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7 The optical activity
determination

7.1 General treatment

Determination of optical activity of emitting species is not an easy task. The
number of optically active centers is obtained by looking at photoluminescence.
However PL intensity can not be directly attributed to the exact number of
active centers. It is therefore necessary to compare the investigated sample
with one whose optically activity is already known. The easiest choice is a
sample in which all centers are known to be active and the natural candidate
in the case of Er-doped media is silicon dioxide. Two facts make SiO2 a good
environment for optical activity of Er ions optical properties: the presence of
a great amount of oxygen atoms and the insulating nature of the material.

Oxygen, as discussed in Chapter 3, enhances optical properties of Er3+ ions;
only the presence of 6-8 O atoms around each Er3+ ion assures its optical
activity. At the same time, since SiO2 is an insulator, non-radiative processes
of excitation reversal and Auger quenching with free carriers, that hamper
dramatically luminescence of Er in c-Si are not available. Let us write the
rate equation describing the excitation of Er in Si:

dN∗
Si

dt
= σφ(Nact

Si −N∗
Si)−

N∗
Si

τ
, (7.1)

where N∗
Si, σ, φ, Nact

Si, τ are, respectively, the number of excited Er3+

ions, the excitation cross section, the excitation photon flux, the number of
optically active Er ions and the effective lifetime of excited Er. For the setup
used in experiments described in this thesis, the OPO pulse has a duration
∆t = 5 ns, that is much shorter than the characteristic effective lifetime of
Er3+. Therefore, we can use the approximation that recombination does not
occur during illumination and the last term on the right side of Eq. 7.1 can
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be neglected. The modified rate equation has the following solution:

N∗
Si = Nact

Si (1− exp(−σφ∆t)), (7.2)

where ∆t is the laser pulse duration. For low excitation flux σφ∆t�1 and
Eq. 7.2 reduces to N∗

Si = σφ∆ tNact
Si , while at high excitation flux, when

σφ∆t�1, Eq. 7.2 gives N∗
Si = Nact

Si , namely the saturation number of Er3+

ions taking part in the process. PL is proportional to N∗
Si/τrad, where τrad

is the radiative lifetime of Er3+. In this case since PL are integrated in time,
intensity of luminescence has to be multiplied by the effective lifetime, giving
the following result:

ISi ∝ εN∗
Si

τ

τrad
= σεφ∆tNact

Si

τSi

τSi
rad

, (7.3)

Further, a correction has to be made since, due to reflection from the surface,
the actual exciting flux is lower than the incident one. The factor called ε,
in the range 0 to 1 (0 in case of total reflection from the surface, 1 for 100%
transmission through the surface), gives the right calibration to the flux. For
the current case, ε has been determined to be on the order of 0.7, namely 30%
of the total incident light is reflected back [12].

Intensity of luminescence from the sample under investigation has now to
be compared with the one from the reference, Er doped SiO2 sample in this
case. As shown in Fig. 2.4 (Chapt. 2), the intensity of Er PL in SiO2 has
a linear dependence on excitation flux and does not show saturation even at
the highest incident flux of photon used in our experiment. Therefore, the
intensity of PL can be written as in Eq. 7.3, but with all parameters that are
already known:

IPL ∝ N∗
SiO2

τ

τrad
= σφ∆tNact

SiO2

τSiO2

τSiO2
rad

, (7.4)

In fact, for λ = 520 nm σSiO2=2 × 10−20 cm2 as determined in [11], Nact
SiO2

= 9.9 × 1014cm−2 (all implanted Er3+ ions are optically active), and τ/τrad

= 1 (nonradiative de-excitation of Er3+ does not occur). No correction for
the flux is necessary, since reflections from the surface are negligible in case of
SiO2.

Intensity of luminescence can be accordingly converted in density of active
centers by inverting Eq. 7.4 and solving for Nact

SiO2
. This can be used to convert

intensity of luminescence into density (and therefore percentage, knowing the
total density of centers) of active Er centers in any sample.

However, the re-scaling of the PL intensity into density of active centers is
not the same for different materials. The conversion can be anyway obtained
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Figure 7.1: PL intensity as function of excitation photon flux. While the left scale
(PL) is common for the samples, the right scale with density of active centers refers to
the linear grey (reference) curve. The density of active centers for the black curve can
be obtained by applying the corrections described in the text. The two circles indicate
the two regimes, linear and saturation, which are considered.

from the reference by applying few corrections. The necessity for those correc-
tions comes from the fact that in two different materials, while the emitting
center is the same, Er3+ in this case, its environment changes and that leads
to differences in the dynamics of luminescence, spectral shape and extraction
loss due to interface between materials and air:

1. The first of these factor takes into account the presence (in a certain host)
of non-radiative recombination paths that compete with the radiative
process. Many centers can de-excite not through the emission of a photon
but in non-radiative ways. Since the whole determination is based on the
detection of emitted photons, an underestimation of the actual activity
can rise.
The ratio between effective and radiative lifetime of luminescence τ/τrad

gives the correction for differences in recombination dynamics. The den-
sity of active center has to be divided, therefore, by this ratio.

2. Distinct sites occupied by centers in different materials lead to a spread
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in emission wavelengths due to the effect of the environment on the
electrical levels of the ions (Stark effect). In this treatment, intensity
is collected only at a certain wavelength of emission (the maximum),
possibly overlooking in this way the emission coming from the rest of
the ions.
By multiplying the density of active centers for the normalized (to the
signal maximum) intensity of luminescence from the investigate sample
divided by the one from the reference, both integrated over all the range
of luminescence, differences in spectral shape can be accounted for.

3. Last correction is due to the different refractive indexes of samples that
result in dissimilar reflection of emission on the interface between ac-
tive layer and air. This leads to differences in extraction efficiency of
luminescence emitted from distinct samples and consequently wrong de-
termination of the actual emitted intensity. Sec. 7.2 gives details on the
method used to determine such correction.

In summary, density of active centers for a sample is determined in the fol-
lowing way in relation to the one of the reference:

Nact
Si = Nact

SiO2

τSi
rad

τSi

ISi

ISiO2

Fext, (7.5)

where Nact
Si and Nact

SiO2
are the density of optical active center in Si samples

and SiO2 reference, τSi
rad and τSi respectively radiative and effective lifetime of

luminescence in Si, ISi and ISiO2 the integrated spectrum intensity for Si and
SiO2 and Fext a factor quantifying the difference in the extraction efficiencies
for the Si and the reference. The developed procedure is valid in case of linear
dependence of PL of the reference sample on excitation flux.

For high flux Eq. 7.2 can not be reduced to a linear dependence and com-
parison with reference is not so simple to perform. However, intensity of PL
can be re-scaled to the number of active centers exactly in the same way as
previously. The only difference is that, since PL from the Si sample reaches a
saturation at high excitation flux, the value of intensity at the saturation level
has to be considered. In particular, if as intensity of luminescence we take
the values at which the two curves (Si and SiO2 power dependencies) cross,
ISi/ISiO2=1.

It is evident that two distinct values of optical activity are determined for
the “linear” and the “saturation” regime with the first always bigger than the
latter. In fact, determination in the linear part can be seen as a maximum
limit for the optical activity of a sample, while the “saturation” determination
gives a more realistic value reflecting the non-ideality of the system.
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7.2 Analysis of the correction factor for the output PL
signal in different structures

Let us consider a point source at a distance R from the surface that emits
homogenously in all directions. From Snell’s law follows that the angle at
which light is reflected by the internal surface between the sample and the
air is: θsample=arcsin nair

nsample
sinθair, where nair and nsample are the refractive

indexes of air and of the sample, respectively. The limit reflection angle θlim on
the internal surface at which light is trapped into the layer can be calculated
assuming that the emission is parallel to the surface (θair = 90◦). Therefore
θlim=arcsin nair

nsample
, since sin θair=1.

A

R

d

lim

Active Layer

Substrate

SPH

Figure 7.2: Schematic of a generic sample with an active layer on a substrate. A is
the emitting point source at a distance R from the interface between the layer and the
air. θlim is the minimum angle at which light will not be able to escape from the active
layer and will be reflected back from the internal surface. The vector from A to the
surface with an angle θlim with respect to the normal generates a cone that intersects
the surface. The intersection is a circle with radius d, that represent the area from
which emission can get out of the layer and consequently will be collected. The dashed
circle SPH is the projection in 2 dimensions of the total emission sphere of the point
source.
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The solid angle determined by the limit angle θlim at which light can escape
the sample is:

Aout = 2π(1− cosθlim), (7.6)

where d = R tan θlim and R is the distance between source and surface, as
schematically drawn in Fig. 7.2.

From the assumption that the source is point-like and emits homogeneously
in all directions, we can consider the total solid angle of the sphere, that is:

ASPH = 4π, (7.7)

Since Aout and ASPH are respectively proportional to the number of photons
extracted from the surface and the total number of emitted ones, the reciprocal
of ratio of the two quantities gives the extraction efficiency ηout:

ηout =
Aout

ASPH
=

2π(1− cosθlim)
4π

=
1− cosθlim

2
. (7.8)

It is interesting to notice that the extraction factor is actually independent
on the distance at which the point source is placed with respect to the surface.
Correction, therefore, is valid for the all emitting centers inside the sample as
long as the assumptions already made are fulfilled.

The situation becomes slightly more complicated when more interfaces are
present as in Fig. 7.3.
where θ1 is defined as nair/n1 (the angle of total reflection between the first
layer and air, in case undoped layer is not present), θlim is equal to θ2 in the
limit of total reflection at the interface between air and the non-active layer,
R2 the thickness of the latter, R the distance between the point source in the
active layer and the surface. If refractive indexes of the two layers have similar
values, as for Si and Er-doped Si or Si:Ge, no additional calculations need to
be done and the same equation as for the case of only one active layer in direct
contact with air can be used.

Knowing the extraction efficiency for a certain structure and for the refer-
ence, it is possible to obtain the correction factor Fext in Eq. 7.5 as:

1
Fext

=
ηsample

out

ηref
out

. (7.9)

Assuming that the detector is located far away from the sample, the emission
area on the surface can be seen as a point and, consequently, the angle θlim

assumes a small value. In the limit of small angles (θ approaching 0), cos θ
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Figure 7.3: Schematic of a generic sample comprising alternate multi layers of doped
and undoped materials on a substrate. All the symbols have the same meaning as in
Fig. 7.2, except for the subscripts indicating different layers of the structure.

can be expanded in MacLaurin series and knowing that θlim=arcsin nair
nsample

,
Eq. 7.8 can be written as::

1− cosθlim

2
≈ θ2

4
=

arcsin2 nair
nsample

4
. (7.10)

And Eq. 7.10 assumes the following form:

1
Fext

=
arcsin2 nair

nsample

arcsin2 nair
nref

. (7.11)

This formula is used in Eq. 2.4 in the Sec. 2.2 of Chapt. 2.




