].

Interestingly, [12] reported that the SES signal
can increase when sweeping the excitation spot
away from the sample edge, yielding to artificial
gain values when VSL sweeps are performed. We
have also observed this effect experimentally, but
only under the following conditions: (i) when the
optical axis of the waveguide formed an angle
different from zero with respect to the optical axis
of the collecting lens (geometrical misalignment);
(i1) when the focal plane of the objective was po-
sitioned well within the sample (Fig. §).

The latter condition deserves a detailed discus-
sion. When the objective focal plane is placed
within the sample so that it can be entirely crossed
by the Gaussian excitation spot during a SES
sweep, then (accordingly to the depth of field of
the objective used) an additional non-constant
light coupling contribution can modify the exper-
imental conditions giving rise to artefacts in the
SES and VSL measurements. The light collection
efficiency can increase easily with increasing the
pump length (as in [12]) or even remain constant in
a large range of pumping length depending on the
excitation spot size (the transversal beam waist)
and objective numerical aperture NA (or depth of
field D, according to the approximate relation
D ~ A/NA?).
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Fig. 8. Edge emission versus spot position for different posi-
tioning of the collecting objective focal plane. The focal plane
was moved from the sample edge into the sample with a con-
stant step of 50 um. SES emission was collected at a detection
wavelength of 750 nm. Closed circles refer to SES measurement
performed with the focal plane on the sample edge. Continuous
lines are for SES measurements under wrong focusing condi-
tions. The experimentally measured losses are o= —45+5
cm™~! (dotted line).

This is experimentally demonstrated in Fig. 8,
where SES measurements are performed for dif-
ferent locations of the objective focal plane. When
the focal plane is correctly placed on the sample
edge or far from it, an exponential decrease of the
signal is measured (closed circles). However, when
the focal plane is moved into the sample, the lu-
minescence signal initially increases due to the in-
creased overlap between the laser spot and the
depth of field of the objective and then starts to
decrease (continuous lines).

Another explanation of the anomalous
increases observed in [12] can be looked for in
the effect caused by the mode propagation in the
waveguide. As the light is excited at longer z
the propagating optical mode is more and more
collimated in the waveguide and hence is detected
more effectively by the collecting system. Wave-
guide mode filtering effects have been indeed re-
ported [15]. Then when the mode is stable the effect
of the propagation losses become dominant and a
decreases in the intensity can be observed.

The interplay between all the different inho-
mogeneous coupling contributions considered so
far can be indeed very complex. In the next chapter
we will try to describe it from a simple phenome-
nological perspective to show that experimental
artefacts (apparent gain) can easily arise when all
these issues are not carefully considered.

However, when a careful comparative analysis
between VSL and SES is performed, reliable gain
values can be extracted also in the case of active
planar waveguide samples. Fig. 9 shows the VSL
results obtained on silicon nanocrystal waveguides
[4]. All the previously discussed sources of exper-
imental artefacts has been carefully ruled out in
the results of Fig. 9. We observed losses at low
pump power and optical gain at high pump power,
keeping fixed all the other experimental condi-
tions. We believe that this loss/gain switch with
increasing pump power is a very robust test to be
applied when VSL gain measurement has to be
performed in low gain planar waveguides. In fact,
all the possible artificial gain sources that we re-
viewed in the preceding sections necessarily yield
unphysical power independent gain values.

5. Generalised one dimensional model

As we have seen in the preceding sections, the
simple one dimensional optical amplifier model
can fail when barely applied to small gain planar
optical waveguides and special experimental cares
have to be paid. To that purpose, we have sug-
gested many experimental strategies in order to
overcome these limitations and we have demon-
strated their validity in the case of silicon nano-
crystal waveguides.

Since we already discussed the physical origin of
most of the possible experimental flaws, we will try
to modify Eq. (1) in order to take into account all
these effects from the beginning and motivate our
experimental procedures within a more general
propagation model. In addition, the experimental
data in Fig. 9 will be reproduced within a modified
SES model reinforcing our physical explanation of
the inhomogeneous coupling effect.

The effect of Fresnel pump diffraction, the gain
saturation, the different artefacts due to modal



346 L. Dal Negro et al. | Optics Communications 229 (2004) 337-348

-
o

o
®

o
P

=-34+5cm’”

o
i

©
n

(a)

L —— T T T T T

°

O
©

m 3kwicm®g=55+5cm’”
o~ scattered pump

A.S.E. Intensity (arb units)
(=) (=
@] (=)

(@]
w
T .
o
N

-
(oo T e e —
000 002 004 006 008 010
Pumping length (cm)

Fig. 9. Panel (a): Edge ASE emission at 800 nm (solid circles)
and scattered pump laser signal (open circles) simultaneously
measured as a function of the excitation length. The pump laser
was focused on the sample surface through a cylindrical lens.
The beam waist of the pump laser on the cylindrical lens was 0.9
mm, which resulted in a rectangular excited region on the
sample surface of 10 um x 0.45 mm. The laser wavelength was
365 nm and the pump intensity on the sample surface was 50 W/
cm?. A variable slit was placed at a distance of 7 cm from the
sample surface. The sample was a Si0,/Si0,:Si-nc/SiO, wave-
guide deposited on top of a quartz substrate. For Fig. 9(a) the
Si-nc were formed by annealing at 1250 °C for 1 hr a SiO, layer
with 39% Si content. For Fig. 9(b) the Si-nc were formed by
annealing at 1200 °C for 1 hr a SiO, layer with 39% Si content.
Experimental details are given in [4]. Data were fitted with Eq.
(2) in two different regions. The gain parameters deduced are
reported in the figure. Panel (b): The ASE signal measured at
750 nm under 3 kW/cm? (solid squares) or 50 W/cm? (solid
circles) pump intensity excitation. The line is a fit to the data
with Eq. (2). Open circles refer to the scattered pump light used
to define the origin of the fit.

divergence and inhomogeneous collection cou-
pling efficiency can be included in a generalized
one dimensional model through additional spatial
dependent coefficients. We can write a generalized
propagation equation as follows:

drs

& = [g(Z)f(Z) - (Z][ + [é(z)AspN(z)*hV]

x [Bi(2) + By (2)], (10)

where &(z) is the normalized Fresnel diffraction
intensity profile, g(z) is the spatial dependent gain
coefficient, N(z)" is the spatial dependent excited
state population density (with the same saturation
behaviour as g(z)), f,(z) represents a spatial de-
pendent collection factor arising from the planar
waveguide mode spreading (the guided optical
modes are not collimated beams in the plane of
the waveguide as discussed before) and f3,(z) is the
Gaussian coupling efficiency originating from the
spatial laser intensity profile. Since the coupling
efficiency function p(z) introduced in the previous
section can be approximated by a straight line we
have assumed for simplicity a f8; coupling efficiency
that increases (decreases) according to f, =

2 + B x z where the B factoris B = (M — 1)x 2

4nleng’

M is the fraction of inhomogeneous coupling
(M=1,2...,n) and Ly is the maximum slit
length in the VSL experiment. The =+, in the col-
lection term describes the increase or the decrease
in the actual collection efficiency originating from
better mode guidance (spatial mode collimation)
and in-plane mode spreading respectively. The f;
spatial dependent function used in this simple ap-
proximation implies that the collection efficiency
increases (decreases) linearly as a result of mode
guiding (spreading) in the waveguide plane until a
certain fraction M of the initial constant emission
solid angle € is reached at the maximum slit length
Leng. The condition M = 1 implies constant cou-
pling for all z. The term f3,(z) is given by a Gaussian
function that reproduces the laser spot. By nu-
merical integration of Eq. (10), it is possible to
reproduce all the spurious effects that we charac-
terised experimentally. Fig. 11 shows some results
considering the case of linear increase in the light
coupling. We used a waveguide with 20 cm™' of
optical losses (/asg Vs z from Eq. (2) shown in
Fig. 10 as dashed curve) to emphasize that all the
additional effects included in Eq. (10) can lead to
artificial gain values even in the case of a passive
waveguide structure (with no gain). When the ef-
fects of Fresnel diffraction are introduced in Eq.
(10) through &(z), an exponential rising edge ap-
pears in Iasg (Fig. 11(a), solid line). This effect be-
comes even more steep when the Gaussian coupling
factor f3, is introduced in the model (Fig.11(a),
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Fig. 10. Panel (a): Simulation of the VSL signal assuming 20
cm~! of optical losses (dashed line). Simulation of the VSL
signal considering the generalised model of Eq. (10) with the
effect of the pump Fresnel diffraction only (solid line) and
considering additionally the effect of inhomogeneous coupling
due to the wrong focal position of the collecting objective
(dash-dot line). Simulation of the VSL signal assuming Fresnel
diffraction effects, inhomogeneous Gaussian coupling and ad-
ditionally the mode spreading in the waveguide plane up to
M =2 (dash-dot-dot line). Simulation of the VSL signal as-
suming Fresnel diffraction effects, inhomogeneous Gaussian
coupling and additionally the mode spreading in the waveguide
plane up to M = 3 (dotted line). Panel (b): Simulation of the
VSL signal assuming g = 50 cm™' of optical gain (dash-dash-
dot line). Simulation of the VSL signal considering the gener-
alised model of Eq. (10) with the effect of the pump Fresnel
diffraction only (short-dot line) and considering additionally the
effect of inhomogeneous coupling due to the wrong focal po-
sition of the collecting objective (dash-dot line). Simulation of
the VSL signal assuming Fresnel diffraction effects, inhomoge-
neous Gaussian coupling and additionally the mode spreading
in the waveguide plane up to M = 2 (dash-dot-dot line). Sim-
ulation of the VSL signal assuming Fresnel diffraction effects,
inhomogeneous Gaussian coupling and additionally the mode
spreading in the waveguide plane up to M = 20 (dotted line).

dash-dot line) and can lead to artificial gain values.
When M =2 is used in Eq. (10) the VSL curve is
strongly modified even outside the diffraction range
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Fig. 11. Simulation of the SES signal considering the model of
Eq. (11) for different spatial positions of the Gaussian laser
beam waist with respect to the sample edge. The waist has been
considered 100 um wide. Losses of 45 cm™! have been consid-
ered. SES signal as obtained from the Beer’s law (dash-dot-dot
line), SES signal as obtained from the solution of the modified
Beer’s law (dotted line). With reference to the schematics in Fig.
6(b) we have considered the experimental parameters d = 0.3
cm and x = 0.1 cm.

(Fig. 11(a), dotted line). When M = 2 an artificial
gain curve can arise because of the non-constant
coupling (Fig. 11(a), dash-dot-dot line). For M = 3
(dotted line) the effect becomes dramatic. All these
apparent gain curves only reflect the inhomoge-
neous light coupling of the edge emitted signal [12].

The coupling effects are therefore crucial for the
estimation of low gain and loss values from the
VSL analysis. However, when the gain values are
high enough, all these spurious effects turned out
to play a minor role and the VSL curves obtained
within the simple one dimensional optical ampli-
fier and the generalised model given by Eq. (10) are
in good agreement under a wide range of pertur-
bation parameters. A non-constant coupling with
a M as high as 20 gives rise to only minor changes
in the ideal VSL curves (see Fig. 11(b), dotted
line). Our numerical simulations suggest that the
VSL curve can be described accurately within the
one dimensional optical amplifier model if the gain
values are bigger than 20-30 cm™~'.

Dramatic modifications of the standard loss
behaviour can also be deduced in the case of the
SES technique when we extend the modified
Lambert—Beer’s law of Eq. (9) to a more general
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form that takes into account the inhomogeneous
Gaussian coupling contribution. This term arises
from the effect of the finite depth of field D of the
collecting system when its focal plane is shifted
relatively to the excitation spot position, and we
can write:

dl_ p(0) — B,
&_—cx[[+p(z)1] X (W) (11)

where the interplay between the two coupling
mechanisms described by f3,(0)  p(0) and f, is
such that Eq. (11) can switch from an attenuation
behaviour (when f, > f,) to an exponential
growth (when f5; < f3,). Since the excitation spot is
described by a Gaussian function with vanishing
tails the regime described by Eq. (11) will eventu-
ally switch again into attenuation, exactly de-
scribing the experimental situation (see Fig. 11).
By solving Eq. (11), it is possible to reproduce
the experimental data of Fig. 8 accurately. The
simulation results are shown in Fig. 11. Analo-
gously to the experimental situation described in
Fig. 8, we performed a 100 pum sweep (starting from
the sample edge, dash-dot line in Fig. 11) of the
position of the Gaussian excitation spot along the
horizontal sample axis. The qualitative agreement
with the experimental data shown in Fig. 8 clearly
indicates that our interpretation of the effect is
consistent with the SES measurements results.

6. Conclusion

Both VSL and SES measurements on silicon
nanocrystal waveguides can be performed pro-
vided the careful experimental approach described
here is applied. Monitoring both the pump dif-
fraction effects and the signal collection efficiency,
reliable data can be extracted from VSL technique.
Positive gain and optical losses can be measured
unambiguously in silicon nanocrystal waveguides,
depending only on the pumping conditions. The
observations of [12] have been reproduced on a
sample of Si nanocrystals produced by a different
growth technique and interpreted within a general
propagation model.
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