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1. Motivation and Introduction

One of the goals in research and development of solar cells is the reduction of the price per
Wp (watt-peak) by reducing the production costs or by increasing the solar cell efficiency with
different approaches. Some of the approaches to enhance the efficiency involve methods which
influence the absorption, emission and propagation of electro-magnetic radiation inside the so-
lar cell, e. g. enhancing the absorption with nanoparticles [1]@, by light trapping with photonic
structures [3] or by scattering inside the absorber [4], energy up conversion to utilize the photons
with photon energy below the band-gap of the absorber [5] or enhancing the efficiency for high
photon energies by energy down conversion [6].

The aim of this thesis is to investigate different experimental methods to characterize the optical
properties of different materials which influence the absorption, emission and propagation in
semiconductor absorbers as well as to characterize the impact of these materials on the propa-
gation of radiation inside the absorber. The characterized materials will be limited to photonic
structures which provide the possibility to trap the electro-magnetic radiation inside an absorber
and to fluorescence solar collectors@ (flucos) as an exemplary approach to reduce the production
costs of solar cells. Flucos are also a very interesting means to study the propagation of radiation
inside an absorber.

In a first step the propagation of photoluminescence (PL) radiation inside an absorber will be
introduced: For that reason the source of PL radiation is presented and the propagation of
electro-magnetic radiation through a sample and from the inside of an absorber to its top surface
and edge are explained. Since PL radiation inside a semiconductor absorber is strongly governed
by the excess carrier concentration, the influence of the excess carrier concentration on the spec-
tral shape of the emitted PL radiation will be discussed.

In a second step the experimental setups and samples used in this work will be introduced. This
includes the discussion of the theory of the photonic structures used in this work as well as an
introduction on absorbers and photonic structures in general. The samples are: Crystalline sili-
con (c-Si), one of the most used absorber material in solar cells, different types of flucos and two
types of photonic structures, a one dimensional (Bragg-mirror) photonic structure and a three
dimensional (opal) one.

Finally, results for the experiments with the photonic structure of the opal (the Bragg-mirror is
rather uninteresting), the c-Si absorber, the fluco and especially the effect of photonic structures

on the emission from a c¢-Si absorber and a fluco will be presented.

!This reference as well as the following references are from project partners of the project Nanovolt [2] but there
is literature from others available.
2 Also named fluorescence (solar) concentrator.
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In this work the focus will be on the possible characterization procedure, the interpretation of the
results and on the design of theoretical models. This work will not provide different efficiencies
of the methods described above. The materials used in these thesis are not optimized for high
efficiencies but for simplicity, thus a complete possible design of a next generation solar cell will

not be given.

1.1. Efficiency limits of solar cells

First of all, the following question will be discussed: “Why is the efficiency of a solar cell limited
and what are the limits?”.

Solar radiation (e. g. the AM]H solar spectrum from [7] in Fig.[[T]) can be divided into three parts
concerning the usability of the photons in a single junction solar cell with one band-gap: If the
photon energy is below the band-gap, the photons of the solar radiation just propagate through
the absorber of the solar cell and are not absorbed and thus not utilized. For a photon energy
above the band-gap, it is assumed that all photons inside the semiconductor are absorbed, but
the energy of the photons above the band-gap of the absorber is mainly lost due to thermalization
and thus also lost. For photons with very high photon energy, the absorption in a semiconductor
is so high, that the photons are either absorbed near the surface of the absorber or even in the
glass substrate.

Beside these losses, all absorbers are also emitters [8], thus some energy is lost from the solar
cell due to emission of radiation. An additional effect of loss is the reflection at the incident side
of the radiation, due to the rather high refractive index of the absorber (e. g. n = 3.5 for ¢-Si [9]
means a reflection of ca. 30% of the incident radiation) and reflection on the glass at the top of
the solar cell, a part of the incident light is just reflected back and also not utilized by the solar
cell.

Depending on the model for the processes involved in the solar cell, there are different calculations
of the theoretical limits of a single junction solar cell like 31% from Shockley and QueisseIH [10]
or 28% from Kerr [11].

These limits can be broken by either stacking solar cells with different band-gaps (tandem cells

or triple junction cells [12]) or by light trapping which will be described in the next section.

1.2. Light trapping

As mentioned before, the emphasis of this work lies on the characterization of different materials
and not on a design study of a solar cell, thus only an idea why light trapping is a possible
method to increase the solar cell efficiency will be given and not a full overview of the theoretical
background of light trapping in solar cells, as there is much literature available, e. g. [3,13-19].
A model for light trapping can be seen in Fig. The acceptance angle for a tracked solar

3 Airmass 1: Solar radiation after the transmission through the earth’s atmosphere.
“Without reflection losses.
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Figure 1.1.: AM1 solar radiation for normal incidence from [7] with illustration of the photon
energies below the band-gap (blue) of a ¢-Si absorber and photon energies, for which
the photons are absorbed by the glass or near the surface of the absorber (red) as

well as an illustration of frequency up and down conversion of photons.

cell is given by the distance from earth to sun (d = 1.50 - 10'® c¢m) and the radius of the sun
(r = 6.96 - 10'° cm) (both values are from [20]) and is approximately agu = 0.27°. So the
incident solar radiation arrives at a very small solid angle. Without a photonic structure this
radiation (apart from absorption) hits the back of the absorber and is there scattered back
e. g. by texturising the back of the solar cell [21H23] and applying a back reﬂectOIH. That
scattered radiation propagates back through the absorber to its top, where the radiation can
leave the absorber (depending on angle of incidence).

Reducing the acceptance angle of the solar cell to around 0.5° with an angular selective filter
like a filter with the transmission plotted in Fig. [[3] which reflects all light with an angle of
incidence above 0.5°, does not influence the incident solar radiation if the solar cell trackd” the
sun, but traps the scattered radiation inside the absorber (apart from the radiation with an angle
of incidence below 0.5°). This is illustrated in Fig. 4] (right). This light trapping enhances the
propagation length of radiation inside an absorber, thus the absorption of light, especially for
photons which have a low probability to be absorbed (e. g. with photon energy below the band-
gap), is increased.

Such an angular selective filter is not only able to enhance the absorption but also to reduce
the reemission as illustrated in Fig. The absorbed light leads to PL emission inside the
absorber which is emitted isotropically. A reduction of the emission angle by an angular selective
filter prevents the emitted radiation from escaping the absorber and thus this radiation can be

reabsorbed and is not lost.

5Such a design yields a solar cell with an efficiency above that of a solar cell with flat surfaces.
A fixed solar cell requires an alternative filter design.
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Figure 1.2.: Reduction of the reemission with a photonic structure on top of the absorber and a
back reflector below. The emitted light with an angle of incidence above the critical

angle of the photonic structure is trapped inside the absorber.
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Figure 1.3.: Transmission through an idealized photonic structure for light trapping. The trans-

mission for a small angle of incidence is perfect (100%) and zero for other angles.
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(a) Without angular selective filter. (b) With angular selective filter.

Figure 1.4.: Concept for the application of an angular selective filter on top of absorber materials.
The part of the incident light (blue) which hits the back of the absorber is scattered
back (red) by a Lambertian scatterer. The radiation hitting the front of the solar
cell is either reflected back or leaves it (a) or all radiation with an angle of incidence

above the critical angle of the angular selective filter is reflected back (b).

1.3. Fluorescence solar collector

For the fluorescence solar collector (flucos) only the fundamental idea will be given, because
the detailed theory of the fluco is not needed in this work and it can be found in the literature
(e. g. in [24H26]).

A sketch of a fluco is plotted in Fig. The incident light is absorbed (with an absorption
efficiency 7a1s) by a dye in or on a substrate like glass or PMMA with a refractive index of about
nsub =~ 1.5. This dye (fluorescence dye) reemitts the radiation with a lower photon energy (Stokes
shift) directed isotropically into the substrate (with quantum efficiency of the dye 74y.) where
some radiation is trapped due to total internal reflection, depending on the emission angle.

The radiation which can escape the fluco is inside the so called escape cone, given by the angle

of total reflection )
Biota] = arcsin <nmr> = arcsin <> ~ 41.8° (1.1)
Nsub 1.5

with the refractive index of air na;.

This radiation is either reabsorbed on the way to the top of the fluco, emitted of the top or
propagates to the edge. The radiation outside the escape cone travels to the edge of the fluco
(including reabsorption) where the radiation either leaves the fluco to an attached solar cell or
is reflected back by a mirror.

The idea of this design is to collect the solar radiation with a cheap fluco, guide the radiation to
the edges where a small solar cell (small compared to the size of the fluco) is attached and thus
to reduce the size of the expensive solar cells needed.

The fundamental principle of a fluco is quite simple, but due to the many processes involved,

the efficiency of the fluco including the solar cell is so far rather small. Main loss processes are
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reemission into the escape cone and reabsorption, which prohibit a commercial application of

flucos.
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Figure 1.5.: 2d sketch of a fluorescence solar collector (fluco) with excitation (red), emission

(black), escape cone (green) and a reflector on one edge of the fluco and a solar cell

on the other.



2. Theoretical background

This chapter introduces the theoretical background that is needed to understand and interpret
the experimental results in chapter @l A detailed introduction of the theory of photonic crystals,
flucos and solar cells will not be given here, because there is a lot of excellent literature available
as mentioned before.

In the first part of the chapter, the radiatio emitted from excited absorber materials, the
propagation of radiation for different cases and the calculation of the excess carrier density
which governs the emission of photoluminescence (PL) photons in semiconductors will be given.
The theoretical results for the propagation of radiation and the influence of different parameters

of the excess carrier concentration on the emitted PL yield will also be presented.

2.1. The source of radiation

The photon energy (Epp,) dependent radiation I'( Epp) emitted from an excited absorber is given
by Planck’s generalized law [27]

-1

- Epp, —
F(Eph) = CE(EPh)E]ZDh exp(Lu) -1 ) (21)
kT
with the constant
2Q)
= e 22

the spectral emissivity E(Epy), chemical potential of the photon field p, Boltzmann constant
kp, absorber temperature T, solid angle 2, Planck constant h = 27k and the speed of light c.

In the case of a semiconductor, where the excited electrons and holes show short momentum
and energy relaxation compared to the recombination lifetime, and in the case of open circuit

conditions, the chemical potential of radiation equals the splitting of quasi-Fermi levels
n = EFn - EFp’ (23)

with the quasi-Fermi levels for electrons EF, and holes Ef, [27H29].
For flucos, the chemical potential of the photon field equals the chemical potential of the edge
fluorescent photon flux and the chemical potential of the photoexcited dye [30].

'Radiation: Electro-magnetic radiation with wavelengths in the near infrared and visible spectrum. This radia-

tion will sometimes just be named light.
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2.1.1. Information from PL spectra

Equation (2.1 provides experimental access to parameters like the absorber temperature 7', the

splitting of quasi-Fermi levels y and the emissivity E(FEpy) which equals the absorption

A(Epp) =1 —exp(—ad) = E(Epp,) (2.4)
with absorption coefficient «(Epp) and absorber thickness d according to Kirchhoff’s law of
thermal radiation [g].

In the following sections, it will be demonstrated, as illustrated in Fig. 2.1l how to estimate the

parameters mentioned above from the PL yield I'(Epp,).

—Bose Term
—Planck’s generalized law
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=
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Figure 2.1.: PL spectrum for the emission from excited c-Si with demonstration of the influence
of absorption and splitting of quasi-Fermi levels (Phonon bands in 0.9 eV - 1.1 €V in
absorption coefficient). This spectrum was simulated with the model from chapter
2.2.2)

2.1.1.1. Temperature T

For photon energies above the band-gap (Epp, > E,) the absorption equals unity (A(Epy) =~ 1)
[311132] and for Epp — p > kpT the exponential function is large compared to unity so that the

Boltzmann approximation can be applied:

E _ —1
D(Epp) ~ CE, [exp (?Tﬂﬂ . (2.5)
B

This equation can be transformed to

I'(Epp) Epp —
1 ~N———— 2.6
o8 ( CE2, kT (2:6)

by simple algebraic manipulations so that it shows a relation between the logarithmic decrease of

the PL yield and the temperature T of the absorber. Here the constant C' is not needed, because

I'(E E
1og(7<E£h>) o — 2.

This way to measure the absorber temperature would be to complicated, but the temperature T'

is needed in the following estimations of p and A(Epp,), so it is estimated here.
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2.1.1.2. Splitting of quasi-Fermi levels 1

A relation to calculate p can be directly derived from eq. (2.6):

1~ kpT log (%@g?) + Epp (2.7)
where the approximation is very good, which means the error due to the Boltzmann approxima-
tion is negligible.

If the constant C is not known, because the setup is not calibrated, one can only calculate
the difference in the splitting of quasi-Fermi levels between two measurements as demonstrated
e. g. in [33].

The splitting of quasi-Fermi levels is very useful, because it gives an estimation of the max-
imal achievable open circuit voltage Voo of a completely processed solar cell, even from PL
measurements on the bare absorber.

This connection between the splitting of quasi-Fermi levels and the open circuit voltage can be
confirmed with a simple derivation:

From the 1d stationary diffusion equation for excess carrier density n (eq. (2.51])), which will be
introduced later, one can calculate the current density j = —enwv with elementary charge e and
effective speed of electrons v:

) r
9T = j——e<g—1)gd (2.8)

with the semiconductor thickness d. Here the generation rate r and recombination rate g are

given by the Boltzmann approximation

doo = Funopyexp (195 (2.9)
Toc = Jfanopoexp (eVoc>
knT

(2.10)

for open circuit conditions with the splitting of quasi-Fermi levels puoc, some constant f; and fs,
thermal steady state electron and hole concentration ng and py and open circuit voltage Voc.

Thus the current density which is zero for open circuit conditions is given by

0=j=—egd {exp <6Vk;;oc) — 1} , (2.11)

so this equation can only be fulfilled if eV = poc.
For a real solar cell, the internal voltage of the pn-junction is reduced by serial resistances, so

that the external open circuit voltage is limited by the splitting of quasi-Fermi levels:
7
Voo < ——. 2.12
oc < 1o (212

An experimental confirmation of this result can be found e. g. for crystalline silicon in [34].
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2.1.1.3. Absorption A(Ep},)

The photon energy dependent absorption is directly given by eq. (2.)):

p(EZ;;“) —1]. (2.13)

This estimation has the advantage of being extremely sensitive to small absorptions is in the

[(Epp)

case of photon energies far below the band-gap. But for high absorptions where A is close to
one, the absorption coefficient can not be calculated from the absorption by the Lambert-Beer

law anymore.

2.2. Propagation of electro-magnetic radiation

In the following the three important ways for the propagation of radiation in the model plotted
in Fig. will be discussed. This model contains three different layers, namely the absorber
itself (¢ = 1), the substrate on which the absorber is deposited (i = 0) and the surrounding air
(1 = 2) with different refractive indices n;, i = 0,1, 2. For thick absorbers like crystalline silicon
the substrate can also be air.

Parameters for the propagation of radiation like the wave vector k and the reflection and trans-
mission coefficients for the amplitude 7;; and ¢;5, 4, 5 € [1, 2, 3] are calculated from these refractive
indices. The reflection and transmission are given for a radiation propagating from the layer with
refractive index n; to the one with n;. The absorption coefficient of the absorber v = a(Epp,) is
also needed to calculate the propagation described below.

Here one has to take into account, that the absorption coefficient o describes the extinction of
light for the photon flux or the intensity@ I, but the propagation of radiation should be calcu-
lated with the amplitude P to obtain access to interference effects as well. Thus the absorption

coefficient & for the amplitude is also needed, because

|A(d)|? = |Agexp(—ad)| = Iyexp(—2ad) = Iyexp(—2ad) = I(d) (2.14)
a = %a, (2.15)

so from now on « will be used for the absorption of the photon flux and & for the attenuation of

the amplitude.

The three different ways of propagation mentioned above are illustrated in Fig. 223t transmission
through an absorber with absorption and reflection a), emission from inside an absorber to its
top or bottom surface b) and emission from inside an absorber to its edge c). Problems a) and
b) can be reduced to a one dimensional problem for a plane wave and a homogeneous emitter

and problem c) to a two dimensional one.

2The intensity always means the absolute value of the Poynting vector S=ExH , where E is the electric field

and H the auxiliary magnetic field.

10



2.2. Propagation of electro-magnetic radiation

For the solution of all problems only the fundamental optics which can be found e. g. in [35,136]

as well as the reflection and transmission coefficients given by

n; —ny
rij = ——2 (2.16)
n; +n;
27%'
tij = (2.17)
I
n; +n;
will be used.
Substrate Absorber Air
n, n, ny
7,
%
)
x=0 x=d
-— —
t, t, spatial coordinate x
r. 21> >
r23
e

Figure 2.2.: Model for the simulations with three layers (substrate, absorber, air) of different

refractive indices n;. The detector is assumed to be within the air.
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Absorber . \ g Absorber

A R x x
; ; d] —,

D - < i > Emitted Light

Emitted Light
(a) (b) (c)

Figure 2.3.: Different cases for the propagation of radiation. a) through an absorber, b) from

inside an absorber to its top and c) from inside an absorber to its edge.

2.2.1. Propagation through a sample

When electro-magnetic radiation hits an absorber, one part of the radiation is transmitted, one
part is reflected back and the rest of the radiation is absorbed. Thus it is sufficient to calculate
the transmission and reflection.

2.2.1.1. Transmission

An illustration for the reflection on and the transmission of radiation through the absorber is

depicted in Fig. 24l For the transmission of the amplitude, the incident radiation is given by

11



2. Theoretical background

the sum over all rays leaving the absorber on the rear end at x = d:

The first ray is given by the transmission from air (ng) to the absorber (n1) to1, the attenuation
by the absorption exp(—ad), the phase factor exp(ikd) for the propagation through the absorber
and the transmission from the absorber (n1) to air (ng) t12. All other rays are given by the same
scheme but for larger propagation length 2(m+1)d for m additional propagations forth and back
through the absorber and multiplied by the appropriate number of reflections on both absorber

surfaces r1% and rjj:

t= to1t12 exp(—ad) exp(ikd)
t01t127“127“20 exp(—3dd) exp(3ik‘d) (2.18)

_l’_
_l’_
+  toitierisrys exp(—(2m + 1)ad) exp((2m + 1)ikd)
+

As mentioned before, the total transmission of the amplitude is given by the sum over all rays
leaving the absorber with a different number m of full propagations through the absorber forth

and back, so a reduction to a generalized summation is possible. This sum can be simplified by

using Y °_jexp(—mz) = m:

t = Z tort12rT57h exp(—(2m + 1)ad) exp((2m + 1)ikd) (2.19)
m=0
to1t12 exp(—ad) exp(ikd)

. 2.20
1 — riati10 exp(—2ad) exp(2ikd) (2:20)

To obtain the transmission of the intensity, one has to calculate the square of the absolute value
and multiply with the ratio of the refractive indices of the absorber, in order to account for the

specific propagation speeds, and the surrounding materia

T = [¢]2 2. (2.21)

n

2.2.1.2. Reflection

A similar calculation can be performed for the reflection of the amplitude of the incident radiation
on the absorber:

In this case one part rg; is directly reflected by the absorber surface, the additional rays in Fig. 2.4]
are given by the transmission ty; into the absorber, attenuation by the absorption exp(—2ad)
according to the propagation length 2md for the number m of full propagations forth and back
through the absorber, a respective phase factor exp(2mikd) and the factors for reflection on the

surfaces on the side of incidence r{~" and on the other side r73:

r= To1

3See e. g. [35].

12
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Figure 2.4.: Transmission through and reflection on a sample in the three layer simulation with

light source S and propagation of radiation.

+ toitieri2 exp(—2ad) exp(2ikd)

4+ tort1or1075 exp(—2ad) exp(2ikd) (2.22)
+

4+ tortiory b exp(—2mad) exp(2mikd) (2.23)
+

Again, the summation over all rays can be reduced to a generalized sum and thus simplified:

to1t12r12 exp(—2ad) exp(2ikd)
1 — rygrio exp(—2ad) exp(2ikd)

r=1791 + (224)

The reflection of the intensity R can be obtained by calculating the square of the absolute value
of the reflection of the amplitude:
R=r|*. (2.25)

2.2.1.3. Results

The results for transmission T' (eq. ([2.20) and (2.21))) and reflection R (eq. (2:24]) and (2:27]))

for the intensity as well as the absorption A given by
A=1-T-R (2.26)

are discussed using the example of a d = 20 um thick crystalline silicon (c-Si) absorber with
the absorption coefficient from Green which will be introduced in chapter B.5.0] and a refractive
index ny; = 3.5 for ¢-Si and ng = ny = 1 for air. In this case, the c-Si is so thin that it shows
interference effects.

Results of the transmission, reflection and absorption are plotted in Fig. One can observe
two photon energy regimes with different optical behaviour. For Epp < 1.05 €V the transmission
is positive (T" > 0), whereas the transmission is zero (1" = 0) for Epj, > 1.05 eV.

If the transmission is not zero, the reflection, transmission and absorption show interference
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2. Theoretical background

effects which result from the superposition of the different rays computed above. Here the
maxima of transmission are located at photon energies where absorption and reflection have
minima and vice versa.

In the case of negligible transmission, no radiation reaches the back surface of the absorber, so

either the radiation is reflected at the surface or absorbed, and there are no interference effects

observable.
! —T
- —R
.%’ 0.8f —1-T-R
2
oA
S
oA
g0}
LA . :
0.9 1 1.1 1.2 1.3

photon energy / eV

Figure 2.5.: Comparison of absorption A = 1 — T — R, reflection R and transmission 7' for
d = 20 pum thick c-Si.

2.2.2. From inside a sample to the top or bottom surface

Problem b) mentioned in chapter 2.2 the source of radiation is located inside the absorber and
the aim is to calculate the part of the emitted radiation leaving the top or bottom surface. Here
the calculation is similar to the one for the propagation through the absorber but the rays illus-
trated in the model in Fig. have to be added up.

In this case, the radiation of the infinitesimal small source S with amplitude P is divided into
two parts with amplitude P/2: one for the propagation in the positive x-direction and one for

the propagation in the negative x-direction.

Propagation in the positive x-direction (right direction):

All ways from source S to the detector with propagation in positive x-direction are given by the
absorption exp(—a(d — x)) on the path from x to d, the respective phase factor exp(ik(d — x))
and the transmission ¢;9 through the surface multiplied with absorption exp(—a&2d), phase factor
exp(ik2d) and reflections 12 and r19 on both surfaces for each additional full propagation forth
and back through the absorber:

[t12 exp(—a(d — x)) exp(ik(d — z))

ti2 exp(—a(d — x)) exp(ik(d — z))r10r12 exp(—a2d) exp(ik2d)

tig exp(—a(d — x)) exp(ik(d — x))riyris exp(—a2md) exp(ik2md) (2.27)

.

X
+
+
+
+
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2.2. Propagation of electro-magnetic radiation

As before, this summation can be generalized with a counter m for the number of full (forth and

back) propagations through the sample

g lt12 exp(—a(d — 2)) exp(ik(d — ) (2.28)

X Z riorTs exp(2mikd) exp(—2mad).

m=0

Propagation in the negative x-direction (left direction):

For the propagation in the opposite direction only the first part from source S to the surface is
different, because the electro-magnetic wave has to propagate to the surface at x = 0, is reflected
back with a factor 19 and propagates to the surface at x = d. The appropriate generalization is

given by:
P - .
B) [r10t12 exp(—a(d + z)) exp(ik(d + x)) (2.29)
el . .
XY rigriy exp(2jikd) exp(—2jadd).
=0
The amplitude reaching the detector from source S in position x is given by the sum of eq. (2.28))

and eq. (2:29):

—2ax 2tk
£t12ef2d(d71)e21k(df:v) L+ rpe” "

2 1— T10r12e—2dde2ikd' (2'30)

Thus the photon flux reaching the detector from absorber position «x is given by the square of
the absolute value of eq. (2.30)

2

1 —2ax [ 2ikx
T riee e : (2.31)

1— T10T12e_2ad62ikd

2
Nw,z) = F(w)%e_%‘(d_x)

with the photon flux emitted by the source S given by Planck’s generalized law (eq. (Z1])). To
get the overall photon flux reaching the detector from the absorber, one has to integrate the

spatially dependent flux (eq. 2.31]) over all absorber positions x:

d
Ftotal(w):/o INw, z)dx. (2.32)

This integral was solved numerically with MatLab [37].

The radiation emitted on the other side of the absorber can be calculated in the same way.

This simulation is not perfect, because emission of the reabsorbed radiation is neglected. For an
indirect semiconductor, this approximation is fine, because only 1% ( [38]) of the recombination
of electrons and holes is caused by radiative recombination, so the influence of the PL photon
flux on the excess carrier concentration is negligible, but for an absorber with higher radiative

recombination the error of this calculation is inceased, so that the effect of the reemission is not
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2. Theoretical background

negligible anymore.

A comparison of the simulation with the analytical solution from Wiirfel [39]

Rint = 15 (2.33)
(1 — Rint)(exp(—ad))
A(Epn) 1 — Rintexp(—ad) (2:34)
N

3 Epp—
Amh>c? exp(“fE7E) — 1

together with eq. (Z)) is plotted in Fig. 27 The simulation is done for a thin c¢-Si absorber
with d = 20 um, refractive indices n; = 1, no = 3.5 and n3 = 1 and absorption given by the one
in Fig. 2.23l The results are identical for high photon energies and for low photon energies. The

simulation described above yields the interference effects which are not given by the solution of
Wiirfel.

Substrate Absorber Air
n n

1 L 3

2
222

; >
x=0 x=d
< x —¢>  spatial coordinate x
23

rZK > r23

Figure 2.6.: Model for the calculation of the emission from inside an absorber to the top or

bottom surface.

2.2.2.1. Comparison with propagation through a sample

Both the calculations and the results for the transmission through a sample and from inside the
sample to its top or bottom of the sample are nearly identical, so it is worthwhile to look more
closely at the similarities and the differences.

Fig. 2.8 (left) shows the transmission through a sample with the absorption coefficient from
Fig. 223 and an absorber thickness of d = 20 um and the emission from an absorber with ho-
mogeneous emission in the depth@ within the absorber for the transmission to one side of the
absorber. There are two differences between these transmissions:

First, the maximum transmission for photon energies below the band-gap at F, = 1.1 eV is only
around 0.5 for the transmission from inside the absorber whereas the transmission through the

absorber is up to one. The reason for this difference is that every source in the absorber emits

4Note: The source is assumed to be in every position within the absorber and the emission from every position

is integrated to receive the total emission.
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2.2. Propagation of electro-magnetic radiation

—simulation
10% —Wiirfel
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photon flux /photons /(m2 eV s sr)
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0.9 1 1.1 1.2 1.3
photon energy / eV

Figure 2.7.: Comparison of the simulation for the PL emission through the top or bottom of
the absorber with the analytical result from Wiirfel [39] for a d = 20 pm thick c-Si

absorber.

only 50% of the radiation in one direction, so that at most 50% of the radiation of the source
can leave the absorber on one side (n; = ns).

The second difference is the higher transmission from inside an absorber than through an ab-
sorber for photon energies above the band-gap at £, = 1.1 eV. This kind of photons have a
shorter propagation length inside the absorber when emitted by a source within compared to
complete transmission. Thus the photon flux for higher photon energies is higher for the trans-
mission from inside an absorber than for the transmission through it.

The same behaviour can also be observed for the emission from only one source with an emitter
positionH in the absorber compared to the transmission through the whole absorber in Fig. 2§
(right). Here the transmissions are normalized. Apart from the two effects described above one
can see that the transmission for different source positions inside the absorber does not reproduce
each maximum of the transmission through the whole absorber, and the maxima are not always
at the same photon energy but are slightly shifted. The reason for this energy shift is obscure,
since it is above the numerical inaccuracy and such a shift is not expected.

For one maximum the photon energy is plotted vs. the source position inside the absorber in
Fig. 2.9 (left) in comparison to the photon energy of the maximum of the complete transmis-
sion. When the photon energy of the maximum is below Ep, < 0.85 eV, this absorber position
generates no maximum in the transmission with the specified photon energy.

In the case of the emission inside the absorber not being equal for all absorber positions but being
given by Planck’s generalized law (eq. (Z.I])) the transmission from different absorber positions is

plotted in Fig. 29l (center). Here also some maxima and minima are “missing” in the transmitted

5Note: This is only the emission from one absorber position.
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2. Theoretical background

radiation.

A comparison of the positions where maxima of both transmissions are present and where the
maximum for the transmission from inside the absorber is not existent is plotted in Fig. 2.9]
(right). The scale indicates the transition from no maximum (0) to both maxima present (2).
The photon energies for the five maxima are listed in Tab. 211

This result is interesting, because the positions, where the transmission from inside the absorber
show no maximum at a photon energy at which the transmission through the whole absorber
does show a maximum, are distributed non symmetrically throughout the absorber and the dis-

tance between these positions is given by A/2 with the wavelength \.

1 T 1 . —transmission through the sample
—transmission through sample —emission at x=0 pm
—total emission from inside the sample —emission at x=5 pm
0.8 1 0.8 .
emission at x=10 pm
5 s emission at x=15 pm
2 0.6 2 0.6 —emission at x=20 um
: :
§ 0.4 S04
0.2 0.2
\
8.9 1 1.1 1.2 1.3 14 8.9 1 1.1 1.2 1.3
photon energy / eV photon energy / eV

Figure 2.8.: Comparison of the transmission from a source inside a sample and the transmission
through a sample for the full absorber (left) and transmission only from one emission

position (right).

——from emission = 2
—from transmission ;107 5°
> 0.88 c IS
() S = 15
; 'E <4
2 0.871Ni\ 2 o
2 x / <3 1
> = —fromx=Oum | ‘&
5088 g . —fromx=10 pm| B2 ‘ ||||| ‘ 05
5 <10 from x=15 pm §1 ‘H | | I
0.85 —from x=20 ym| < 0
0 10 20 0.85 09 095 1 1.05 0 10 20
X [ pm photon energy / eV X [ pm

Figure 2.9.: Emission from inside an absorber to one surface for different positions of the emission
source inside the absorber vs. the transmission through the whole absorber (left),
depth dependence of the transmission maximum around Epp = 0.87 eV (center) and
results of the comparison of maxima vs. absorber position (right) (d = 20 pm thick

c-Si wafer).
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2.2. Propagation of electro-magnetic radiation

Table 2.1.: Photon energies for the maxima in Fig. (right).

Maximum H Photon energy / eV ‘

1 0.868 £ 0.001
2 0.899 £ 0.001
3 0.930 £ 0.001
4 0.961 £ 0.001
) 0.991 £ 0.001

2.2.2.2. Angular dependent emission from top

One aim of this thesis is to characterize the effect of a photonic crystal on top of an absorber on
the emitted PL yield through such a photonic crystal. Therefore the angular dependent emission
of a flat absorber is calculated first in order to understand this emission.

The previous calculation has to be modified: The reflection and transmission coefficients 7;;
and t;; for different emission angles a are given by the Fresnel equations for p- and s-polarized

radiation

2n4 cos(a)
tios = 2.36
12 ny cos(a) + ng cos(3) (2:36)

ny cos(a)) — ng cos(3)

M2s = ny cos(a) + na cos(B)
2n4 cos(a)
tizp =
ng cos(a) + ny cos(3)
ng cos(a) — nq cos(f)
™2p =

ng cos(a) + ny cos(fB)

and the propagation length inside the absorber for absorption and transmission has to be changed

from [ to I/ cos(B) where (3 is given by

B = arcsin (nQ sin(a)> (2.37)
ny
from the angle of detection o by Snell’s law
sin(a) _— m
sin(3)  ng’

The simulation is based on the idea, that the emitted radiation from an absorber position z

(2.38)

travels under the angle 3 inside the absorber in both directions, and, when hitting the surfaces,
one part is transmitted and the other part is reflected back. The reflected radiation behaves in
the same way. All radiation transmitted out of the absorber into the positive z-direction (right
direction) is assumed to reach the detector, so that the rays still can interfere.

In addition, there is an angular enlargement due to Snell’s law, which will be discussed in chapter
2237 in detail, and which reduces the photon flux for larger angles. Results for the angular
dependent emission of a d = 10 wm thick c-Si absorber with refractive index n = 3.5 are plotted
in Fig. 211t The angular dependence of the PL yield at Ep, = 1.1 eV for s- and p-polarized
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2. Theoretical background

light and also for a mixture of both polarizations are plotted in Fig. RI1] (left) and the spec-
tral dependent emission for a few emission angles and s- and p-polarized emission in Fig. 2.11]
(right). In an experiment the emission should be unpolarized which corresponds to 50% s- and
50% p-polarized contributions.

Due to the perfect transmission for p-polarized light at Brewster’s angle the emission for p-
polarized light decreases more weakly than the emission of s-polarized light with increasing
emission angle. The the maximum of the angular dependent emission for p-polarized light is at
an angle of zero degrees like for s-polarized light, because the angular enlargement reduces the
photon flux more strongly than the perfect transmission increases the photon flux.

One direct impact of the higher transmission for p-polarized light than for s-polarized light is a
reduction of the interference effects for p-polarized emission whereas the interference effects for
s-polarized light are increased with the emission angle. These interferences occur also at different
photon energies, because the absorber seems to be thicker under larger emission angles.
Unfortunately no absorber with an adequate and homogeneous thickness to measure the inter-
ferences was available to compare these results with experimental data, but a comparison with a
d = 250 um thick crystalline silicon wafer will be given in chapter 2.3 where no interferences

are observed.

Figure 2.10.: Definition of o and S.

2.2.3. From inside a sample to the edge

For the propagation of radiation to the edge of a thin absorber there are two important cases.
Either the absorber/emitter is positioned only on top of a substrate and the radiation mainly
propagates through the substrate or the absorber/emitter is distributed throughout the full
material without a transparent substrate. In the case of flucos, the dye in a matrix material
is either on top of a glass substrate or homogeneously distributed through the matrix material

without a glass substrate. Both cases will be discussed below.
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Figure 2.11.: Simulated angular dependence of the emission on the top or bottom of an excited
d = 10 pwm thin ¢-Si absorber (left) and spectral difference between various emission
angles for both polarizations (right). Note: The spectrum for s-polarized radiation

with an emission angle of 1° equals that for p-polarized radiation with a 1° angle.

2.2.3.1. Fluco with dye on top

Fig. 213 (left) shows a sketch of the idea: The excitation laser (the diameter of the laser is
assumed to be infinitesimally small) hits the fluco on the top with a distance x to the edge of
the fluco for which the emission is calculated, the thickness is d = 1 mm and the emission of the
dye is isotropic within an angle o € [0°,90°]; other emission angles are of no interest, because
this radiation leaves the fluco either through the top or through the other edge. Each ray of the
emitted light hits the surface of the edge with a certrain distance h to the top of the fluco.

The angles of the emitted light outside the fluco are given by Snell’s law (see Fig. 2.12])

B = arcsin (nﬁuw sin(a)) = arcsin(1.5sin(a)) (2.39)
Nair

with a refractive index ngyco = 1.5 for the fluco and n,;, = 1 for air and the distance to the top

of the absorber

h = z - arctan(«). (2.40)

This distance is a virtual distance to the top of the absorber, because a distance h > d and
h < 2-d means that the ray emitted under the associated angle hits the edge after being re-
flected at the back of the fluco and is emitted from the edge under the angle of —3 as illustrated
in Fig. (center). For even larger distances h the emission angle is given by the case-by-case
analysis in Tab. The emission for h > 2-d and h < 3-d is also illustrated in Fig. 213 (right).
The photon flux of the radiation leaving the edge of the fluco is given by the emitted photon
flux of the emission source on top of the fluco, by the transmission coefficient at the edge of the
fluco from Fresnel’s equations (eq. [Z37) and finally by the increase of the angle increment df
according to Snell’s law (eq. (238)). Note that the reflection coefficient on back and top surfaces
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of the fluco is one due to total internal reflection, at least for a perfectly flat fluco surface and

for the emission angles which occur.

Source of radiation:
In the literature a discussion can be found about the angular dependence of the dye emission:
Goldschmidt [41] assumes an anisotropic emission given by a term from Zastrow [42] for the

likelihood P(¥) for emission at an angle ¢
P(9) =14 - cos(9)?, (2.41)

with an anisotropy coefficient v, whereas a random orientation of the dye molecules in the fluco
suggests an isotropic emission.
In the following treatment a isotropic emission (i. e. v = 0) is assumed and only a qualitative

explanation is given of what would change if the emission would be not isotropic.

Transmission coefficient:
In the case of a fluorescence dye, the emitted radiation is assumed to be unpolarized, so the

transmission coefficient for the photon flux of the transmitted radiation is given by
T=05-T,+05-T, (2.42)

with the transmission coefficients for the photon flux of p- and s-polarized radiation which are
given by

7, = "2008(8) o (2.43)

nycos(a)
for both polarizations (i = s,p), with ¢; given by Fresnel’s equations (eq. (237)) for n; = 1.5

and ng = 1.

Increase of the angle increment dS:
Due to the nonlinearity of Snell’s law (plotted in Fig. 2.12]) the radiation of a source in the top
region of the fluco in the angular range between o and « + do is emitted at the edge of the fluco
into the angular range between 5 and  + df with 8 given by Snell’s law (eq. ([238)) and df
given by

g = 1 ™ cos(a)da. (2.44)

1 — 2 sin(a) ™

The radiation transmitted through the edge of the fluco (I'(3)) is collected and transported to
the detector system, as will be described in chapter B with an angular resolution A6, here

A6 = 1.5°. So the photon flux of the radiation collected at an angle 3 is given by

+0.75°

Fdetector(ﬁ) = / F(ﬁ + 0)d0 (245)

—0.75°

In Fig. 214 (left) shows the angularly resolved result of the calculated and integrated edge

emission from a fluco with a size of A = 25 x 25 mm? and a thickness of d = 1 mm, with

22



2.2. Propagation of electro-magnetic radiation

the dye on top of the absorber but without reabsorption, for different excitation positions on
top of the fluco defined by the distance x to the edge. The result is interesting, because the
angularly dependent “detection” at the edge either does or does not show emission, depending on
the excitation position. The respective angles are given by the case-by-case analysis discussed
in above. The envelope of the emission is reduced with increasing absolute value of the emission
angle due to Fresnel’s equations and the increase of the angle increment.

A more detailed discussion of the fluco edge emission for a fluco with dye on top with wavelength
dependent emission sources and reabsorption can be found in [40,43].

In chapter these results will be compared with the experimentally measured edge emission

for a fluco with dye on a glass substrate.

B 2] [e]
o o o

B/ degree

N
o

0 10 20 30 40
o / degree
Figure 2.12.: Angle of incidence («) vs. angle of the diffracted radiation () given by Snell’s
law for the refraction of radiation on a phase border between a refractive index of

ny = 1.5 and ny = 1.

Figure 2.13.: Sketch for the numerical calculation of the edge emission for a fluco with the dye on
top. Left: model for the simulation with excitation at a distance x from the edge of
the fluco, emission angle «, emission from the edge at a distance A from the top of
the fluco under the angle ; center: emission with one reflection on the back surface
with an emission angle of —3 and —f'; right: emission with one reflection on the
back surface and one reflection on the top surface of the fluco and with emission

angle § at the edge of the fluco.
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Figure 2.14.: Simulated angularly resolved emission of the fluorescence at the edge of a fluco for
different excitation positions (distance to the edge ) on the fluco (left) and angular

dependent emission at the edge for an excitation at x=10 mm from the edge (right).

Table 2.2.: Case-by-case analysis for the parameter h and the respective sign of the emission
angle at the fluco edge for a fluco with dye on top of a substrate and homogeneous

dye concentration.

h H sign(f): Dye on top ‘ sign(f3): Homogeneous dye concentration

—3d.. —2d +
—2d.. — d -
—d..0 +
0.y + -
y..d + +
d..2d - -
2d..3d + +
3d..4d - -
4d..5d + +
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2.2. Propagation of electro-magnetic radiation

2.2.3.2. Fluco with homogeneous dye concentration

In the case of the dye being homogeneously distributed throughout the fluco, the situation is a
little different from the one described above, because the source of emission is not only on top
of the fluco but in each depth position. By consequence, in order to calculate the emission from
the edge of such a fluco, the emitted radiation additional to the one from the top of the fluco
has to be added.

First, the radiation for an emitter position inside the fluco (y €]0, d[) reaching the edge of the
absorber is emitted under an angle in the range of —90° < « < 90°, because the radiation
emitted into the upper right quarter is also emitted inside the fluco. Because of the distance
from the top to the emitter, the virtual distance between the top of the fluco and the position

where the radiation reaches the edge is given by
h = z - arctan(a) 4+ y (2.46)

instead of eq. (2.40) for the fluco with dye on top. And the case-by-base analysis has to be
modified as illustrated in Fig. 215 where the relation between the position on the edge (h) and
the sign of the emission angle (8 is given. The resulting sign of 3 is also given in Tab.

Fig. .16 shows the result of the simulation for a constant emission for different depth positions
whereas Fig. 217 shows the result for a depth dependent emission P(y) given by the relation

P(y) = exp(—100/cm - y), (2.47)

with particular geometric magnitudes, which should be more realistic, because the photon flux
of the incident light is reduced due to absorption. Both figures show the angular dependent
edge emission for different excitation positions on the top as well as the edge emission for a
homogeneous excitation (excitation on all fluco positions x) on the top of the fluco.

The results for homogeneous depth emission are symmetrical regarding positive and negative
emission angles 8 because the upper half of the fluco emits the same amount of radiation under
negative angles as the lower half under positive ones and vice versa, so the sum of the emission
of both fluco halves (upper and lower halves) are identical.

This symmetry is broken however, when the emission profile equals e. g. an exponential decay
from the top of the fluco to the bottom, because then the emission of the upper half is stronger
than the emission of the lower half.

One important result is the non-symmetric emission around S = 0°, which is a result of the
exponential decay of the emission from top to bottom and not a result of an anisotropic emission
as suggested in [41].

Anisotropic emission as mentioned above leads to a broader or narrower angular dependent edge
emission (but just slightly different from the results discussed above) and not to an asymmetric
edge emission.

The results here indicate that the dye emission is fairly isotropic.
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Figure 2.15.: Illustration of the case-by-case analysis for the emission at the edge of a fluco with

homogeneous dye concentration.
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Figure 2.16.: Simulated angular dependent edge emission for different excitation positions on the
top of the fluco (left) and edge emission for homogeneous excitation (right) for a

fluco with homogeneous dye concentration and homogeneous emission in the depth.
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Figure 2.17.: Simulated angular dependent edge emission for different excitation positions on the
top of the fluco (left) and edge emission for homogeneous excitation (right) for a
fluco with homogeneous dye concentration and exponentially reduced emission in
the depth.

2.3. Excess carrier density

The PL emission of a semiconductor is the result of the emission of photons induced by the
recombination of electrons and holes, so that the photon flux of the PL emission is strongly
influenced by the spatial concentration of the excess carriers. In the case of excited electrons
and holes showing short momentum and energy relaxation times compared to the recombination
lifetime, the connection between the photon flux of the emission (eq. 2] and the excess carrier
concentration is given by the equality of the chemical potential of radiation and the splitting of
quasi-Fermi levels [27-29]

u=Er, — EF, (2.48)

with the quasi-Fermi levels for electrons Er, and holes Fp,, respectively. This quasi-Fermi level

splitting is directly given by the excess carrier concentration n(x) (Boltzmann approximation)

Ep, — Ep, = kTn (”(“;)p > = u(z), (2.49)
n;
where p denotes the constant hole concentration (for p doped samples and sufficient low excita-

tion) and n; the intrinsic carrier concentration.

The excess carrier concentration n(x) is defined by the stationary continuity equation for diffusion
div(nv) =g —r (2.50)

with the effective velocity of the electrons ¥, generation rate g and recombination rate r. Here
the generation is given by the absorption, e. g. of an excitation laser g = Ggexp(—ax) with the
photon flux of the laser Gg and the absorption coefficient of the absorber for the photon energy
of the laser «, and the recombination is given by %f) with the effective excess carrier lifetime 7y
for all recombination processes involved, i. e. both radiative and non-radiative recombination.
For a one-dimensional treatment, eq. (2:49) can be reduced to
d*n(x) n(x)
dx? T

— D, = Gpexp (—a(z —d)), (2.51)
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for excitation of a semiconductor with thickness d from the side x = d. D, denotes the diffusion

coefficient which is connected to the excess carrier lifetime by the diffusion length L via

L=/ D,. (2.52)

The boundary conditions are given by the surface recombination on both absorber surfaces (Sp 4

for the surface recombination velocities on the surfaces at = 0 and = = d, respectively):

dn

@ D, =n(r=0,d)Soa 2.
0 oo n(z =0,d)Soq (2.53)

2.3.1. Analytical solution of the continuity equation

The solution of the 1d continuity equation (eq. (ZX5I))) is given by three exponential functions,

two for the solution of the homogeneous equation and one for the inhomogeneous part:
n(xz) = Aexp(z/L) + Bexp(—z/L) + G exp(—ax). (2.54)

This leads to the following equations for A, B and G
G

4 - M'{B'(iJri)_(gi_a)} (2.55)

B = -G-8 (2.56)

G = % (2.57)

D e G,
(5~ ) (Do P (3 D (3D

Strictly speaking, these solutions are only valid for alL # 1. In the case that al. = 1, one would

have to use a different “Stérungsansatz” with
n(z) =x - Gexp (—ax) (2.59)

to obtain a valid solution, which however would lead to the same result.

2.3.1.1. Results of the PL for the analytical solution

The result of the calculation of the PL emitted from an excited absorber is influenced by many
parameters (especially by parameters for the excess carrier concentration) as described above.
The aim of this work is to demonstrate methods to characterize new materials mentioned in
chapter [Ml which influence the propagation of radiation, so a detailed characterization of the
relation of the parameters and the emitted PL yield need not be given here. Only the most
important results concerning the estimation of the splitting of quasi-Fermi levels will be given;
a more detailed discussion can be found in [44].

The influence of different surface recombination velocities S; on the side of the excitation or

detection (z = d) and a constant excess carrier concentration on the other side (z = 0) of the
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2.3. Excess carrier density

absorber on the excess carrier concentrations is demonstrated in Fig. 218 (left) for a d = 20 um
thick absorber with the absorption coefficient of ¢-Si from [82] and with a refractive index of
n = 3.5 on a glass substrate with n = 1.5. The resulting PL spectra plotted in Fig. 2I8
(right) show nearly the same PL yields for low photon energies but a different PL yield for high
photon energies. A reason for this behavior is the shape of the absorption coefficient of the
semiconductor: The absorption coefficient grows with the photon energy of the PL photons so
that the origin of a photon with high photon energy reaching the detector can only be near the
surface of the semiconductor whereas photons with low photon energy can reach the detector
from every absorber position.

As a result of this behavior, a change in the excess carrier concentration near the emission
surface of the semiconductor has a stronger influence on the PL yield for high photon energies
than on that for low photon energies. This feature is used in Appendix[(] to discuss a possibility
to estimate the excess carrier concentration with the parameters of the surface recombination
velocities and the excess carrier lifetime from PL yields.

One important result of these excess carrier densities and PL yields is the linearity between the
splitting of quasi-Fermi levels calculated from the PL yield for high photon energies (estimation
described in chapter Z.T.1.2) and that one calculated from the excess carrier concentration on
the top of the absorber (red squares in Fig. 2.19) by eq. (249). In contrast to this, the splitting
of quasi-Fermi levels calculated from the maximum excess carrier concentration has no linear
relation to that calculated from the PL yield at high photon energies (blue triangles in Fig. 2.19)
for higher photon energies but the linearity is observable for reasonably low surface recombination

velocities which would be needed for a production of solar cells.

2.3.2. Numerical solution of the continuity equation for 7(z)

Until now, the model used to calculate the excess carrier density depth profile is rather simple so
that the differential equation for the excess carrier density n(x) can be solved analytically. The
calculation is more complicated when the excess carriers have a depth dependent lifetime 7(x),
which can result from defects diffused through the top of the absorber (at z = d in the model
from above) into the upper part of the absorber. Then a hypothetic excess carrier lifetime may
be given by

7(x) 1

— =To—Tf

_ 2.60
T0 exp(—"jo,y_gC +1) ( )

with a reduction of the lifetime from 7 to 79 — 77, the mean defect diffusion depth z¢ and a
parameter for the standard deviation of the defect diffusion length . Such a lifetime profile is
plotted in Fig. with illustration of the three parameters defining the excess carrier lifetime
depth profile (ECLDP).

As a result, the differential equation for the excess carrier concentration (eq. (2Z51)) is modified
slightly to read

d*n(z) n(x)

+ 22 Gy exp(—a(z — d)), (2.61)

- D,
dx? 7(z)
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Figure 2.18.: Different excess carrier concentrations for different recombination velocities on the
top of the absorber (left) and the resulting PL-yields (right).
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Figure 2.19.: Comparison of the splitting of quasi-Fermi levels calculated from the maximum
excess carrier concentration and from the excess carrier concentration on the top
of the absorber compared to the splitting of quasi-Fermi levels estimated from the

PL yield for high photon energies.
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2.3. Excess carrier density

but this equation can only be solved numerically, at least in general form. An analytic solution
is possible for special ECLDPs 7(z).
The results in the following section are calculated using a Boundary Value Problem Solver

(BVP6c) for Matlab [45].
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Figure 2.20.: Change of the excess carrier lifetime by defects in the top of the absorber with re-
duction of the lifetime 77, defect diffusion depth xy and decay area for the reduction

of the lifetime from to to 7o — 7.

2.3.2.1. Results of the PL with 7(x) in the excess carrier concentration

For the aim of this thesis it is not important to show a specified influence of the ECLDP on
the emitted PL yield, but one of the main goals of the experimental part is to interpret and
understand PL spectra. Thus a short survey of the influence of an ECLDP on the excess carrier
concentration as well as on the emitted PL yield will be given. A more detailed discussion of
results can be found in [46]47].

The results of the simulation of different excess carrier lifetimes on the top of the absorber
(d =2um, ny = 1.5, ng = 35, ng =1, 0 = 17 ns, D, = 2.6 cm?/s, Sy = 10° cm/s
and S; = 100 cm/s) are plotted in Fig. 221t different ECLDPs (left), resulting excess carrier
concentrations (center) and resulting PL spectra for such excess carrier concentrations (right).
A direct impact of the reduction of the carrier lifetime is a lower excess carrier concentration
due to stronger recombination, but additionally the shape of the excess carrier concentration is
also varied. For high excess carrier lifetimes at the top of the absorber the carrier concentration
decreases throughout the depth but for a low excess carrier lifetime at the top of the absorber
the excess carrier concentration in the depth (x < 0.5d) is nearly constant.

The depiction of the PL spectra (Fig. 2211 (right)) is normalized to show differences in the shape
of the PL and not the impact of a reduced excess carrier concentration which results in a lower
absolute PL yield. Here normalization means that the PL yield I'( Epy) is divided by the integral
of the PL yield for all photon energies between Ey and Fq with Ey < Ej:

Liotal (Epn) 1
Ey— Eo  [£' Topa(Epn)dE

Fnorm(EPh) = (262)
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2. Theoretical background

These normalized PL yields are shifted to a higher photon energy with reduced lifetime 7, but
the maximum photon flux is always at a photon energy of EFpp = 1.04 eV whereas the PL yields
around a photon energy of Ep, = 1.5 eV are influenced more strongly.

Thus the PL yields for photon energies above the photon energy of the maximum PL yield
are reduced by an excess carrier depth profile. The other parameters of the ECLDP show a
comparable influence on the emitted PL as discussed in [46]47].

Due to the fact that the PL yield is nearly spectrally independent from the excess carrier lifetime,
the integrated PL yield and the PL yield at Epp, = 1.4 €V have nearly the same dependence on
the splitting of quasi-Fermi levels calculated from the excess carrier concentration on the top of
the absorber (compare Fig. 2.22)).

So in this case there is not much difference in calculating the splitting of quasi-Fermi levels from
the PL yield at high photon energies as described in chapter or from the integrated PL.
But the relation between the logarithm of the maximum PL and the splitting of quasi-Fermi
levels from the excess carrier concentration is linear whereas the logarithm of the integrated PL
cannot be described by a linear relation to the splitting of quasi-Fermi levels. So it is strongly
recommended to calculate the splitting of quasi-Fermi levels from the spectrally resolved PL to

minimize possible errors.
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Figure 2.21.: Various excess carrier lifetimes for different reduced lifetimes at the top of the
absorber 7; (left), resulting excess carrier concentrations (center) and resulting
normalized PL yields (right). The absolute PL yield is not plotted, because the
absolute spectra differ in the same orders of magnitude as the excess carrier con-

centration and thus the small spectral differences are not observable.

2.3.3. Numerical solution of the continuity equation with 7(z) and «a(z, Ep,)

Not all absorber materials are as homogeneous as crystalline silicon, e. g. chalcopyrite absorbers
like Cu(In;_,, Gaz)(S, Se)s show a depth dependent band-gap according to In and Ga concen-
trations [48,149]. These materials are rather promising for thin film solar cells [50H52], because

they offer low production costs but show adequate efficiencies. The properties of these materials
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Figure 2.22.: Comparison of the numerically generated and integrated PL yield and the PL yield
at Epp, = 1.4 eV vs. the splitting of quasi-Fermi levels calculated from the excess

carrier density at the top of the absorber.

are characterized with PL measurements [39,[53H55], so in order to understand PL results from
such absorber materials, one needs to know the effect of a band-gap and absorption depth profile
a(z, Epp) on the emitted PL photon flux.

In what follows, a model to calculate the photon flux emitted from an excited absorber with
depth dependent absorption coefficient «(x, Epp) and a depth dependent lifetime 7(z) will be
presented but only results of the influence of the depth dependent absorption will be given, as the
influence of a depth dependent lifetime 7(z) on the PL yield has already been discussed above.
One effect of a depth dependent absorption coefficient is the following: the various kinds of ab-
sorption (absorption of the incident excitation light, reabsorption of the emitted PL photons) are
not only given by the propagation length [ of the radiation inside the absorber from one position
z1 to another position zg with x; € [0,d] (this can be the absorption of the incident light on
the way through the absorber with propagation length d from x; = 0 and o = d or e. g. the
propagation of emitted PL radiation from emission position 1 = x to the surface o = d with
propagation length d — x) but also by the positions z; and xs.

For a constant absorption coefficient the absorption described above is given byH
A(Epp) =1 — exp(—la(Epp)). (2.63)

In the case of a depth dependent absorption coefficient, an integration over the absorption at
every position of the propagation between x1 to s is needed, so that the total amount of absorbed

light is given by

T2

A(Epp) =1 —exp <—/:C

Hence the differential equation for the excess carrier concentration is given by

a(Eph,:z)d$> . (2.64)

1

+ ——= =Goexp(—a(z, Epp)(z — d)), (2.65)

5Note: The absorption depends only on the distance between z; and 2 and not on the explicit positions of both

points.
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2. Theoretical background

which can be solved with the same boundary problem solver which has been used before (see
chapter 2.3.2]). The emissivity E(Epy) is also changed by a depth dependent absorption coeffi-
cient, because both (emissivity and absorption coefficient) are connected due to Kirchhoff’s law
of thermal radiation. The influence of the absorption on the refractive index in the absorber
given by the Kramers-Kronig relation is neglected, since the variation of the refractive index is

negligible.

A simple model for the depth dependence of the absorption coefficient is assumed: The band-gap
of the absorber is varied linearly from one surface of the absorber to the other and the absorption
coefficient versus photon energy is shifted with this variation of the band-gap. This is illustrated
in Fig. 223 (left), where a variation of the band-gap below zero (AEg < 0) shifts the spectral
absorption coeflicient towards small photon energies and vice versa. Note that due to the nonlin-
ear shape of the absorption coefficient the absorption for low photon energies are varied stronger
than for high photon energies.

The linear variation of the band-gap throughout the absorber for the following simulations is
plotted in Fig. 223 (right).

This model is rather simple, because a change in In and Ga concentration would also lead to
different spectral dependences of the absorption coefficient in the different absorber positions.

But unfortunately there is no experimental data available on this effect.
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Figure 2.23.: Idealized effect of a variation in the band-gap (AFE¢) on the absorption coefficient
(left) and linear variation of the band-gap over the absorber depth characterized in
this work (right).

2.3.3.1. Results of the PL for 7(z) and «a(z, E)

The discussion of the results is divided in two sections: The first section treats the PL emission
with consideration of a constant excess carrier concentration through the depth of the absorber,
the second one discusses the results with a depth dependent absorption coefficient included in
the calculation of the excess carrier concentration.

A computation of the emitted PL for a constant excess carrier concentration (n(z) = 102 cm™1!)

34



2.3. Excess carrier density

and with the absorption coefficients discussed above yields the PL spectra in Fig. (left).
Here the variation of the band-gap (equal if ascending or descending from bottom to top of the
absorber) leads to a higher photon flux for small photon energies and the same photon flux for
high photon energies. This equality is also illustrated in Fig. (right), where the photon flux
at Epp = 1.05 eV is plotted vs. the variation of the band-gap AFEqg at « = 0.75d.

The reason for this behavior is simple: The excess carrier concentration in every absorber posi-
tion is the same, so the quasi-Fermi level splitting in every absorber position is also the same,
but the absorption coefficient is modified by the band-gap variation in such a way that AFg < 0
(AEqg > 0) enhances (reduces) the absorption coefficient which enhances (reduces) the emission
as well as the absorption, so both effects cancel each other.

But there is an enhanced photon flux for small photon energies, because the mean absorption
coefficient of the absorber for small photon energies is enhanced for both kinds of band-gap vari-

ation, thus more photons with a small photon energy are emitted due to a higher emission.

Fig. (left) shows the excess carrier concentration for the excitation from the top of the
absorber with consideration of the different absorption coefficients given by the band-gap vari-
ations in Fig. 223 (right). For an increase in the band-gap on the top of the absorber, the
absorption coefficient is reduced and thus the excess carrier concentration near the surface is
also reduced because of the lower absorption of the excitation laser. The influence of the differ-
ent absorption coefficients on the excess carrier concentration at the bottom of the absorber is
negligible, because there the excess carrier concentration is mainly governed by carrier diffusion.
These excess carrier concentrations break the “symmetry behavior” between absorptivity and
emissivity between the different absorber positions as discussed before, so that a band-gap decay
from top to bottom leads to a different PL photon flux than a rise. This is illustrated in Fig.
(right).

When the band-gap at the top of the absorber is higher than at the bottom (dotted line), the
spectral PL for small photon energies is increased because in the top regime of the absorber a
high electron concentration occurs and consequently creates high rates of radiative recombina-
tion. Moreover, the emitted photons show a low probability of absorption in the top regime with
its corresponding high band-gaps.

For the opposite case, the absorption for photons in the top of the absorber is enhanced by a
decrease in band-gap, in particular high energy PL photons on the way to the surface are atten-
uated. In this case photons emitted deep in the absorber (e. g. z/d < 0.5) can not compensate
the reduction because the excess carrier concentration here is too small to have a strong impact
on the emitted PL.

It is important to note that the impact on higher photon energies is very small, so that the esti-
mation of the quasi-Fermi level splitting [56] from Planck’s generalized law via the high photon

energy wing is not remarkably affected.

Fig. B.26] shows the results of a study on how the depth dependent excess carrier concentra-

tion influences the PL yield and particularly its high energy wing which is commonly used for
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the determination of the splitting of quasi-Fermi levels p. From numerically accurately available
excess carrier concentrations exemplarily taken from data in Fig. (left) at maximum density
versus depth the according maximum splitting finq, is derived. In dependence of this formally
exact magnitude, the behavior of the high photon energy PL yield (here T'yoa1(1.4 €V)), generally
used for e. g. p x kT log T'ota1(1.4 €V), and the trend of the entire PL yield

1 1.3 eV

int(PL) = ——————
int(PL) 1.3eV—-1¢eV JieV

Ftotal(EPh) (266)

are plotted in Fig. 2.261 This has sometimes be misinterpreted as an indication of the quality
of the absorber properties and its photoexcited state. It must be emphasized, that even the
integrated PL e. g. used in [57] can only be reproduced numerically with consideration of the

depth dependent absorption.
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Figure 2.24.: PL photon flux for a constant excess carrier concentration (n(x) = 1-10'2 /em?)
with the different absorptions given by the band-gap variation in Fig. 2.23] (left)
and illustration of the PL yield at Epp = 1.05 eV over the band-gap variation at
= 0.75d (right).
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3. Experimental setups and samples

In this chapter a short description of the experimental setups and samples used in this work will

be given. It shall only present an overview and no detailed information about the setups.

3.1. Angular dependent PL

The experimental setup to measure the angular dependent PL emission of an excited absorber
is drafted in Fig. B} on the right the excitation system, in the center a rotation stage system
with sample holder and on the left the detection system.

The excitation system contains a laser (488 nm Art-ion laser), a laser line ﬁlte to suppress
the lines of the excited gas in the laser, a polarizer to ensure that the excitation is s-polarized,
a circular aperture with a diameter of d = 1.1 mm and a diﬁuselg which can be flipped into
the optical beam path to get a homogeneous excitation over the entire sample, e. g. for the
homogeneous excitation of a fluco.

To be able to vary both, the angle of excitation and the angle of detection, the sample holder
is positioned on a double rotation stage, so that both angles can be varied independently. The
sample holders described below are positioned in a third rotation stage, which gives the possibility
to rotate the sample with the rotation axis on the optical axis of excitation and detection.

It is very important that the axis of rotation of the excitation and detection lies in the surface
of the absorber as illustrated in Fig. (left). Otherwise the excited or detected area of the
absorber varies with the excitation/detection angle, which would lead to different detector signals
not caused by a different excitation/emission angle but due to different sample positions.

In this case the PL radiation is collected with a collimator and coupled via a glass fiber into the
optical multichannel analyzer (OMA) composed of a 0.5 m spectrograph with different gratings
and a liquid nitrogen cooled InGaAs detector array with 1024 pixels.

The angular resolution of this setup is given by the distance between the surface of the sample
and the collimator in combination with the width of the collimator where radiation is coupled
into the glass fiber. For the used hardware, the angular resolution is (1.47 £ 0.15)°. It could be
enhanced by using a longer detector arm, which would extend the distance between the collimator
and the sample is larger.

Two kinds of sample holders are illustrated in Fig. (center) and (right): The first holder is
used to measure the edge emission of a fluco and the second one to measure the emission from

the top of an absorber with excitation on the opposite side.

' Thorlabs FL488-10.
2Thorlabs ED1-S20.
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axial rotation stage
\ upper rotation stage

collimator

diffusor
pol. filter Laser

===

aperture line filter

lower rotation stage
glass fiber

OMA

Figure 3.1.: Sketch of the experimental setup for PL measurements with angular dependent de-
tection (lower rotation stage) and/or angular dependent excitation (upper rotation
stage) for different absorber materials like ¢-Si or flucos. This setup also provides
a rotation stage for the rotation of the sample around the axis of excitation. The
excitation is done with a 488 nm laser and filtered by a bandpass filter and polar-
ization filter. The emitted radiation from the absorber is collected by a collimator

and coupled into an optical multichannel analyzer by a glass fiber.

‘& L Emission
Excitation ..
i l l l l Emission
Fluco% Sample

absorber / emitter

Excitation

Figure 3.2.: lllustration of how the axis of rotation should always be on the top of the ab-
sorber /emitter (left), sketch of the sample holder for the detection of the edge emis-
sion with mount and shield to exclude the unwanted edge emission (center) and

sample holder for the detection of the top/bottom emission (right).
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3.1.1. Calibration

There different calibrations of the setup were performed as discussed in appendix Bl wavelength

calibration, relative callibration and absolute calibration.

3.2. Scattering

The experimental setup to measure the electro-magnetic radiation scattered on an illuminated
sample is sketched in Fig. The sources of radiation are different lasers (HeNe with 543 nm
and 632.8 nm and a laser diode with 1112 nm) which hit (chopped by a chopper (CP)) the
sample mounted in (S) on the rotation stage (red). This rotation stage has an arm with a photo
dioda? (PD) mounted on it and a holder where a neutral density filter (NDF) can be positioned
in front of the photo diode to control the photon flux of the radiation hitting the photo diode.

The rotation stage is moved by a motor (M) which can be controlled via a computer (PC), the
chopper is controlled via a frequency controller (F). The computer also collects the photo current
of the photo diode via a lock-in amplifier (L) which provides access to the scattered photon flux.
With this setup the radiation scattered by the sample both in transmission and reflection is
recorded, depending on the position of the detector arm for a variable angle of incident of the

illumination.

Figure 3.3.: Experimental setup to measure the scattering from a sample mounted in S in reflec-
tion or transmission with sample holder S, neutral density filter NDF, photo diode
PD, frequency controller F and chopper CP, lock-in-amplifier L, motor M and a
computer PC.

3.3. Fluco edge emission

Another possibility to measure the edge emission of an excited fluco as with the angular depen-
dent PL is to couple a photo diode on the edge of the fluco like [41.58]. In this method the

3BPX 61.
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space between the edge of the fluco and the photo diode should be filled with a refractive index
matching gel to attain a good optical connection.

Fig. B4l shows a sketch of this kind of setup used in this thesis: A photo diodﬂ with the size of
the fluco edge is integrated in a black sample holder and the fluco can be slid into this holder.
This setup can be positioned on a scattering back reflector (e. g. bleached cellulose) or on an
absorbing material (e. g. blackened brass).

The source for excitation is a high power LED with wavelength that matches the absorption of
the fluco (in the case of Rodamin 6 G and Lumogen F rot 305: A = 505 nm). The sample holder
is high enough so that a photonic structure can be placed on top of the fluco with a spacer in
between. These spacers between photonic structure and fluco are of great importance as will be
discussed in chapter

back reflector

Figure 3.4.: Sketch of the setup to measure the edge emission of a fluco with a photo diode.

3.4. Additional Setups

The other experimental setups used for this work are either commercially available or rather

simple so they will only be described roughly.

3.4.1. Reflection and Transmission

Most reflection and transmission measurements in this thesis are performed with a Cary 5E from
Varian [59]. Measurements of the diffuse transmission and reflection are performed with the
“Diffuse Reflectance Accessory”, measurements of the direct transmission with a sample holder,
measurements of the direct reflection with the “Absolute Specular Reflectance Accessory” and
measurements of the angular dependent reflectance with the “Variable Angle Specular Reflectance

Accessory”.

3.4.2. AFM

All AFM measurements in this work where performed with the commercially available cantilever

AFM “alphasnom” from Witec [60] (lateral resolution: about 8 nm, depth resolution: about 1

4SLSD-71N400.
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nm).

3.4.3. Laterally resolved PL

The experimental results for the characterization of the lateral homogeneity of the emitted PL
are obtained with three different setups depending on the lateral size of the inhomogeneities of

the sample:

e one for the characterization of inhomogeneities in the mm-scale with a setup called Makro-
PL;

e one for the characterization in the um-scale with a setup called Micro-PL;
e and a SNOM (scanning near-field optical microscope) for even smaller scales.

Each of them have the same principle setup: An excitation laser is focused on the sample and
the emitted radiation is collected and coupled into a glass fiber which guides the radiation to the
OMA already mentioned in chapter B.11

3.4.3.1. Makro-PL

The laterally resolved PL setup with a resolution in the mm-range is composed of an excitation
laser (Ar-Ion, 488 nm) with a photon flux of ca. (2.9240.13) - 10'7 photons s~!cm~2 focused on
a spot on the sample with a diameter d = 1.1 mm and a collimator which couples the radiation

into a glass fiber.

3.4.3.2. Micro-PL

In the Micro-PL setup the excitation laser is focused with a microscope objective onto the
sample with a spot size of ca. A ~ 1 um? and the emitted radiation is also collected through
this microscope objective and coupled into a glass fiber via a beam splitter which “separates” the

beam path of the excitation and collection.

3.4.3.3. SNOM

The “alphasnom” (WITec GmbH) is also able to perform SNOM measurements. This is a can-
tilever based SNOM where the cantilever tip is a pyramid with an opening on the top of around
d =100 nm or d = 200 nm diameter. The excitation is focused on the tip of the cantilever and
the emission is measured in transmission through the sample. The detector system is the same
as in chapter Bl
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3.5. Samples

3.5.1. Crystalline silicon

One absorber used in this work is a p-type crystalline silicon (c-Si) wafer. This wafer is approxi-
mately d = 250 um thick, on both sides polished and on both sides PCVD passivated with silicon

nitride (SiCx). Other informations of the wafer provided by the preparator are summarized in

Tab. Bl
The wafer was provided by the ISE (Fraunhofer Institut fiir Solare Energiesysteme) Freiburg.

Table 3.1.: Properties of the c-Si wafer.
Passivation PECVD SiCx
Resistivity 1 Qcm

Surface recombination velocity | Seg < 20 cm/s

3.5.2. Fluorescence solar collector

The flucos used for this work are solid with the fluorescence dye (Rhodamin 6G or Coumarin
540a) in Polymethylmethacrylat (PMMA) on top of a glass substrate ( [61]) or PMMA flucos
with homogeneous dye (LUMOGEN F ROT 305) concentration (as illustrated in Fig. B.5]). The
flucos on glass where produced by Nazila Soleimani at the university of Southampton and the
PMMA flucos by an unknown French company.

All flucos have approximately the same size of (25 x 25 x 1) mm? and have a rather flat surface
in order to reduce scattering effects, and the dye concentrations vary within a broad range
(e.g. 0.3 g/l and 0.8 g/1 for LUMOGEN F ROT 305).

> >

Figure 3.5.: Different realizations of flucos. Glass substrate with fluorescence dye in PMMA on

top (left), a full PMMA fluco with homogeneous dye concentration (center) and a

cuvette with a solution containing a fluorescence dye (right).

3.5.3. Photonic structures

The fundamental principle of photonic crystals is the variation of the refractive index through-
out the photonic crystal so that the propagation of light with a specified wavelength is prohib-
ited [62,63]. To this end there are three different kinds of photonic crystal possible, as illustrated
in Fig. They are specified by the number of dimensions in which the refractive index is
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varied.

The simplest photonic structure is given by the variation of the refractive index in one dimension
by alternating layers of different refractive index. A 1d photonic crystal can only prohibit the
propagation of light in the direction in which the refractive index is varied.

For this reason a 3d photonic crystal with a varying refractive index in three dimensions has a
so-called full stopgap at a specified wavelength which prohibits the propagation of light with this
wavelength through the photonic crystal in all directions and thus reflects back all incident light
with this wavelength.

All three kinds of photonic crystals have lately been discussed in the literature for varioust

applications e. g. [64.65].
In this work a one-dimensional photonic crystal in the shape of a Bragg-mirror and a three-

dimensional photonic crystal in the shape of an opal have been used.

Figure 3.6.: Sketch of a 1d (left), 2d (center) and 3d (right) photonic crystal.

3.5.3.1. Bragg-mirror

A Bragg-mirror, Bragg stack or Bragg grating is the simplest example for a 1d photonic crystal,
because it consists of a stack of layers with two different refractive indices n; and ns with the
thickness d; and ds as depicted in Fig. B.7] (left). The reflection on such a Bragg-mirror is plotted
in Fig. B (right) for the parameters in Tab. N is the number of double layers with two
refractive indices.

The calculation of the reflection was done with the equations from [66] and shows the known
reflection for a certain wavelength regime up to 100% and a very low reflection for other wave-
lengths.

This fundamental method to stack layers with materials of different refractive index is used for
many interference filters like bandpass, lowpass or other filters. One of the more complex filters
based on this principle is the so-called Rugate filter [67] which uses many (N > 10) layers of
different refractive indices.

Such filters have the advantages of high optical quality (high transmission or reflection depend-
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ing on the wavelengths, laterally homogeneous) and the possibility to design the filter for most
spectral demands, but they can be rather expensive due to the high number of different layers
needed (see e. g. in [67]), and an angular selectivity as in Fig. is not achievable with such
simple photonic structures.

100 77~
80

60)

40

reflection / %

20

N 0 | A/\/\

500 10I00 1500 2000 2500
wavelength / nm

Figure 3.7.: Sketch of a Bragg-mirror with a stack of materials with refractive indices n; and
ny and thicknesses d; and da (left) as well as simulation of the reflection on such a

Bragg-mirror (right).

Table 3.2.: Parameter for the simulation of the Bragg-mirror.

Parameter H Value ‘

ni 1.5
19 3.5
dq 80 nm
do 80 nm
N 20

3.5.3.2. Opal

One of those 3d photonic crystal which are easiest to produce is the opal, which is composed of
nanospheres of diameter D which are packed in a fcc (face centered cubic) latticeﬁ. This type
of photonic crystal has the advantage of having a stopgap which scales with the diameter of the
PMMA nanospheres. The stopgap of the opal with PMMA nanospheres with a refractive index
of npyvia = 1.5 and air in the holes between the spheres with a refractive index of n,; = 1 is

given by
a

)\so -
P () 658

5The opal shows no complete photonic band gap, which is e.g. observable in an inverse opal. But such an inverse

(3.1)

opal needs a refractive index of about 3, so the inverse opal would not be transparent for the incident solar

radiation.
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with the lattice constant a = v/2D. This can be derived from the photonic band diagram
plotted in Fig. B8 (left) for the crystal orientations of the first Brillouin zone (right), which can
be calculated with e. g. MPB (MIT Photonic-Bands) [68] or Lumerical FDTD Solutions [69].
The band diagram shows a photonic band-gap for a I' — L-crystal orientation, which is called
stopgap, because the propagation of electro-magnetic radiation with a wavelength in the band-
gap of the photonic crystal is forbidden to propagate in the photonic crystal and thus is stopped
and reflected back. The surface of an opal with D = 540 nm PMMA spheres is depicted in Fig.
9.9l

A fcc lattice has a filling factor of

f= % ~ 0.740 (3.2)

and thus the effective refractive index of the opal layer is
n= f * Ngample T (1 - f) “Nair = 1.37, (33)

which is between the refractive index of the samples (glass ngample = 1.5, crystalline silicon
Nsample = 3.5) and that of air na; = 1.

This additional layer of the opal with refractive index n = 1.37 influences the emission and exci-
tation through this layer. In the following the influence of the transmission of electro-magnetic
radiation from a d = 250 pum thick crystalline silicon wafer through a 3.7 wm thick layer of
refractive index n = 1.37 (meaning the effective refractive index of an opal with approximately
10 layers of D = 540 nm PMMA spheres) for s- and p-polarized radiation as well as the trans-
mission without the additional layer and the transmission in the opposite direction from air to
c-Si absorber will be introduced.

Fig. BI0 shows the refractive index for this simulation: A layer of refractive index n = 3.5 for
silicon, then a layer of refractive index n = 1 for air (in the case of direct emission from the
silicon) and an additional layer with refractive index of n = 1.37 for the emission through the
opal. Here the inner structure of the opal is neglected.

The angular dependent emission is given by Fresnel’s equations (eq. 2.37) and the phase factor
for the respective wavelength and propagation length. In this case, the absorption inside the
opal as well as inside the silicon is neglected.

Results for the angular and spectral dependent transmission from inside the crystalline silicon
to the air without opal layer are plotted in Fig. B.I1] for s- and p-polarized radiation and with
opal layer in Fig. The direct emission for s-polarized radiation shows a reduction of the
transmission with increasing emission angle and no wavelength dependence. The same can also
be observed for the p-polarized light, but here the transmission from silicon to air increases with
the emission angle up to the Brewster angle where transmission is perfect; for even higher emis-
sion angles it is reduced again.

Comparably thick Silicon with an additional layer of refractive index n = 1.37 shows a wave-
length dependent transmission with interferences, which result from interferences inside the 3.7
um thick layer of n = 1.37.

This result is not valid for a real opal layer, because the opal has no flat surface which is needed
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for interferences, but it should be kept in mind, that an additional layer of a different refractive
index influences the transmission. Thus, to reduce this effect (and to be able to neglect the
inhomogeneity of the crystalline silicon (chapter £.2.4])) in measurements, the comparison of the
emission with and without opal is done for the transmission from silicon to air through glass
with opal on top, and from silicon through glass.

The transmission for the inverse direction from air to c-Si with and without additional layer
of refractive index n = 1.37 is plotted in Fig. BI3| for s-polarized light and normal incidence.
Applying such a layer on top of ¢-Si shows the properties of an anti-reflective coating, because

the transmission into the ¢-Si absorber is enhanced up to 31%, depending on the wavelength.

A way to calculate the transmission through an opal and the reflection on an opal is described
in [70]. Fig. B4 and show results calculated with a program based on this literature
for an opal with D = 540 nm PMMA spheres with different numbers of layers, different angles
of incidence and a rotation of the sample around the axis of excitation. The program has been
provided by J. Upping from MLU Halle.

The transmission through the opal with different number of layers with PMMA nanospheres
of D = 540 nm diameter (Fig. BI4) clearly shows a reduction in the transmission around
A = 1200 nm, which is the wavelength of the stopgap for this opal. Here the transmission
does not vary if more than ten layers of spheres are simulated. Thus it should be good to have
at least ten layers.

The calculation includes two different angles: the angle of incidence, i. e. the angle between
normal incidence and the angle of excitation (from 0° to 90°), and the orientation of the opal
around the axis of the incident radiation (from 0° to 360°). The first one is called the tilting
angle and the second one the angle of rotation. Results of the transmission and reflection for
an opal for different tilting angles are plotted in Fig. Here one can observe a shift of the
stopgap to lower wavelengths with increasing tilting angle which results from the Bragg effect
and will be explained in chapter There are also higher orders of the stopgap observable
in the transmission and reflection and a reduced transmission for lower wavelengths. This is a
disadvantage of the opal, namely photons with a low photon energy are also influenced by the
opal.

Fig. BI6 shows the transmission and reflection for an opal with ten layers of D = 540 nm PMMA
nanospheres for a tilting angle of 30° and a rotation angle of the opal between 0° and 360°. Here
a shifting of the stopgap is observable as well as the low transmission for A < 600 nm.

Another possibility to calculate the transmission through an opal is a FDTD (finite-difference
time-domain) algorithm. The result of the transmission through an opal of ten layers of D =
540 nm sphere with such a commercial algorithm [69] is plotted in Fig. BI7 Here the reduced
transmission around A = 1200 nm is observable, but the transmission for small wavelengths
below A < 600 nm is very low. This would result in a reflection of much radiation in a solar cell,
if the opal were attached to the top the absorber.

The results for an opal with other sphere diameters should equal these results, since the optical

properties are scaled linear with the sphere diameter, so results for an opal with D = 270 nm
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PMMA spheres will not be shown.

The production of an opal is rather simple: PMMA nanospheres in a solution with e. g. wa-
ter are either spin- or dip/edge-coated on the substrate. Afterwards the opal can be heated to
connect the PMMA nanospheres to each other in order to get a more stable structure. The opals
for this work were prepared by J. Upping at MLU Halle and literature about the preparation of
opals can be found e. g. in [7TH74].

One possibility to influence the position of the stopgap apart from the sphere diameter is to vary
the refractive index of the spheres and that of the holes between the spheres. To this end the
holes between the nanospheres can be filled with a material with high refractive index and the
nanospheres can be etched out as described e. g. in [75].

All these results are for an opal in I' — L direction, so the stopgap is in the direction of the trans-
mission under normal incidence. As mentioned in the introduction, the aim is to put a photonic
crystal on top of a solar cell in order to prevent the radiation from escaping the absorber for
nearly all angles without influencing the incident radiation from the sun. This can be achieved by
using an opal in I' — X direction. But unfortunately no opal sample with this crystal orientation
was available, since the production of such a crystal is much more complicated [76].

The wavelength and angular dependent transmission of an opal in I' — X direction is plotted in

Fig. BI8 Here the radiation with an angle of incident below 10° is not influenced by the opal.

normalized frequency [a/A]

k, [2w/a]

Figure 3.8.: Banddiagramm (calculated with mpb [68]) of an opal for different crystal orientations
(left) and an illustration of these crystal orientations (right) of the first Brillouin
zone. Provided by Andreas Billawny at MLU Halle.

3.6. Refractive Index matching

The experiments in chapter Ml often contain the attachment of a glass substrate on a sample,

e. g. a photonic structure on a glass substrate with refractive index nglass = 1.5 on a c-Si wafer
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Figure 3.9.: Surface of an idealized opal in I' — L. direction.
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Figure 3.10.: Refractive index for the simulation of the transmission from crystalline silicon into

air with and without additional photonic crystal layer on top of the silicon.
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Figure 3.11.: Transmission from silicon to air for s- (left) and p-polarized (right) electro-magnetic
radiation without additional layer on top of the silicon.
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Figure 3.12.: Transmission from silicon to air for s- (left) and p-polarized (right) electro-magnetic
radiation with additional layer of refractive index n = 1.37 and d = 3.7 pm thickness

on top of the silicon.
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Figure 3.13.: Transmission from air to ¢-Si in comparison to the transmission from air through

a d = 3.7 um thick layer with refractive index n = 1.37 for s-polarized radiation.
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Figure 3.14.: Simulated transmission through an opal with different numbers of layers of D =
540 nm PMMA spheres.
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Figure 3.15.: Reflexion on (left) and transmission through (right) an opal with ten layers of
D = 540 nm PMMA spheres for different tilting angles.
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Figure 3.16.: Reflexion on (left) and transmission through (right) an opal with ten layers of
D = 540 nm PMMA spheres for a tilting angle of 30° and a rotation of the sample

around the axis of excitation.
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Figure 3.17.: Transmission in I' — L direction through a ten layer opal of D = 540 nm PMMA
nanospheres calculated with a FDTD algorithm.
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Figure 3.18.: Angularly resolved transmission in I" — X direction through a ten layer opal of

D = 540 nm PMMA nanospheres. Provided by J. Upping from MLU Halle.

with refractive index nes; = 3.5@. A matching of these refractive indices is needed to reduce
reflection losses and to make it easier to compare different results by neglecting the effect of this
additional step (absorber, air, glass substrate) in the refractive index.

Transmission measurements are a possibility to analyze different materials as a refractive index
matching medium. A sketch of the measurements is plotted in Fig. The transmission of
a thin index matching medium is measured by squeezing a little drop of the medium between
two clean glass substrates and measuring the transmission of the electro-magnetic wave under
normal incidence.

Results of such a measurement for different media like air, distilled water, oil of a turbo molecular
pump and index matching gel from ThorLabJEl are depicted in Fig. In the optical regime of
500 nm < A < 1300 nm (including the excitation wavelength of the setups and the emission of
the fluorescence collectors and c¢-Si) the transmission through all tested media is rather constant
(apart from the steps at A = 800 nm for the detector changeover) but the index matching gel
has the highest transmission and water is easiest to handle.

As a result, it is preferable to use the index matching gel in the case where a soling of the sample
with a gluey liquid is fine (as with fluorescence collector), otherwise one should use distilled water

(e. g. for ¢-Si wafers which are to thin to clean afterwards).

6A refractive index for ¢-Si of n = 3.5 is assumed, since the refractive index between 950 nm and 1200 nm
(wavelengths of PL radiation) is between 3.5 and 3.6 and thus the influence of the wavelength on the refractive
index is negligible.

"Thorlabs Item# G608N.
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Figure 3.19.: Sketch of the measurements of the transmission through an refractive index match-
ing medium between two glass substrates.
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Figure 3.20.: Experimental results of the transmission through two glass substrates with different

o4

index matching media between them as sketched in Fig. B.19



4. Experimental results and their

interpretation

The presentation of the experimental results and their interpretation is divided in 4 sections.

In the first section an overview over the optical properties of a real opal will be given and these
results will be compared with the theoretical expectations discussed in chapter A special
focus will be dedicated to optical transmission and reflection and to the homogeneity of the opal.
In the second and third section the optical properties of both types of absorber (c-Si and fluco)
will be presented. Here the results of transmission and reflection measurements will be given,
but it will be concentrated more on the emission properties of both absorbers under excitation.
In the last section the possibilities to trap the PL radiation inside the absorbers with an opal

and a Bragg-mirror will be discussed.

But first of all it shall be remarked, that the emission of an excited fluco and c-Si wafer will
be called PL (photoluminescence), because the emission in both cases is luminescence and the

excitation in done with a laser.

4.1. Characterization of the opal

The results in this section are for an opal in I' — L direction on top of a glass substrate with a

2 range with around ten

thickness of about d = 1 mm and the size of the opal varying in the cm
layers of PMMA nanospheres. The diameter of the PMMA spheres is either ca. D = 270 nm or
D = 540 nm which leads to a stopgap around Agtop = 580 nm and Agtop = 1200 nm, respectively.
As will be shown in the section on the results of transmission measurements through the opal,
the results of both opals are comparable, so often the results of only one of the two kinds of opals

are presented.

4.1.1. Transmission

One of the fundamental optical properties of the opal is the reduced transmission around the
stopgap, which is used for light trapping. The angularly and spectrally resolved transmission
through the opals is plotted in Fig. {1l Both measurements for the opals with Agop = 580 nm
(left) and Agtop = 1200 nm (right) stopgap are performed with the setup described in chapter
B.41l Both opals have approximately ten layers of PMMA nanospheres.

The results show the same behavior: a high transmission for wavelengths above the stopgap, a

reduced transmission around the stopgap, which shifts to smaller wavelengths with increasing

55



4. Experimental results and their interpretation

angle, and a reduced transmission for small wavelengths due to strong scattering. A comparison
with the transmission through the substrate in Fig. clearly shows the reduced transmission
for photons with small wavelength (250 nm < A < 600 nm), but the transmission for larger
wavelengths is also reduced due to scattering (backscattering and scattering to the edges). But
the shape of the transmission for both opals apart from the wavelength of the stopgap is similar,
which means that the influence of the layer with PMMA spheres is comparable for wavelengths
outside the stopgap. The largest disadvantage of the opal is the reduction in the transmission
for photons especially with small wavelengths due to scattering, since it reduces the photon flux
incident on the absorber. The reasons therefor and a possible solution will be discussed in chapter
dI14

But nonetheless, the stopgap of the opal reduces the transmission through the glass substrate to
zero for the opal with Agop = 580 nm stopgap and to 12% for the opal with Agop = 1200 nm
stopgap for wavelengths in the stopgap. Thus the opal with Agop = 580 nm stopgap seems to
have a higher stopgap quality than the opal with Agop = 1200 nm stopgap, because this opal still
shows a transmission above zero for wavelengths in the stopgap. This result will be confirmed
in the section about light trapping in both types of absorber.

As mentioned before, from now on only the results for one of the two opals will be depicted and
discussed, because the properties for the different stopgaps as in Fig. 1] are nearly the same,

only the wavelengths of the stopgap being different.
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Figure 4.1.: Angular dependent and spectrally resolved transmission through an opal layer on
a glass substrate with Agop = 580 nm (left) and Agop = 1200 nm stopgap (right).
Both opals have approximately ten layers of PMMA nanospheres.

4.1.2. Reflection

Nearly the same behavior can be observed for the angularly and spectrally resolved reflection
from the Agop = 580 nm stopgap opal on glass in Fig. £33l A low direct reflection away from
the stopgap and a angular dependent reflection peak for wavelengths around the stopgap. The

reflection and transmission do not sum up to unity, because of the scattered radiation.
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Figure 4.2.: Comparison of the transmission through the opals with Agop, = 580 nm and

Astop = 1200 nm stopgap with the transmission through the substrate. The re-
duction of the transmission due to scattering is reduced with increasing wavelength

(Mie scattering).

The angular dependence of the reflection peaks can be described by Bragg’s law
Amax = 2d sin(6) (4.1)

with the wavelength of the reflection peak Ay .x, the spacing between the planes in the atomic
lattice d and the angle # between the incident ray and the planes in the lattice as illustrated in
Fig. 44

By including the refractive index n, adjusting the angle to the angle of incidence ¢ and applying

the following theorems for trigonometric functions

sin(a+ ) = sin(«a)cos(B) + sin(S) cos(a) (4.2)

cosa = 4/1—sin?(a) (4.3)

on gets the equation for the wavelength of the reflection peak

Amax = 2dy/n2 — sin?(y) (4.4)

which can be found in the literature e. g. in [77].
The wavelength of the reflection peaks for the opal with Agiop = 580 nm stopgap are plotted
vs. the angle of incidence in Fig. 3] with the result of the fit with equation (£.4]), but the distance

between the lattice planes is expressed in terms of the nanosphere diameter D:

d=1/=D. (4.5)

As a result of this fit, the experimentally estimated sphere diameter is Dey, = (258.7 £ 6.2) nm

and the refractive index neyp = 1.38940.026 which agrees very well with the nominal parameters
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of D = 270 nm and n = 1.37 for the medium PMMA and air as described in chapter [3.5.3.2]
The additional reflection peaks for larger angles of incidence (Fig.[£.3]), where the peak wavelength

increases with the angle, correspond to another crystal plane see e. g. [7§].
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Figure 4.3.: Angular dependent and spectrally resolved reflection at an opal with Agiop = 580 nm
stopgap on a glass substrate (left) and wavelength of the reflection peaks vs. reflec-
tion angle in comparison with the theory (right). The additional reflection peaks for

high angles are reflections on another opal plane.

9 90°

Figure 4.4.: Definition of the reflection angles for Bragg’s law (6) and the angle of incidence ¢ in

the experimental setup.

4.1.3. Absorption

By measurement of the transmission T and the reflection R of a sample one gets access to the
absorption A =1—T — R. The result of the absorption of an opal with Agtop = 1200 nm stopgap
is plotted in Fig. for the measurement of the transmission and absorption with an integrating
sphere to get the scattered as well as the direct radiation. To reduce the effect of the glass
substrate, the absorption of a bare glass substrate with the same properties is also measured and
subtracted from the combined absorption of opal and glass.

Apart from a low absorption for most wavelengths, there is one strong absorption around

A = 670 nm, which is a disadvantage of the opal as an angular selective filter on top of an
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absorber, because the transmitted incident radiation is partly absorbed by the opal.

The reason for this absorption is not clear, because the opal contains only of PMMA nanospheres,
which should be nearly transparent in this wavelength regime.

One problem of the subtraction of the absorption of the glass substrate is, that due to inhomo-
geneities the reference glass substrate and the substrate of the opal are not completely identical,
so this could be the reason for an absorption of the opal at A = 436 nm below 0%. Another
possible reason is, that the angle of the incident radiation for transmission and reflection is not
the same due to the design of the integrating sphere, so that the transmissions and reflections

are not measured under excatly the same conditions.
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Figure 4.5.: Absorption of an opal with a stopgap at Agop = 1200 nm on a glass substrate. The
absorption is calculated from the transmission and reflection, and the absorption of

the bare substrate has been subtracted.

4.1.4. Scattering

As mentioned before, one of the disadvantages of the opal structure as a photonic crystal for ap-
plications on top of an absorber is the strong scattering of the incident light [79]. The differential
scattering of the opal samples with Agop = 580 nm and Agop = 1200 nm stopgap is measured
with the goniometer from chapter .2l and the result for the Agop = 1200 nm stopgap opal is
plotted in Fig. for excitation at 632.8 nm and 1112 nm. These wavelengths were selected to
have one representative for visible excitation of the c¢-Si wafer and one in the infrared regime of
the emitted PL. The scattering results for a clean glass substrate are also plotted in this graph.
As can distinctly be observed, the scattered radiation from the opal has a much higher photon
flux (about two orders of magnitude) than that from the glass substrate. Thus much of the
incident light is scattered back when the opal is put on top of an absorber.

In comparison with the results in [79] the negative logarithm of the direct transmission (log;o(7))
shows also a high reduction in the transmission around A = 600 nm and A = 1200 nm as well as

for light with a wavelength below A = 600 nm for spheres with D = 540 nm diameter.
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Figure 4.6.: Photon flux scattered by the opal on glass in comparison with the scattering on pure
glass for 1112 nm and 632.8 nm (left), and transmission 7" from Fig. [41] (right) in

logarithmic representation (right) (4m-analysis).

4.1.4.1. Simulation of Mie scattering

To separate the scattering at the opal structure from the scattering at the nanospheres, the
differential scattering of a nanosphere with refractive index npedium = 1.5 in air is simulated
with the program MiePlot 4.2.03 [80]. The results in Fig. .7 for different sphere diameters (left),
incident wavelengths (center) and scattering angles (right) show a behavior which is similar to
that of the opal structure on glass:

For incident light with a wavelength of A = 488 nm the scattering is rather strong for the sphere
diameters of D = 270 nm and D = 540 nm, which corespondents to the actual samples. The
scattering for the visible light is higher than for the infrared radiation and the angular dependence
equals roughly the measured results.

In my opinion these results suggest, that the scattering by the PMMA nanospheres are the reason
for the strong scattering of the opal for visible radiation and not the photonic structure of the
opal. So even a perfect opal would provide strong scattering and thus for an application of this

structure one should keep the scattering in mind.

4.1.5. Homogeneity

Important for the application of photonic crystals in a solar cell design is the homogeneity of the
photonic crystal. The properties of a photonic crystal should be homogeneous on a pum-scale as
well as on a mm-scale, so that in an ideal design no radiation can escape from the absorber and

the solar cells have a constant efficiency over a large area.

4.1.5.1. On a um-scale

The laterally resolved measurement of the reflection on and transmission through the Agiop =
1200 nm stopgap opal are plotted in Fig. .8 (reflection) and .9 (transmission). These figures

show the results of the spectrally integrated reflection and transmission measurements, for wave-
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Figure 4.7.: Simulated differential scattering by a sphere with n = 1.5 for different sphere diam-
eters (left) for A\ = 488 nm, wavelengths (center) and angles (right) for s: 280 nm
sphere and b: 540 nm sphere and the wavelengths: 488 nm, 632 nm and 1200 nm.
The results of the simulation of the scattering for different angles equals roughly the
measured results in Fig.

lengths in the stopgap (a), for wavelengths outside the stopgap (b), for all measured wavelengths
(c) and the ratio of (a) to (b) to specify the opal quality (d). The transmission and reflection is
given in detector counts per detector element. Both measurements (reflection and transmission)
were performed on the same spot of the sample.

One clearly can observe, that both the transmission and the reflection are low in disruptions of
the opal which resulted from the drying after the dip-, knife- or spin-coating. Fig. displays
an AFM image of the opal plotted for a comparable area but on a different position of the sample,
where the disruptions are also observable. Unfortunately it was not possible to do the AFM in
the same position as the transmission and reflection. In these disruptions the radiation is just
scattered away or transmitted.

At the other positions, where the opal is quite homogeneous, the incident radiation is mostly
scattered back so that the transmission is low. This behavior is especially visible in the ratio of
the radiation for wavelengths in the stopgap to that outside the stopgap. Here the transmission
is strong in the disruptions and the reflection is low. The behavior in the good areas of the opal
is the opposite.

The area of the good opal regimes is around 200 um?, so that the measurements with a larger
excitation area will always be performed on several of these good opal regimes with disruptions
in between. Also the crystal orientation can vary between these regimes.

Measurements of reflection and transmission of the opal with Agiop = 580 nm stopgap shows no
indications for disruptions. One reason for this could be, that the disruptions are much smaller
due to the smaller PMMA nanospheres, so that the wavelength of the light is too large to actually
“see” these disruptions. This could also be a reason for the better quality of the stopgap for the
opal with the stopgap at Astop = 580 nm compared to the one with Agiop = 1200 nm stopgap
observed in the reflection measurements in chapter and in the application of an opal on

c-Si and fluco absorber.
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Figure 4.8.: Latterly resolved direct reflection on a 1200 nm stopgap opal on glass substrate
with spectrally integrated reflection for wavelengths in the stopgap (a), outside the
stopgap (b), all wavelengths (c¢) and (d) the ratio of (a) to (b).
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Figure 4.10.: AFM image of the 1200 nm stopgap opal. One can clearly see homogeneous parts
of the opal divided by drying disruptions of the wet opal after the coting.

4.1.5.2. On a mm-scale

The characterization of the homogeneity of properties of a photonic structure on a mm-scale is
more complicated, because here, the properties represent an average of the properties on the
pm-scale.

One possibility to measure the homogeneity of an opal is a laterally resolved reflection measure-
ment as shown before. Such a measurement can be performed on a mm-scale with the Makro-PL
setup (see chapter B.4.3.T)): If the measurement is performed with white light (high power LED)
and without high pass filter, which normally suppresses the reflection of the excitation source in
PL measurements, the reflected radiation is collected and guided to the detector system.
Results of such laterally resolved reflection measurements are plotted in Fig. LTIl But these
results are not corrected with the spectral shape of the LED emission, because this is impossible
due to the strong scattering of the opal, so that the values of the integrated photon flux yield no
information about the real reflection.

The reflection for wavelengths/photon energies inside the stopgap (left) and outside the stopgap
(right) show nearly the same behavior, thus the homogeneity of the reflection on the opal on a
mm-scale is nearly independent on the disruptions observed on a pum-scale before.

There are, however, variations in the reflection with a factor of four over the sample visible,
which may result from different layer thicknesses of the opal as well as from defects on top of
the opal.

A more detailed characterization of the drying disruptions is presented in Fig. The left
plot shows a microscope image of the surface of an opal with Agtop = 1200 nm stopgap on glass
under a magnification by a factor of 20. One can distinguish the different opal regimes which are

interrupted by drying disruptions. The center image shows an illustration of these disruptions
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4.2. Characterization of crystalline silicon

and the right figure is a histogram of the size of the opal patches between the disruptions.

The illustration of the drying disruptions is a hand-made sketch of the disruptions which has
been analyzed by a region growing algorithm for MatLab [81] to calculate the patch size of the
enclosed opal regions. The histogram of these patch sizes shows a large number of small patches
below 10 um? which result from errors: When one pixel inside a disruption has the wrong value,
the region growing algorithm counts this pixel as a disruption with the size of one pixel. Thus
the bar at 0-10 um? should be neglected. The real patches show a size between 10 um? and
275 um? and have an average size of about 65 pm?.

To characterize the effect of the drying disruptions the Fourier transform of the surface of an
artificial opal is calculated (as in Fig. [13]) for round parts of the surface with different diameters.
Fig. LI3] (right) shows the result for an opal surface with a diameter of 40 um as well as 10 pm
and the Fourier transform of a square surface with 40 um edge length.

All transforms show the same Fourier components but the round surfaces contribute by an ad-
ditional noisy background which is increased when the sample surface is reduced. For areas
A > 160 pm the Fourier transforms are almost identical. Thus the size of the patches in the
range of the observed patch size has no big influence on the Fourier transform and thus the
drying disruptions are of no great importance apart from the stronger transmission of photons
with a wavelength inside the stopgap through the opal as discussed before.

Due to this “quasi-independence” of the Fourier transform from the size of the observed opal
patches, the photonic band structure of the opal in Fig. B8 should also be valid for these patches,

because the band structure results in principle from the Fourier transform of the opal structure.

This method provides access to the homogeneity of the opal but one should keep in mind that
the sphere diameter must be large enough that the light actually “sees” the disruptions. The
spheres of the 580 nm stopgap are so small (D = 270 nm diameter) that optical microscopes are

not able to resolve the disruptions.

4.2. Characterization of crystalline silicon

In this section the fundamental physical properties of ¢-Si are displayed, which are needed for
the understanding and discussion of the results for light trapping effects. In the literature many
articles on c¢-Si, its properties and the production of silicon solar cells can be found. An overview

is given e. g. in [82].

4.2.1. Absorption

One possibility to measure the absorption coefficient was demonstrated in chapter [£.1.3] by using
transmission and reflection measurements. Another possibility to measure low absorption coef-
ficients is extracting the absorption from the PL and computing the absorption coefficient from
Lambert-Beer’s law as in chapter

But even if both methods are connected, larger absorption coefficients still pose a problem at
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Figure 4.11.: Laterally resolved and spectrally integrated reflection of a white light source on
an opal with Agop = 1200 nm stopgap on a glass substrate. Integration of the
wavelengths inside (left) and outside the stopgap (right).The two diagrams are very
similar, but the reflection varies strongly over the sample. Note that the reflection
is not corrected with the spectral shape of the LED, thus the total values for the
reflection inside and outside the stopgap are not quantitatively comparable, only

the differences in the relative values are important.
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Figure 4.12.: Microscope image of an opal with Agop = 1200 nm stopgap, 20x magnified (left),
illustration of the patches (center) and histogram of the patch size of homogeneous

opal regimes (right).
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40 pm and 2d Fourier transform of the surface (right) for the rectangular sample

and a round sample with a radius of =5 wm and r = 20 pwm.

photon energies which correspond to zero transmission. In order to obtain an optimal absorp-
tion coefficient for simulations with c-Si, the results from [82] were used, which are plotted in
Fig. T4l This absorption coefficient shows the indirect and direct band-gap at Ep, = 1.12 eV
and Ep;, = 4.2 eV, respectively, at T' = 300 K temperature.

4.2.2. Angular dependent excitation

To analyze the influence of a photonic structure, located between excitation source and c-Si,
on the excitation of the c-Si, the angular dependent excitation of c¢-Si is characterized. This is
done with the setup described in chapter B.] with excitation under different angles v on one
¢-Si wafer surface and detection under normal incidence on the opposite c-Si wafer surface. The
excitation photon flux is (2.92 4 0.13) - 10'” photons cm~2s~! at A\ = 488 nm and the radiation
is s-polarized. The result of this measurement is plotted in Fig. (left). As expected, the
PL yield is reduced with increased absolute value of the excitation angle |y| and the spectral
behavior does not change with the angle of excitation. The reduction of the PL photon flux with
the excitation angle can be explained by the reduced photon flux hitting the surface and a lower
transmission through the front interface between air with refractive index n,;; = 1 and c-Si with
refractive index n.g;i = 3.5.

The excitation area A varies with the angle ~
d\? 1
A= () S (4.6)
2 cos(7)

as plotted in Fig. [L16] d denotes the diameter of the excitation beam (y = 0° means normal

incidence, then the excited area is a circle). So the incident photon flux has to be multiplied
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Figure 4.14.: Absorption coefficient a(Epp,) of c-Si from [82] with an indirect band-gap at Epj, =
1.12eV at T' = 300 K.

with the factor 1/ cos(v).

As mentioned above, the transmission of the s-polarized light from air to c-Si is given by Fresnel’s
equation (eq. (2.37)).

The combination of both effects (only the factor of 1/ cos(y) and/or the factor of Fresnel’s equa-
tion for s-polarized light T'F's) in comparison with the experimental angular dependence is plotted
in Fig. (right). The difference between theory and experimental result can be explained by
the roughness of the surface and the angular resolution of the setup. The angular resolution
broadens the shape of the excitation profile and the angle of incidence is not well defined due to

the roughness of the sample which slightly enhances the transmission given by Fresnel’s equations.

This result is very important for experimental setups, where an excitation under normal in-
cidence is not possible (e. g. due to other experimental components), because an absolute value
of the excitation angle below 20° (]| < 20°) reduces the emitted PL photon flux only up to 7%
and does not influence the spectral behavior, as a variation in the excitation should only lead to
a variation in the splitting of the quasi-Fermi levels. So only the absolute values from eq. (2.1)
are different and not the spectral behavior which is given by the spectral emissivity E(E,,) and

should not vary for reasonable excitation photon fluxes.

4.2.3. Angular dependent emission from top

To measure the angular dependent PL emission of ¢c-Si the setup from chapter Bl is used with
A = 488 nm excitation, s-polarized light, excitation from one side and detection from the opposite
side of the wafer (an illustration of the setup can be found in Fig. LI7), an excitation spot with
diameter d = 1.1 mm and a photon flux of (2.92 & 0.13) - 10*” photons cm~2s~!. As mentioned
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Figure 4.15.: Angular dependent and spectrally resolved emitted PL yield from c-Si for different

excitation angles (left) and comparison of the angular dependency with a theoretical
model (right).

crystalline silicon

A

Figure 4.16.: Sketch of the increased excited absorber area when the excitation angle is varied

from v = 0° to v = 45° for a laser beam with diameter d.
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before, it is important, that the axis of rotation lies exactly in the surface of the ¢-Si from which
the emission is detected.

The result is plotted in Fig. I8 (left), where one can observe a reduction of the photon flux
with increasing absolute value of the detection angle § and a shift of the maximum photon flux
to larger wavelengths for larger angles. The reduction of the photon flux with increasing |J| is
caused by a reduced transmission due to Fresnel’s equations (eq.2.37). The shift of the maximum
wavelength is caused by two facts:

The area from which the PL photons are collected on the surface of the c-Si varies with the
detection angle in the same way as for the angular dependent excitation and thus this area is
increased with the absolute value of the detection angle. But the excitation is only on a spot
of d = 1.14 mm diameter, so that the PL emitted from positions outside this spot is composed
of more photons with lower photon energy because of stronger reabsorption for photons with
high photon energy and the longer propagation length inside the absorber for emission positions
outside the excitation spot.

The second reason is the emission from the edge of the c-Si wafer. As will be shown in chapter
M2.5] the PL leaving the edge of the c-Si wafer has a much lower photon flux for high photon
energies than the emission from the top, and this radiation is also collected for larger absolute
detection angles.

In Fig. @18 the normalized integral photon flux for photons with photon energies between Ep;, =
0.99 eV and Epp = 1.31 €V is plotted in comparison to the result of the PL emission simulated
for 50% s- and 50% p-polarizations from chapter The differences between simulation and

experimental result can have several reasons:

e Fresnel’s equations are only valid for perfectly flat surfaces and not for rough surfaces. The

¢-Si waver is polished but not perfectly flat.

e [f the axis of rotation is not directly in front of the surface of the absorber, the emission is

not perfectly symmetric with respect to the angle of detection.
e The area from which the emission is detected changes as discussed in chapter [4.2.2]

e As discussed in chapter .2.5] there is an emission from the edge of the c-Si wafer, which
reaches the detector for larger angles and thus influences the angular dependence for larger

angles.

Thus the experimental results agree with the simulation but the experimental setup has to be
improved to measure the absolute angle dependence of the emitted PL yield. Especially the
detection area must be kept constant. However this problem is of no concern for the comparison

of the emission with and without a photonic structure, which is the aim of this work.
The disadvantage of the experimental setup discussed above consist in the positioning of the

sample by hand: As depicted in Fig. 17 the surface of the sample must be directly in the axis

of rotation of the emission. In the current setup, this position is judged by the eye. A much
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better solution is the automatic positioning of the sample as plotted in Fig. [4.19 Here the
sample holder is designed in a way that the sample is pushed against the holder, so that the

surface of the sample is automatically in the right position.

Excitation

o

Emission

cSi1

Figure 4.17.: Illustration of the measurement of the angular dependent PL emission of excited
c-Si with excitation on one side and detection on the opposite side. Note that the

axis of rotation must be in top of the c-Si wafer.

4.2.3.1. Calibrated PL from the top of the absorber

To discuss the emission properties of c¢-Si the calculation of the analysis of the PL yield as
announced in chapter 2.T.0] will be presented. Therefore the calibrated PL yield of a ¢-Si wafer
measured under normal incidence is plotted in Fig. The excitation was performed with a
532 nm laser with a photon flux of (1.4 +0.1) - 10'® photons s~!cm™2, which is higher than the
AM1.5 equivalent photon flux of 2.7 - 10! photons s 'cm™2 to enhance the signal-to-noise ratio.

The shape of the emitted PL is governed by the shape of the absorption coefficient plotted in

Fig. £14] and the Bose term
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Figure 4.18.: Angular dependent and spectrally resolved PL yield from an excited c-Si wafer

(left) and comparison of the angular dependence with the simulation (right).
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Figure 4.19.: Sketch of a better way to mount the sample, so that the surface of the emission
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N
o

[EY
o

'_\

o
i
©

H

o
N
©

PL-yield / photons/(eV s m? sr)

1017

1 11 1.2 13
photon energy / eV

Figure 4.20.: Absolute PL yield from an excited c-Si wafer.

Results of the calculation of the splitting of quasi-Fermi levels and the temperature of the sample
from the PL yield according to the theory in chapter ZZT.1] can be found in Tab. LIl Both values
are rather large due to the high excitation photon flux which heats up the c¢-Si sample at the

spot of the measurement.

4.2.4. Homogeneity

Fig. E2T] depicts the integral
Emax
Ciotal (7, y) :/ U(z,y, Epp)dEps (4.8)

of the laterally (on mm-scale) and spectrally resolved (setup from chapter B.431]) PL yield
['(z,y, Epp) for the different z- and y-positions and the photon energies Epj, between Eni, =
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Table 4.1.: Results of the analysis of the ¢-Si PL yield in Fig. (left).
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Figure 4.21.: Image of the laterally resolved and spectrally integrated PL yield from an excited

c-Si walfer.

0.99 eV and En.x = 1.35 eV given by the experimental setup. The blue area with nearly no
detector signal is caused by the sample holder. The integral PL yield of the c¢-Si sample varies
over nearly one order of magnitude between different sample positions which can result from the
quality of the surface passivation, because the emitted PL yield is rather sensitive to the surface
recombination velocity as shown in chapter Z.3.1.11

As a consequence of this inhomogeneity, the PL yield of different wafer positions is not identical
and thus cannot be compared.

So the influence of a photonic structure on the emitted PL yield is measured as illustrated in
Fig. The emission from the ¢-Si wafer without photonic structure is measured with a glass
substrate on the side of detection, and the emission with a photonic structure is measured with
the photonic structure on a glass substrate which is attached to the c-Si wafer. In both cases the
measurements are performed with a refractive index matching medium (distilled water) between
the ¢-Si wafer and the glass substrate. Thus the measurements are performed on the same spot
of the c-Si wafer and the surface passivation of the c-Si is not influenced by the deposition of the
photonic crystal, since it is deposited on a glass substrate and not on the c-Si wafer.

Due to this setup it is possible to neglect the influence of the glass substrate below the photonic

structure on emission as well as the inhomogeneity of the c-Si wafer.
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Figure 4.22.: Illustration of the experimental setup for the comparison of the PL emission from

a c-Si wafer with glass substrate (left) and a c-Si wafer with photonic crystal on a

glass substrate (right).

4.2.5. Edge emission

A ¢-Si wafer shows similar properties as a fluco but only for infrared instead of visible radiation:
The reemission of the excited c-Si takes place inside a material with refractive index of n ~ 3.5
with polished surfaces, thus a part of the emitted infrared radiation is trapped inside the wafer
by total internal reflection and guided to the edge of the wafer. On the way to the edge a part
of the radiation is absorbed and thus the spectral shape of the edge PL should be different from
that of the top PL.

Fig.[4.23 (right) shows the result of the measurement of the edge emission under normal incidence
(on the edge) of a c-Si wafer for an excitation with a 488 nm laser which hits the sample ca.
1 cm away from the edge. This measurement is done with the angular dependent PL. The
figure also shows the result of the simulation described in chapter with the excess carrier
concentration plotted in Fig. [£.23] (left) as well as the measured top PL under normal incidence.
The PL yield for small photon energies of the edge emission is nearly the same as the one
of the emission from the top, but for higher photon energies the PL yields are different due to
absorption. The absorption increases with increasing photon energy due to the higher absorption
coefficient as well as with increasing propagation length to the surface of the c-Si. The lateral
excess carrier concentration in Fig. .23 (left) has been designed for the excitation in the middle
of the absorber with infinitesimally small excitation area and an exponential decay to the edges
(exp(—aur)) regarding the diffusion length of the excess carrier.

The experimental and theoretical results agree quite well, which is also an indication that the
description of the propagation of radiation in the theory is a good model for many different

problems.
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Figure 4.23.: Lateral excess carrier concentration for the simulation of the edge emission (left),
measured PL from top and edge and simulated PL for a c-Si wafer (right). Note that
the results for the edge and surface PL were measured under the same excitation
but the edge PL was measured with a ten times longer integration time to get a
better signal-to-noise ratio, and the result of the simulation is normalized to the

maximum of the edge PL.

4.3. Characterization of the fluco

This section gives a short overview on the optical properties of the flucos used in chapter 4] in
which light trapping possibilities are discussed. The design of the fluco should be improved by
a photonic structure, which should enhance the edge emission, so the focus will be especially on

the edge emission of the fluco.

4.3.1. Absorption

One important optical property of flucos is the absorption of light, which can be calculated from

optical transmission 1" and reflection R by
A=1-T-R. (4.9)

The results of direct transmission and direct reflection measured with the setup described in
chapter 3. 4.]] are plotted in Fig. for flucos with the dyes Rhodamin 6 G and Cumarin 540A.
These results show that both the reflection and the transmission of the flucos depend on the dye
concentration given by the arbitrary numbers 500, 1000 and 2000 in the legend. An increased dye
concentration results in a reduced transmission and a reduced or enhanced reflection (depending
on the dye). Such a dye concentration dependent reflection results from the imperfection of
the setup: The detector collects not only the transmitted radiation but part of the emitted

radiation as well. So the reflection is dye concentration dependent, since the emission and the
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reflection are dye concentration dependent. The reflection is dye concentration dependent, since
the Kramers-Kronig relation connects the absorption and the refractive index and the latter
yields the reflexion.

By consequence, the absorption (plotted in Fig. [L25]) should always be calculated from eq. (9]
with transmission and reflection and not only from the transmission.

When comparing these results with literature (e. g. [83]), one has to consider that the dye in a
fluco is embedded in a matrix material like PMMA, so the absorption and emission properties
are slightly different from those for dyes in liquids.

One should also keep in mind that the experimental determination of transmission, reflection and
absorption as described above for fluorescence materials like flucos is not perfect, because the
spectrometer collects not only the transmitted and reflected radiation but the emitted radiation
of the dye as well, so the reflection and transmission are always overestimated. An alternative
method to estimate reflection, transmission and absorption with consideration of the dye emission
is discussed in [41] or [84], which e. g. can yield the fluorescence emission as well as the parameters

mentioned above.
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Figure 4.24.: Direct reflection (left) and transmission (right) results for flucos with Cumarin 540A

and Rhodamin 6 G of different concentrations of different concentrations.

4.3.2. Emission

Before the angular dependent emission from the edge and top of the flucos with Rhodamin 6 G
as well as those with Lumogen F rot 305 are discussed, the absorption and emission properties
of the flucos will be introduced.

The normalized emission and normalized absorption of both flucos are plotted in Fig. (Rho-
damin 6 G (left) and Lumogen F rot 305 (right)). Both, absorption and emission strongly depend
on the dye concentration. The difference in wavelength between maximum emission and absorp-
tion is called Stokes shift, which is caused by a “rapid decay to the lowest vibrational level” [85].

This spectral splitting of the emission and absorption provides an additional possibility for the
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Figure 4.25.: Absorption calculated from the reflection and transmission in Fig. [4.24]

design of a photonic structure to reduce the reemission of the escape cone. All photons which
are absorbed by the dye should be transmitted and the emitted photons should be reflected by
a filter on top of the fluco. The edge wavelength of such a low-pass filter should be between the
maximum absorption and the maximum emission. The disadvantage of such a design is the shift
of the edge wavelength of the filter with the angle of the incident light on the photonic structure
as discussed in chapter B.1.2] so either the absorption of radiation with a larger angle of incidence
is reduced or the reflection of the emitted radiation under small angles is not appropriate.

A discussion of the optimal edge wavelength of a low-pass filter for flucos can be found e. g. in [86],
so a discussion of the perfect wavelength of the edge filter will not be given here, especially since
only a low-pass filter with an edge of 550 nm was available in the size of the fluco and the exci-
tation was performed with a laser with a wavelength of 488 nm or a high power LED with 505
nm which are both away from the edge of the filter.

The results of the absorption and emission in Fig. indicate that the opal with a stopgap
at 580 nm matches the emission from the Rhodamin 6 G fluco but not that from the Lumogen
F rot 305 fluco, and that the 550 nm edge low-pass filter matches both emission spectra. The
influence of both filters on the top and edge emission as well as on the excitation will be discussed
in chapter 4.4

4.3.3. Angular dependent edge emission

The measurement of the angular dependent edge emission from a fluco with Rhodamin 6 G in
PMMA on glass was performed in the same way as described in chapter for ¢-Si but not
with a spot excitation but with a slit excitation with a specified distance from the edge of the
collector. A sketch of the measurement is illustrated in Fig. (right) where the fluco is
positioned on a sample holder with a screen between excitation and emission. Here the sample is
illuminated with a 488 nm laser along a line parallel to the edge from which the PL is measured.
The dye in PMMA was located at the front of the fluco.
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Figure 4.26.: PL emission from and absorption of an excited fluco with Rhodamin 6 G in PMMA
on the surface of a glass substrate (left) and a fluco with Lumogen F rot 305 in
PMMA (right).

The spectrally integrated PL yields are plotted in Fig. (left) for different distances between
excitation and fluco edge and compared with the results of the simulation in chapter 2.2.31 The
solid lines represent the edges of the simulation results, so the experimental results agree quite
well with the simulation.

The small spectral differences in the PL for different detection angles and for different distances
between the excitation and the edge of the fluco are discussed in more detail in appendix
The angular dependent edge emission for different distances of the excitation to the emission edge
for the fluco with homogeneous dye concentration are plotted in Fig. for 0.8 g/1 Lumogen
F rot 305 (left) and 0.3 g/l dye concentration (right). The results for the fluco with the higher
dye concentration still show the same behavior as the fluco with dye on top: There are angle-
distance regimes with nearly no emission and such with high emission. But for the fluco with
the lower dye concentration the emission vs. distance and angle is more homogeneous, because
the excitation depth profile of the dye is more homogeneous so that the upper and lower halves
of the fluco nearly have the same emission as was described for a fluco with homogeneous dye
concentration in chapter

This behavior can also be observed in the angular dependence of the spectrally integrated edge
emission for a spot excitation on top of the fluco in Fig. The entries in the legend with
“from top” refer to a measurement for a spot excitation on the top of the fluco whereas “from
bottom” indicates that the emission was measured for an excitation (Fig. (right)) from the
bottom of the fluco. The second measurement yields the emission for negative emission angles.
Here the results show also a more homogeneous emission for the lower dye concentration due to

a more homogeneous excitation depth profile. The emission is asymmetric around zero degrees
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4.3. Characterization of the fluco

because of the non-constant emission depth profile, and the emission around zero degrees is lower
than expected, because the design of the sample holder influences the emission measurements
for small angles.

It would be interesting to compare the excitation depth profile with the efficiency (here the
efficiency that an absorbed photon reaches the edge of the fluco after reemission) of the fluco to
obtain the best excitation depth profile for a fluco.

The image on the title page shows the opposite case: A fluco with dye in PMMA on a glass

substrate is illuminated on the edge with a laser and some areas on the top show fluorescence.
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Figure 4.27.: Spectrally integrated angular dependent edge emission of a fluco doped with Rho-
damin 6 G in PMMA on glass in dependence of the distance between edge and
excitation spot in comparison with the simulation results from chapter (left)
and sketch of the experiment (right).

4.3.4. Angular dependent emission from top

The angular dependent emission from the top of a Lumogen F rot 395 fluco with 0.3 g/l dye
concentration plotted in Fig. (left) was measured with the same setup and excitation as in
chapter with ¢-Si. As with ¢-Si the emission is reduced with increased absolute detection
angle |v| but the spectral shape of the emission is nearly constant. Fig. shows the com-
parison of the angular dependence of the emission from the fluco with 0.8 g/1 and 0.3 g/1 dye
concentration together with the emission from c-Si from Fig. EEI8], the simulation of the angular
dependence for c-Si as well as a simple simulation of the edge emission for a fluco.

This simulation is based on an isotropic emission of the dye inside the substrate with refractive
index of ng,, = 1.5, the transmission through the surface into the air (n = 1) given by Fresnel’s
equations eq. (237)) and the increase of the angle increment eq. (2.44]). It does not consider

reabsorption and multiple reflections.
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Figure 4.28.: Angular dependent and spectrally integrated PL yield for various distances of the
excitation from the emission edge for the Lumogen F rot 305 fluco with a dye
concentration of 0.8 g/1 (left) and 0.3 g/1 (right).
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Figure 4.29.: Angular dependence of the spectrally integrated PL yield for a spot excitation of
the Lumogen F rot fluco with 0.8 g/1 and 0.3 g/l dye concentration.
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4.3. Characterization of the fluco

The angular dependence of all results (experimental and simulated c-Si emission, emission of the
fluco with low and high dye concentration and fluco simulation) are nearly equal, especially if
the disadvantages of the angular dependent PL setup from chapter are considered. Thus
to be able to discuss the differences of the angular dependences of the different flucos in more
detail, a better adjustment of the sample with the surface on the axis of rotation is needed.

Differences between the results of the two dye concentrations also must be caused by the er-
ror of the not exactly adjusted sample, because a higher dye concentration leads to a higher

reabsorption, but this reabsorption should be similar for the different emission angles, because

e an emission angle outside the absorber of 89° corresponds to an angle of about 41.8° inside
the fluco and thus the propagation length differ between an emission with 0° and 89° by a
factor of 0.31 which does not alter the emission by a factor of 2 at 80° like observed in the

experiment.

e the excitation depth profile for a higher dye concentration is not as constant as for the
lower dye concentration, but this would lead to an even more reduced photon flux for
larger emission angles, because the excitation is performed on the side of the fluco and
the PL emission is detected on the opposite side, so that the emitted photons propagate a
longer distance inside the fluco for a higher dye concentration and this propagation length

is even longer for high emission angles as has been discussed above.

It is recommended for future approaches to repeat these measurements with an improved setup

and include reabsorption and an emission depth profile in the modelling.
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Figure 4.30.: Angular dependent and spectrally integrated top emission of an excited Lumogen
F rot 305 fluco (left), the angular dependence in comparison to the angular depen-

dence of ¢-Si, the simulation for c¢-Si as well as a simple simulation for the fluco

(right).
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4.3.5. Angular dependent excitation

The angular dependent excitation of the fluco is measured in the same way as for crystalline silicon
in chapter Different excitation angles with 488 nm excitation on a spot with d = 1.1 mm
diameter and a photon flux of (2.92 £ 0.13) - 10! photons cm~2s~! on one side of the absorber
and spectrally resolved detection under normal incidence on the opposite side of the absorber.
As can be seen in Fig. E.3T] the normalized PL yield is nearly constant over a broad range of the
excitation angle between —40° and 40° compared to the more cosine-like shape of the curve for
¢-Si. The reason therefor is not clear.

This is the great advantage of flucos: They are able to absorb diffuse radiation (with a higher
efficiency than a semiconductor) as well as direct radiation and can concentrate both direct and
diffuse light [41].
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Figure 4.31.: Normalized angular dependence of the spectrally integrated PL yield for different
excitation angles and detection under normal incidence for a fluco with Rhodamin

6 G and ¢-Si. A fluco can absorb diffuse radiation better than e. g. c-Si.

4.3.6. Homogeneity

One requirement for flucos is a flat surface in order to achieve the light trapping by total in-
ternal reflection of fluorescence radiation as described in chapter [[L3l To be able to reduce the
complexity of the fluco for simulation, the absorption and emission properties should also be ho-
mogeneous. It is possible to characterize this homogeneity with the setups described in chapters
and B 433 on two different lateral resolutions.

On a mm-scale, emission and absorption are recorded with the lateral resolved PL setup with
488 nm excitation from chapter B-431l The spectrally integrated PL from a fluco with Rho-
damin 6 G in PMMA on a glass substrate in Fig. (left) shows some positions with high
PL photon flux on a rather homogeneous background. This is also visible in the histogram of
the spectrally integrated photon fluxes in Fig. (right) where most PL show yields between
2.5-10° and 3.5 - 10° counts.

82



4.4. Light trapping

The absorption and emission properties of this fluco are fairly homogeneous except for some
positions with a different dye concentration in the PMMA layer or defects on the surface of the

fluco which scatter the radiation.

On a pm-scale the AFM image of the fluco in Fig. B33 (left) shows dents with a diameter
of 3-5 um and a depth of about d = 50 nm. Such dents can lead to scattering and a stronger
escape cone loss, because it is possible that radiation above the critical angle for a flat surface
has a lower angle of incidence on such dents. Apart from these dents there a scratches on the
surface of the fluco, which also result in a non-perfectly flat surface, which is assumed in many
theoretical calculations for flucos like [87,88].

The SNOM measurement of the transmission for A = 532 nm in Fig. .33 (left: image of the
topography, right: transmission) with the setup described in chapter B.-4:3.3] with a SNOM can-
tilever with a 200 nm aperture also shows the scratches on the surfaces of the fluco with Rhodamin
6 G but also some areas with an equivalent size as the dents in the AFM where the transmission
is rather low.

When the SNOM is not used to measure the transmission but the PL emission of the dye for
excitation through the 200 nm aperture, only the scratches are observable in the transmission
but not the dents as in the AFM (Fig. L34 (left) AFM and (right) SNOM in emission mode),
since the SNOM cantilever follows the Surface of the fluco. So the dents on the surface do not
seem to influence the emission of the dye out of the escape cone but the scratches influence the
PL emission. The dents should not be neglected, however, because they can still scatter radiation

inside the fluco.

A characterization of a fluco with homogeneous dye concentration with a SNOM is not reason-
able, because the high lateral resolution is achieved with an evanescent wave with a dimension
below one um. Thus all dye molecules outside this regime of the evanescent radiation are ei-
ther not excited or excited by the far field. As a result, a SNOM measurement on a fluco with
homogeneous dye concentration with a thickness of d = 1 mm yields emission and transmission
data, which are a mixture of evanescent and non-evanescent wave propagation. Thus one loses
the high resolution of the SNOM.

4.4. Light trapping

The term “light trapping” here means two different things as discussed in trapping of the
incident radiation (e. g. solar radiation in absorber) or trapping of the radiation inside a fluco.
In this chapter different ways to characterize the application of photonic structures on two dif-
ferent absorbers are presented:

First the application of a photonic structure on the top of a ¢-Si wafer is discussed. c¢-Si is often
used in solar cells [89] but shows the disadvantage of a rather low quantum efficiency in the in-
frared regime of the solar radiation (see e. g. the external quantum efficiency of ¢-Si cells in [58]).

One possibility to increase the efficiency of the c¢-Si solar cells is to trap the infrared radiation
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Figure 4.32.: Image of the laterally resolved (mm-scale) and spectrally integrated PL yield of a
fluco with Rhodamin 6 G (left) and histogram of the spectrally integrated photon
flux (right).
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Figure 4.33.: AFM image (left) and SNOM in transmission for the fluco (right) with Rhodamin
6 G in PMMA on glass.
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Figure 4.34.: AFM image (left) and SNOM in emission mode (right) for a small area of the fluco
in Fig. for a fluco with Rhodamin 6 G in PMMA on glass.

inside the absorber to enhance the propagation length of this radiation inside the absorber and
thus to enhance the absorption for, by positioning a photonic structure on top of the absorber.
The second type of absorber is a fluco, which has the disadvantage of radiative losses from the
escape cone. These losses could be reduced by a photonic crystal on top of the fluco, which

“reflects” the emitted radiation back into the fluco.

44.1. In c-Si

The application of a photonic crystal on ¢-Si reduces the reemission of radiation with photon
energies around and below the band-gap by trapping this radiation inside the absorber and thus
to enhance the probability for absorption. One source of radiation with photons with such a
photon energy in c-Si is PL radiation as can be seen in Fig. (left). The PL radiation is
composed of photons with photon energies in the range of 0.95 eV < Epp, < 1.35 eV which
corresponds to wavelengths in the range of 900 nm < A < 1300 nm. Thus the opal characterized
in chapter 1] with a stopgap around A = 1200 nm is very convenient for the PL emission
regarding the light trapping.

Before the discussion of the effect of an opal on the PL emission and on the excitation, it will be
shown with a Bragg-mirror what happens when PL radiation is trapped inside a c-Si absorber.
Fig. (left) shows the direct transmission through the Bragg-mirror which has been used.
The Bragg-mirror is an edge filter which reflects the radiation with a photon energy above
Epp > 1.05 eV. The upper edge of the reflection band is unknown, since it is in the wavelength
regime, where the glass substrate absorbs the radiation.

Attaching a Bragg-mirror to the c¢-Si wafer on the side of the detection as illustrated in Fig.
(right) reduces the PL emission as plotted in Fig. (left). The PL yield was measured under
excitation by a 488 nm laser with a photon flux of (2.92 4 0.13) - 10'7 photons/(cm?s) under
normal incidence on one side of the absorber and the detection on the opposite side, either

without (“T-without”) or with filter (“T-with”). The difference between both emissions agrees

85



4. Experimental results and their interpretation

quite well with the transmission of the Bragg-mirror.

Even more important is the PL yield measured in the direction of reflection, which means that
both the excitation and the measurement of the PL are performed on the same side of the wafer
and in this case the Bragg-mirror is located on the opposite side. The results of this measurement
are also plotted in Fig. (left) labelled “R-without” and “R-with”. Attaching the mirror to
the c-Si wafer enhances the photon flux for photons with photon energies below E,;, < 1.2 eV
but does not change the PL photon flux for higher photon energies.

The same can be observed in the simulation of the PL emission from a c-Si wafer (as described in
the theory) as plotted in Fig. (right). Here the emission of the c-Si wafer without attached
filter (“without mirror”) is plotted as well as the emission with the reflection given by the filter
(“with mirror”) and with total reflection (“total reflection”). The results of the photon flux for
photon energies above E,;, > 1.2 eV are also the same.

Absorption is the reason for this behavior: The emitted PL on the side of the filter is reflected
back by the Bragg-mirror and the photons with photon energies above E,;, > 1.2 €V are absorbed
on the way to the other surface of the c-Si wafer whereas the photons with lower photon energy
are transmitted through the c-Si and leave the absorber on the opposite side and thus enhance
the PL emission on that side.

The overall excitation of the ¢-Si wafer is not noticeably enhanced by the absorption of the
reflected PL radiation, because the part of radiative recombination is small compared to the
non-radiative recombination, and thus the absorption of the reflected PL photon flux is negligible
in comparison to the photon flux of the excitation laser [38]. Consequently the PL photon flux
for photon energies above E,;, > 1.2 ¢V is not influenced by the Bragg-mirror.
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Figure 4.35.: Spectral transmission through a Bragg-mirror (left) and illustration of the appli-
cation of a Bragg-mirror with 1.05 eV edge wavelength to reduce the PL emission
(right).
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Figure 4.36.: Emission from the top of an excited c-Si wafer with and without Bragg-mirror on
top (T: in transmission and T in reflection, the Bragg-mirror is located on the side

of excitation). Comparison of experiment (left) and simulation (right).

4.4.1.1. Absorption enhancement

One possible application of photonic crystals is the enhancement of the absorption for photons
with a photon energy for which the absorption coefficient in a semiconductor is so small, that most
photons are transmitted and not absorbed. The probability for these photons to be absorbed is
enhanced by trapping them inside the semiconductor, so that the propagation length inside the
absorber is increased. In this way the absorption of solar photons in e. g. ¢-Si is enhanced by
using a photonic crystal instead of using a thicker absorber.

The simplest way to test this concept is to position a photonic crystal on a semiconductor and
to estimate the absorption from transmission and reflection measurements. In this case, a part
of the transmitted radiation is reflected by the photonic crystal. This reflected radiation can be
absorbed on the way back through the absorber.

Fig. [1.37] (left) shows the calculated absorption of a polished crystalline silicon wafer, of the same
wafer with a glass substrate and of the same wafer with an opal with 1200 nm stopgap on glass.
There is hardly any influence of the glass substrate observable but the opal slightly enhances the
absorption around the stopgap.

Such an application of a photonic crystal is not perfect, because this is not real light trapping: The
absorber should be positioned between the photonic crystal and a back reflector in combination
with a scatterer to trap the light. But it is possible to verify the effect of the photonic crystal
on the absorption.

With a software like SCAPS [90] the theoretical external quantum efficiency (EQE) of a diode
(ideal) on the basis of an absorption coefficient has been calculated. To calculate the EQE of the
absorptions in Fig. [37] (left) for plain ¢-Si and c-Si with opal, the absorption coefficient is taken
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from Green [82] for plain ¢-Si and the difference in the absorption coefficient between plain c-Si
and c-Si with opal is computed from the absorptions in Fig. 437 (left).

The results of both EQEs are plotted in Fig. 31 (right). Here the EQE is enhanced for photon
energies around the stopgap of the opal, the overall solar cell efficiency is increased by 0.3%.

This enhancement is quite good compared to the simple system.
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Figure 4.37.: Enhancement of the absorption in crystalline silicon with an opal on glass substrate
with a stopgap at Astop = 1200 nm (left) and calculated EQE for a c¢-Si solar cell
with the absorption coefficient from the left diagram (right).

4.4.1.2. Effect of an opal on emission from the top

In this chapter it will be discussed how well an opal with Asop = 1200 nm stopgap can reduce
the spectrally and angular dependent PL emission from an excited c-Si wafer. Fig. 138 shows an
illustration of the experiment: A c¢-Si absorber is excited under normal incidence with a 488 nm
laser with a photon flux of (2.92 #+ 0.13) - 10'” photons cm~2s~! on one side of the absorber.
On the opposite side the PL emission of the c-Si is collected under various detection angles with
either a glass substrate on top of the c-Si absorber or an opal with Agop = 1200 nm stopgap on
a glass substrate on top of the absorber. The comparison of the emission with glass substrate
and opal on glass substrate is done so that one can neglect the effect of the glass substrate (as
mentioned in chapter B.6)), measure both emissions on the same spot of the ¢-Si wafer and ignore
the ¢-Si inhomogeneities.

The PL emissions of an ¢-Si absorber without (I'(«, A)) and with opal (I'yitn (e, A)) are plotted
in Fig. The emission without opal is known from chapter 23] and one can clearly see that
the opal with a stopgap of Astop = 1200 nm reduces the PL emission inside the stopgap: For a
detection angle ¢ of 0° the emission is reduced at A = 1200 nm. The reduction by the opal shifts
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to smaller wavelengths with increasing absolute value of the detection angle || and reaches a
wavelength of A = 1000 nm at |¢| = 50° due to the blue shift described in chapter EI.2I
A computation of the ratio of the PL with and without opal

Fwith(av >‘)

X(O‘v)‘): F(Oé )\) )

(4.10)

depicted in Fig. [£40] (left), shows the relative reduction of the PL emission. Inside the stopgap,
the PL emission is reduced to approximately 50% and the overall emission is reduced to 78%.
A simulation of the PL reduction by an opal of ten layers of PMMA nanospheres with a diameter
of D = 540 nm is plotted in Fig.[£.40 (right), which agrees quite well with the experimental results
regarding the spectral shape of the PL reduction.
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Figure 4.38.: Sketch of the measurement for the characterization of the influence of an opal on

the top emission.

) 4000
4000 '
3500
3000 2
3
2500 8
x
20003
c
1500 8
(o]
e
1000 1000 =
1200
500
-50 0 50 0 1250750 0 50

angle / degree angle / degree

w
o
o
o

N
o
o
(@)

photon flux / counts

[ [ = =
[ = o o
a1 o a o
o &) ) o

wavelength / nm
wavelength / nm

Figure 4.39.: Angular and spectrally resolved top emission from c-Si with glass on top (left) and

from c-Si with glass and Agop = 1200 nm stopgap opal on top (right).
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Figure 4.40.: Ratio x(a, A) of emission with glass substrate and opal to PL emission with only a

glass substrate from experiment (left) and theory (right).

4.4.1.3. Effect on the excitation

A perfect photonic structure designed for the trapping of solar radiation inside an absorber
should have no influence on the excitation so that the incident direct sunlight (perpendicular to
the surface) is not reduced on the way to the absorber. To characterize the effect of an opal
on the incident light the influence on the angular dependent excitation through the opal was
measured. To this end a c-Si wafer was excited through the opal with Agop = 1200 nm stopgap
on glass under various excitation angles and the PL was recorded under normal incidence on the
opposite side of the c-Si wafer as illustrated in Fig. 4T (left).

The results of these measurements (one for different excitation angles through glass, index match-
ing gel (I'glass(A, ) and one for the measurement with excitation through the opal (I'gpai(A, @))
where also characterized as before in terms of the influence of the opal on the PL emission by

the ratio
o Fopal()VO‘)

B Fglass()V Oé) ‘

This fraction is plotted for the opal with Agop = 1200 nm stopgap in Fig. LTl (right). This ratio

amounts to about 0.5, meaning that the emission is reduced by a factor of two, which results

(4.11)

from the reduced transmission through the opal (see chapter LI.1]) resulting from the strong
backscattering of the excitation laser photons (A = 488 nm).

A beneficial effect emerges: The excitation through the opal is nearly independent of wavelength
and angle.

The influence of an opal on the incident radiation however, shows the drawback for applications
on top of solar cells by strong reflection / backscattering that exceeds the beneficial effect of
light trapping. The opal however, can be used e. g. as an intermediate reflector in tandem solar
cells [91], where backscattering is no problem, because the scattered radiation keeps still inside

the absorber.
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Figure 4.41.: Sketch of the measurement of the angular dependent excitation (left) and ratio
of the PL emission from c¢-Si with opal (I'yith(A)) and without opal (I'without(A))

between excitation source and sample (right).

4.4.2. In a fluco

The influence of a photonic crystal on a fluco will is slightly different from the one on ¢-Si,
because the ratio of radiative to non-radiative emission is much higher in a fluco than in c¢-Si,
e. g. Rhodamin 6 G has a quantum efficiency > 0.9 [02]. As the goal is to reduce the top
emission and thus to enhance the photon flux at the edge of the fluco for the application of
photonic crystals on top of flucos, the edge emission is of much greater interest than in the

application of photonic crystals on c-Si.

4.4.2.1. Effect on emission from the top

The measurement of the reduction of the emission with opal on top of the fluco is the same as in
chapter for a c-Si wafer: Same setup, same excitation etc. with similar results but for a
fluco with Rhodamin 6 G in PMMA on glass and an opal with Agop = 580 nm stopgap on a glass
substrat. Fig. illustrates the emission without (left) and with (right) opal and Fig.
(left) shows the ratio of the emission with opal and without opal.

This photonic structure reduces the emission of PL radiation even stronger. The emission inside
the stopgap is reduced to 20% and the overall emission to 47.5%. A reason that the opal with
smaller PMMA nanospheres yields better results may be the quality of the spheres:

An opal with Agop = 1200 nm stopgap needs spheres with diameter D = 540 nm and an opal
with Agtop = 580 nm spheres with D = 270 nm. If both sphere diameters show the same standard
deviation AD (in % of D) the absolute error of the stopgap wavelength A\ is given by

O V2D A ADV?2

= |—=—""|AD = . 4.12
0D 0.658 ( )

A
A 0.658

!Note: Also comparison of fluco with glass substrate on top and fluco with glass substrate and opal on top and

according refractive index matching.
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4. Experimental results and their interpretation

For spheres with D = 540 nm the absolute error A is larger than for D = 270 nm, since AD is
proportional to the sphere diameter D.

The second reason is the weight of the spheres: Our samples were made by dip-coating by J.
Upping at MLUB Halle from a solution of PMMA nanospheres in water. The bigger spheres are
heavier than the small ones and thus in the solution they decline faster to the bottom of the
beaker which could also reduce the opal quality.

A third reason could be the production of the spheres: L. Steidl at the University of Mainz
produced the nanospheres for the opals by growing them. But to grow the spheres with D =
540 nm diameter two growing steps are needed in comparison to the growing of the spheres with
D = 270 nm diameter which only need one step. Thus the error of the sphere diameter is larger
for the big spheres because of the second step, so the error of the stopgap wavelength is increased

more.

The same measurement and calculation of the PL emission can be done with a Bragg-mirror
instead of the opal on top of the fluco. Fig. (right) shows the ratio according to eq. (LI2l)
of the emitted PL photon flux with Bragg-mirror (550 nm edge filter) and the emission with-
out filter. Here the edge of the filter transmission can clearly be observed and shifts to smaller
wavelengths with increasing absolute detection angle |6| because of the Bragg effect which is the
same as for the opals.

This filter reduces the emission up to 0% and the overall emission to only 3.0%, but this kind of

filter does not provide the possibility of an angular dependence as e. g. an opal in I'— X-direction.
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Figure 4.42.: Angular and spectrally dependent top emission from a fluco (Rhodamin 6 G) with
glass (left) and from the fluco with glass and Agop = 580 nm stopgap opal on top
(right).

2Martin-Luther-Universitéit Halle-Wittenberg.
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Figure 4.43.: Ratio of the PL emission with photonic structure to that without photonic structure

for the opal (left) and a Bragg-mirror with 550 nm edge (right).

4.4.2.2. Effect on the edge emission

The impact of photonic structures on the edge emission is discussed in chapter [El

4.4.2.3. Effect on excitation

The influence of the filter on the excitation of a fluco is characterized in the same way as in
chapter for ¢-Si: Excitation with a 488 nm laser with d = 1.1 mm diameter through the
photonic structure under various angles of incidence with rotation axis on the top of the fluco
and detection on the opposite side under normal incidence (compare Fig. [L.4T] (left)). The results
for the emission for different excitation angles in comparison to the emission without photonic
structure on the side of the excitation are plotted in Fig. [£.44] for the opal with 580 nm stopgap
(left) and for the low-pass filter with 550 nm edge (right).

The result for the opal is nearly the same as before for the opal with 1200 nm stopgap, because
this opal also scatters the incident radiation back, so that the emitted photon flux is smaller
with the opal than without it and there is no real angular and spectral dependence observable.
A better result can be observed for the low-pass filter with 550 nm edge. Here the ratio (com-
pare eq. (1)) of the emission with filter and without filter is greater than one for a wavelength
A > 550 nm, because the emitted light in the escape cone is reflected back by the filter and
leaves the fluco on the opposite side (side of detection). For A < 550 nm the ratio x is below
one, because the filter has only a transmission of the excitation below 80% (compare Fig. [.3)).
The ratio x approaches zero, however, above a critical angle, because due to the blue-shift
described in chapter the edge wavelength of the low-pass filter reaches the excitation wave-
length (488 nm) and reflects all radiation back, so that the fluco is not excited.
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Figure 4.44.: Effect of the photonic structure on the excitation of a fluco for a 580 nm stopgap
opal (left) and for a 550 nm low-pass filter (right).
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5. Summary, conclusion and outlook

In this thesis results of different experiments were presented (e. g. angular dependent photo-
luminescence) to characterize the propagation of electro-magnetic radiation inside and out of
absorbers using the examples of crystalline silicon and fluorescence collectors with and without
manipulation of the in- and out-coupling of the radiation by photonic structures (opal and edge
filters). Experimental results were compared with results from simulations of the propagation of
radiation, which are based on the fundamental equations for the properties of electro-magnetic
radiation like reflection, transmission, absorption or phase accumulation.

The source of the radiation either was an external light source like a laser or photoluminescence
radiation from an excited absorber, which is described by Planck’s generalized law.

In the case of semiconductors the photoluminescence is governed by the recombination of excess
carrier concentration which is strongly influenced by the properties of the semiconductor. Re-
sults of the simulation of the photoluminescence for different excess carrier concentration depth
profiles clearly indicate that the spectral shape of the emitted radiation is governed strongly by
the depth profile of the excess carrier concentration, which must be considered in the evaluation
of parameters from photoluminescence measurements. Here magnitudes, such as parameters of
the absorption coefficient a( Epp,), surface recombination velocities Sy and Sy, and excess carrier
lifetime are of major importance; the influence of these parameters on the excess carrier concen-
tration and the spectral photoluminescence were discussed conversely.

Fluorescence concentrators show two different options for the propagation of radiation:

e the emitted radiation propagates from the fluorescence dye to the edge of the concentrator,

where a solar cell is attached

e the radiation leaves the concentrator through the top and bottom surfaces and is lost from

the system.

Both kinds of propagation of radiation were simulated and experimentally recorded. The ex-
perimental data provides means to estimate loss effects due to reabsorption and scattering of
photoluminescence photons in fluorescence collectors.

Results from simulations and experiments show that the edge emission is anisotropic regarding
the emission angle and depends strongly on the position of the excitation of the fluorescence
collector and on the emission depth profile, governed by the dye concentration: a higher dye
concentration leads to a stronger dye emission close to the excitation surface and thus to a more
anisotropic edge emission. A comparison of the emission depth profile and the efficiency of the

fluco allows for optimization of the edge emission in terms of dye concentration.
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5. Summary, conclusion and outlook

The in- and out-coupling of the electro-magnetic radiation in both types of absorbers are to
be manipulated to enhance the absorption of the incident radiation (e. g. for crystalline silicon)
and/or to reduce the emission of photoluminescence radiation out of the absorber (e. g. for flu-
orescence concentrators to enhance the edge emission).

Both types of photonic crystals mentioned above were characterized to specify the quality of the
reduction of the reemission, the influence on the incident radiation in the case that the photonic
crystal is on top of the absorber and the influence of the edge mirror on the enhancement of the
edge emission of the fluorescence collector.

It was shown that (spectral and spatial) reflection, transmission and photoluminescence emis-
sion measurements yield results, to characterize the quality of the photonic structures and the
absorption enhancements of absorption by several percent and for a reduction of the emission of
up to 100%.

A discussion of the enhancement of the edge emission with the edge filter includes possible influ-
ences of different designs for the fluorescence collector. It is not preferable to locate a photonic
crystal with glass substrate directly on top of the concentrator, because the fundamental concept
to trap light by total internal reflection is counterbalanced by the influence of the refractive index
of the glass substrate of the photonic structure.

A great disadvantage of photonic structures is the influence on the incident radiation. Especially
the opal shows a strong scattering of the incident radiation which reduces the overall efficiency
of a solar cell by 50% when located on top of the solar cell. Consequently the system of pho-
tonic crystal and absorber has to be designed in such a way that the scattered radiation is also
absorbed.

One possibility is to stack various fluorescence concentrators on top of one another and to position
different types of opals between these as depicted in Fig. [5Il Such a “tandem” or “multispectral”
design is based on: Flucos with different dyes and respective absorptions are stacked on top
of one another, so that the radiation scattered by the opal on a fluco is absorbed by the fluco
above but the opal still traps the radiation emitted by the dye inside the fluco. Thus the guided
radiation inside the fluco should be enhanced and the losses due to the scattering of the incident
radiation by the opal should be reduced. The solar cells attached to edges of the flucos should

have a band-gap corresponding to the emitted radiation.
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Figure 5.1.: Schematic design of a multi-spectral fluco system with opals. Flucos with dyes for

different absorption wavelengths are stacked with opals with a stopgap according to
the fluco between them. In this way the radiation scattered by a fluco is still inside
another fluco. The flucos guide the trapped radiation to an attached solar cell with

corresponding band-gap.
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6. Zusammenfassung

In dieser Arbeit werden Ergebnisse verschiedener experimenteller Aufbauten (z. B. winkelab-
héngige Photolumineszenz) vorgestellt um die Propagation von elektromagnetischer Strahlung
innerhalb und ausserhalb von Absorber am Beispiel von kristallinem Silizium und Fluoreszenzkol-
lektoren mit und ohne Manipulation der Ein- und Auskopplung der Strahlung durch photonische
Strukturen (Opal und Kantenfilter) zu charakterisieren. Die experimentellen Ergebnisse von die-
sen Aufbauten und Proben werden mit den Ergebnissen der Simulation der Propagation von
Strahlung verglichen, welche auf den grundlegenden Gleichungen fiir die Propagation elektroma-
gnetischer Strahlung wie Reflektion, Transmission, Absorption und Phasenansammlung beruhen
Die Strahlungsquelle ist entweder eine externe Lichtquelle wie ein Laser oder Photolumineszenz
Strahlung von einem angeregten Absorber, welche durch das verallgemeinerte Plancksche Strahl-
ungsgesetzt beschrieben wird.

Im Fall von Halbleitern wird die Photolumineszenz Strahlung durch die Rekombination von Uber-
schussladungstriagern verursacht, welche stark durch die Eigenschaften des Halbleiters beeinflusst
wird. Ergebnisse der Simulation der emittierten Photolumineszenz fiir verschiedene Uberschuss-
ladungstragertiefenprofile zeigen deutlich, dass die spektrale Abhédngigkeit der emittierten Strah-
lung deutlich durch das Profil der Uberschussladungstriiger beeinflusst wird. Dieser Einfluss muss
bei der Auswertung der Ergebnisse von Messungen der Photolumineszenz beriicksichtigt werden.
Hierbei sind insbesondere der Absorptionskoeffizient a(Epy,), die Oberflichenrekombinationsge-
schwindigkeiten Sy und S; und die Lebensdauer der Uberschussladungstriiger von betrichtlich
Bedeutung. Daher wird der Einfluss dieser Parameter auf die spektrale Photolumineszenz disku-
tiert.

Fluoreszenzkollektoren zeigen zwei verschiedene Strahlungspropagationen: Zum einen propagiert
die emittierte Strahlung von dem Fluoreszenzfarbstoff zur Kante des Kollektors, wo eine Solar-
zelle angebracht ist um die Strahlung in elektrische Energie zu wandeln, zum anderen verlésst
die Strahlung den Kolkletor durch die obere und untere Oberfliche wodurch sie fiir das System
verloren ist. Beide Arten der Ausbreitung der Strahlung wurden simuliert und gemessen. Sie
bieten die Moglichkeit, die Verlussteffekte durch Reabsorption und Streuung abzuschéitzen. Dies
sollte in anderen Arbeiten noch detaillierter untersucht werden.

Die Ergebnisse der Simulationen und Messungen zeigen, dass die Emission an der Kante nicht
isotropisch ist, sondern stark von der Position der Anregung auf der Oberfliche des Fluores-
zenzkollektors und dem Tiefenprofiel der Emission abhéngt, welches durch die Konzentration
des Farbstoffes beeinflusst wird: Eine hohe Konzentration des Farbstoffes fiithrt zu einer starken
Emission in der Nahe der Oberfliche, an der angeregt wird, und dadurch zu einer ziemlich ani-

sotropen Emission an der Kante. Das Emissionstiefenprofiel sollte in weiteren Arbeiten noch mit
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6. Zusammenfassung

der Effizienz des Fluoreszenzkollektors vergleichen werden um Zugriff auf das ideale Tiefenprofil

der Emission zu erhalten.

Die Ein- und Auskopplung von elektromagnetischer Strahlung in beide Absorber soll manipu-
liert werden, um die Absorption der einfallenden Strahlung (z. B. bei kristallinem Silizium) zu
erhohen oder die Reemission von Photolumineszenz Strahlung aus einem Absorber heraus zu re-
duzieren (z. B. um die Emission an der Kante bei Fluoreszenzkonzentratoren zu erhéhen). Beide
Arten von photonischen Kristallen, die oben genannt wurden, werden hinsichtlich der Qualitét
der Reduktion der Reemission, dem Einfluss auf die einfallende Strahlung in dem Fall dass der
photonische Kristall auf dem Absorber positioniert ist und in dem Fall des Kantenfilters auf die
Verbesserung der Emission an der Kante des Fluoreszenzkollektors charakterisiert.

Es wird gezeigt, dass (spektrale und raumliche) Reflektion, Transmission und Photolumineszenz
Messungen Ergebnisse liefern, welche ausreichen, die Qualitit der photonischen Strukturen zu
charakterisieren und dass die Absorption um einige Prozentpunkte erhéht werden kann bzw. die
Reemission um bis zu 100% reduzieren werden kann. Die Diskussion der Verbesserung der Kan-
tenemission durch den Kantenfilter beinhalten moégliche Einfliisse von verschiedenen Designs des
Fluoreszenzkollektors. Eine Positionierung eines photonischen Kristalles mit Glassubstrat direkt
auf dem Kollektor ist nicht sinnvoll, denn das fundamentale Konzept die Strahlung durch totale
innere Reflektion einzusperren wird durch das Glassubstrat beeinflusst.

Ein fundamentaler Nachteil von photonischen Strukturen ist die Beeinflussung der einfallenden
Strahlung. Vor allem der Opal weist eine besonders starke Streuung der einfallenden Strahlung
auf, z. B. kann ein Opal die Effizienz einer Solarzelle um 50% reduzieren, wenn er auf der Solar-
zelle positioniert wird. Diese Eigenschaft ist desastros fiir viele Anwendungen. Daher sollte ein
System aus photonischem Kristall und Absorber so aufgebaut sein, dass die gestreute Strahlung
ebenfalls absorbiert wird.

Eine Moglichkeit ist es, mehrere Fluoreszenzkollektoren iibereinander zu stapeln und verschie-
dene Opale zwischen diesen zu legen, wie es in Abb. gezeigt wird. Solch ein “Tandem” oder
“multispektrales” Design beruht auf folgender Idee: Fluoreszenzkollektoren mit verschiedenen
Farbstoffen und zugehorigen Absorptionen werden aufeinander gestapelt, so dass die Strahlung,
die durch einen Opal gestreut wird, durch den Fluoreszenzkollektor oberhalb des Opals absorbiert
wird und der Opal die Strahlung die vom Farbstoff emittiert wird innerhalb des Fluoreszenzkol-
lektor einsperrt. Dadurch wird die Strahlung innerhalb des Fluoreszenzkollektors verstéarkt und
die Verluste durch die Streuung der einfallenden Strahlung durch den Opal werden reduziert.
Die Solarzelle an der Kante des Fluoreszenzkollektors sollte eine Bandliicke aufweise, die zu der

emittierten Strahlung des Fluoreszenzkollektors passt.
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Abbildung 6.1.: Mdogliches Design eines multispektralen Fluoreszenzkollektorsystems mit Opalen.

Fluoreszenzkollektoren mit Farbstoffen fiir verschiedene Absorptionswellenléan-
gen werden mit passenden Opalen dazwischen iibereinander gestapelt. Auf diese
Weise wird die Strahlung, die von dem Opal gestreut wird, von einem Fluo-
reszenzkollektor absorbiert. Die Fluoreszenzkollektoren leiten die eingesperrte
Strahlung zu einer Solarzelle an der Kante, welche eine passende Bandliicke be-

sitzt.
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A. Symbols

Table A.1.: Symbols used in this work - I.

Symbol physical property
A(Epp) spectral absorption
a(Epp) absorption coefficient for the photon flux
a absorption coefficient for the amplitude
c speed of light
v defect diffusion depth
I'(Epn) spectral photon flux
Trorm(Epp) normalized emission
Ciotar(w) spectral emission of the full absorber
INw, ) spectral emission from the absorber position x
) angle of detection
AFEq variation in the band gap
d absorber thickness
D PMMA nanosphere diameter
D, diffusion coeflicient of the excess carrier
e elementary charge
Epp photon energy
Epp, spectral emissivity
Er, quasi Fermi level for electrons
EF, quasi Fermi level for holes
E, band gap
g generation rate
Go photon flux for excitation
h Planck’s constant
Hotal angle of total reflection
1 intensity or photon flux
J current density
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Table A.2.: Symbols used in this work - II.

Symbol physical property

k wave vector

kg Boltzmann’s constant

L diffusion length

n splitting of quasi-Fermi levels

n excess carrier concentration

g thermal equilibrium electron concentration

n; refractive index of medium 1%

P amplitude of the source S

Do thermal equilibrium hole concentration

T recombination rate

R reflection coefficient for the intensity

S0, Sy surface recombination velocity at x =0, x = d

Tij reflection coefficient for the amplitude between medium ¢ and j
T sample temperature

tij transmission coefficient for the amplitude between medium ¢ and j
Tj transmission coefficient from layer i to j for the intensity
) excess carrier lifetime

7(x) excess carrier lifetime depth profile
Tf reduction of the excess carrier lifetime at © = d
v effective drift speed of electrons

Voc open circuit voltage
Q solid angle




B. Calibration of the experimental setups

There are different calibrations needed, depending on how the experimental results are further
processed:

The spectral calibration of the spectrometer is always needed. In this case, the first and second
order of the Ar-ion excitation laser (488 nm and 976 nm) were used to calibrate the spectrome-
ter. This gives a wavelength calibration needed for the measurements of the flucos (between 500
nm and 800 nm) as well as for ¢-Si (around 1100 nm). When the wavelength of the measured
radiation is much larger than the upper calibration wavelength, the wavelength error is increased.
Additionally the wavelength dependent sensitivity of the detector should be corrected in a rel-
ative calibration if the experimental results are compared with other experiments or with the
literature. This includes a calculation of the wavelength dependence of all filters in the experi-
mental setup to get the “real” radiation. This is done e. g. with a calibration lamp with known
emission.

Depending on the calibration lamp and on the setup there is either a relative or an absolute cali-
bration possible. Absolute means that the photon flux for all wavelengths is known whereas only
the differences in the photon flux between the wavelengths are known with a relative calibration.
The experimental results in this work are either only spectrally calibrated (when a comparison

between the results is sufficient) or absolutely calibrated.
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C. Estimation of the excess carrier

concentration from the PL vyield

C.1. ldea

The simulation described in the theory (chapter and 2.3)) for the PL emission from the top
of the absorber for a specified excess carrier concentration provides excess to parameters of the
excess carrier concentration from PL measurements. This possibility will be introduced in the
following. This topic is not really related to the rest of the thesis, so unfortunately, only a short
introduction to the idea of the estimation of excess carrier density depth profile parameters from
PL yields will be given.

Other possibilities to calculate the excess carrier concentration from the PL yield are discussed

in [96-98|, which use an other principle.

Fig. and show the principal idea, how the excess carrier concentration can be recon-
structed for a measured PL yield. As always in the PL simulations in this thesis, the detector is
assumed to be on the right side of the absorber, so if the absorber is excited from the side of the
detector, this is named excitation from the right or in reﬂectio and if the absorber is excited
from the other side, this is named excitation from the left or in transmission@.

These different excitation positions lead to nearly the same excess carrier concentration for the
same surface recombination velocity on both absorber surfaces (Sy = Sy), which are point wise
symmetric regarding the center position of the absorber. The higher concentration is on the side
of the excitation and the lower one on the other side, so that the excess carrier concentration
at the surface on the side of the detector is different but the overall carrier concentration is the
same (Fig. (left)). This results in the same PL yield for small photon energies and different
photon fluxes for higher photon energies (Fig. (right)) as observed before (chapter 2Z.3.1.1).
This different PL yields for the high photon energy wing of the PL in comparison to the same
PL yield for the low photon energies provide access to the parameters of the excess carrier con-
centration with the algorithm which is illustrated in Fig.

For a given model for the excess carrier concentration (e. g. the one discussed in chapter 231
with Sp, Sg, D. and 7) a set of parameters is guessed, the according excess carrier concentra-
tion is calculated and therefrom the emitted PL yield for both excitation positions is simulated.

These results are compared to the given PL yields and the differences are calculated using the

!Excitation and detection on the same surface of the sample.
2Excitation and detection on different surfaces of the sample.
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C. Estimation of the excess carrier concentration from the PL yield

following deviations (named cost functions)

1 B

O /E [Py (B) = Tineas (B)] dE (C.1)
1 2

devs = = [ aim, (B) = Toness, (E)| dE (C.2)
1 — L0 JEy

with the PL yield from the simulation for the excitation from left (I's;,, £) and right (I'gim, £) as
well as the PL yield of the given PLs (e. g. from the experiment) for the excitation from the left
(Cimess; (E)) and right (Ipess, (E)). All PL yields are given between the photon energies Ey and
FE4. The overall difference between the simulated and measured spectra is given by the addition
of devy and devs.

Depending on these deviations between the simulation and the given PL yields, the algorithm
either stops the simulation or calculates a new set of parameters and starts with the calculation
of the excess carrier concentration again.

The calculation of the new set of parameters for the excess carrier concentration depending on
the sum of dev; and devs is either done with a Nelder Mead algorithm (NMA) (see e. g. [04]) or
a genetic algorithm (GA) for MatLab [95]. The differences between these two algorithms will not
be discussed. The advantage of the GA is a much shorter calculation time than for the NMA,
because it finishes for this kind of problem in less then a tenth of the time needed by the NMA.
In the following sections the uniqueness of the different parameters on both parameters dev; and
devy from eqs. (CJ) and (C.2) will be characterized. Afterwords results of the reconstruction of
a simulated excess carrier concentration from the calculated PL yields will be presented to show
the quality of the results from the algorithms and finally the estimation of the excess carrier

concentration for a c-Si wafer and the according results will be discussed in detail.

Absorber Absorber

Detection Laser Detection
4+ —> — =
Laser

Figure C.1.: Idea for the calculation of the excess carrier concentration from the PL yield: Com-
parison of the emitted PL for the excitation from side of the detector (left) named
excitation from right or in reflection and for the excitation from the other side of

the absorber (right) named excitation from left or in transmission.
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Figure C.2.: Excess carrier concentration for the excitation of an absorber from the left side and
the right side (left) as well as the emitted PL yield for the PL emission on the side
of the detector (right).

C.2. Uniqueness of the different parameters

In this case the word uniqueness means: Is the result of the minimization of dev; and devy unique
or are there different results of a parameter of the excess carrier concentration, which have the
same or nearly the same global minima of devy and dewvs?

To analyze if the parameters are unique, an excess carrier concentration with the parameters
in Tab. and the resulting PL yields for an excited 250 wm thick c-Si wafer with dev; and
devy for different values of a single parameter Sy, Sg, 7 and D are calculated to see how many
times devy and devs are zero for each parameter. Hence one can see if the estimation of only one
parameter has a unique result.

Exemplary results of this process for Sy and D with the rest of the excess carrier parameters fixed
are plotted in Fig. One can clearly see that the parameter Sy is unique, because devy = 0
and deve = 0 is true only for the one value of Sy which is the one in Tab. The variation
of D shows two different values of D for which devy, = 0 is true and only on where devy = 0 is
true, so that the sum of both parameters dev; and devy also leads to only one value of D, so that
D is also unique. The same can be derived for the other two parameters of the excess carrier
concentration.

There are some more informations, which can be deducted from this calculations. These are
summarized in Tab. for all 4 parameters mentioned above and the excitation photon energy
FE;y, the sign of dev; and devs for a to high or to low value of each parameter is given, the deviation
dev1 and devs, which is higher is given and some more informations. E. g. the deviations dev;
and devy are higher if F;;, is to high than as if E;, is to low.

These informations can be used to reconstruct one or even two values with a gradient descent,
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C. Estimation of the excess carrier concentration from the PL yield

Guess set of excess carrier parameters

4
~» Calculation of excess carrier density

4
Calculation of PL

4
Comparison of Differences

v

End

— Calculate a new set of parameters

Figure C.3.: Idea for the algorithm, which calculates the excess carrier concentration from the
PL: An excess carrier profile with a set of random parameters is calculated, the
resulting PL yield is calculated and compared to the given PL yield and afterwords
the set of parameters is varied till the calculated PL yield equals the given PL yield.
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C.3. Application to simulated spectra
which is based on the comparison of dev; and dewvs, but unfortunately it is not possible to

reconstruct more than two parameters at once with a gradient descent so to more “powerful”

algorithms mentioned above (NMA and GA) are needed.

Table C.1.: Parameters of the excess carrier concentration used in the simulations.

’ Parameter ‘ Value ‘
So 1000 cm/s
S 1000 cm/s
T 3.42 ps
D 3.388 cm? /s

JQ Odev,
10°¥ 107 x dev,
R R
®
£ 107 Q 9 s 0hY o 00 ° ©
g % g O x X X X
< 21 T 21 XXX
q>)'— 10} Q q>_)_ 10 %
S 6 S
20 20
10} 10 X
% odevl ;ﬁ
b3
10" X2 10"
0 500 1000 1500 2000 0 5 10 15 20 25
S0 / cm/s D/ cm?/s

Figure C.4.: Deviations dev; o for the variation of Sy (left) and D (right) while the other param-

eters are fixed.

C.3. Application to simulated spectra

The first step is to reconstruct the parameters of the excess carrier concentration n(x) from a
simulated PL spectra. Fig. (left) shows the excess carrier concentration for an absorber
of d=20 wm thickness, surface recombination velocity Sy = S; = 1000 cm/s, carrier lifetime
7 = 3.42 ps and diffusion coefficient D, = 3.388 cm?/s for the excitation from the right side as
well as the resulting PL yield in Fig. (right) for a Nelder-Mead algorithm (NMA).

Both excess carrier concentrations and PL spectra are nearly identical beside some minor differ-
ences especial in the excess carrier concentration. But the results are rather promising, because
the overall shape of the excess carrier concentration reconstructed from the PL yield agrees quite

well with the excess carrier concentration used for the calculation of the PL yield.
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C. Estimation of the excess carrier concentration from the PL yield

Table C.2.: Overview over the influence of a too low or high parameter of the excess carrier
concentration on devy 2 with sign (s(dev 2)), which deviation is higher (b(dev;)) and

some additional informations. Here Fj, donates the photon energy of the excitation.

H s(devy) ‘ s(devy) H b(dev;) ‘ additional information ‘
So too low - - 1 devy is always a little
Sy too high + -+ 1 higher than devs
Sq too low - - 2 devs is always a little
Sq too high + + 2 higher than dewv;
E;, too low - - - If Ee;pn is too high
FE;;, too high + + 1 devy o are lower
T too low + + 1 If 7 is too high
7 too high - - - devy o are lower
D too low - +/- 1 If D is too low
D too high + - 1 devy has a second minimum

A comparison of the parameters of the excess carrier concentration used for the calculation of
the PL yields and the parameters of the reconstructed excess carrier concentration is shown in
Tab. These results are completed with the results of the reconstruction of the excess carrier
concentrations with the genetic algorithm (GA). Both algorithms give quite good results for the
surface recombination velocities Sy and Sy and the excess carrier diffusion coefficient D, but the
results for the reconstruction of the excess carrier lifetime are different from the initial value.
The results of the different algorithms seem to agree roughly.

So it seems that this reconstruction of the excess carrier concentration parameters is sensitive
for the surface recombination velocities and the diffusion coefficient but not sensitive for the

reconstruction of the excess carrier lifetime with a low error.

Table C.3.: Parameter of the excess carrier concentration: Simulated, reconstructed Nelder Mead

and reconstructed generic algorithm.

’ Parameter H Simulation | Reconstruction NMA | Reconstruction GA

So / em/s 1000 1045 906
Sy / cm/s 1000 1669 971

T/ us 3.42 56 41.6
D/cm?/s 3.388 4.6 3.60

C.4. Application to measured spectra

In this section results of the estimation of the excess carrier concentration from the PL yields

from an excited c-Si wafer of 250 wm thickness with SiC, passivation on both surfaces will be
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Figure C.5.: Simulated as well as reconstructed excess carrier concentration (left) and simulated

as well as reconstructed PL yield (right).

explained. The PL yield is measured with a calibrated PL setup with an excitation with a 488
nm Ar-Ton laser with a photon flux of 1.5-10'® photons/cm?s on a spot of ca. 2.1 mm diameter.
The PL is measured in reflection setup.

The differences between the PL yield in reflection and transmission are measured in the angular
dependent PL setup from chapter B.I] with the same excitation so that the absolute PL yield in
reflection and transmission is available. The results of the calculation of the absolute PL yields
of the measurements are in Fig. (left). There nearly no differences between the PL yield in
reflection and transmission observable, so the excess carrier concentration should be nearly flat.
Results of the excess carrier concentration (excitation from the left) are plotted in Fig. (right)
and the parameters of the excess carrier concentration estimated from the PL yield can be found
in Tab. [C4] for the NMA. The shape of the excess carrier concentration agrees well with the
expectation of a rather flat profile and the surface recombination velocities are also low, which
agrees quite well with the values (S; < 20 cm/s) provided by ISE where the samples were made.
The higher value of Sy = 57 cm/s is also reasonable, because the surface passivation can be
damaged by different reasons (e. g. by scratches on the wafer) and the sample is rather old and
was used often.

The diffusion coefficient and excess carrier lifetime result in a carrier diffusion length of

L=+7-D =~ 900 pum, (C.3)

which is quite high and the diffusion coefficient should be around 30 cm?/s [99] depending on
the doping concentrations, so that the results for 7 and D are not even in the same order of

magnitude as the expected parameters.
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Figure C.6.: Experimental results of the emitted PL from an excited c-Si for the excitation and

detection from one side and from different sides (left) and result of the estimation

of the excess carrier concentration (right) with the Nelder Mead Algorithm.

Table C.4.: Results of the excess carrier concentration in excited c-Si from Nelder Mead algorithm
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and generic algorithm.

’ Parameter H result with NMA

So / cm/s 57

Sq / em/s 4.8
T/us 0.37

D/cm?/s 2.2 106




C.4. Application to measured spectra

C.4.1. Different cost functions

One possible improvement is the application of an other function for the calculation of the
differences between the measured and simulated spectra beside eqs. (CI) and (C2). One

possibility is using the square of the absolute values

1 Ey
devs = == [ s (B) = Do () dE (C4)
1 — L0 JEy
to give a simulation result, which is farther away than an other one, a higher error or using
1 £ 9
devi = -——— [ 10g(Tim (E) 108 Toness (B)* dE (C.5)
1 — £0 JEy

to take into account that the differences for higher photon energies are especially important but
the photon flux is much lower than the one at the maximum PL yield. A third possibility is to
use the ratio between the simulation and the real spectra
1 121
devy = B E Lgim,(E)/Timess, (E)dE (C.6)
1 0 JEo

which would have the advantage, that no calibration of the setup is needed. The first will be
named linear, the second logarithmic and the third division. An other possibility is to change
the idea and to use only one spectrum, so that not a spectrum in reflection and transmission is
needed.
This time the experimental data used for the simulation are the results of PL measurements in
reflection and transmission in the calibrated PL setup with an excitation photon flux of about
1.4 - 10'*® photons/cm?s over the same number of mirrors on both surfaces of the sample for an
other position of the c-Si wafer with SiC, passiavation on both surfaces. The detection is always
performed on the same surface of the sample. The results of the measurements are plotted in
Fig. The excitation is so high (higher than AM1 equivalence) to enhance the signal-to-noise-
ratio.
The results are for a different sample position, because it is not possible to mark the position
of the measurement for a later repeat under other experimental conditions. Tab. shows the
results of the excess carrier concentration estimated with the different cost functions discussed
above with consideration of two spectra and only one spectrum (reflection) for calculation with
the GA. The NMA yields similar results but needs a much longer calculation time.
These results are a little bit confusing, because different cost functions can yield at least some-
times different results for the parameters of the excess carrier concentration. E. g. the logarithmic
and linear cost functions yield nearly the same values for Sy but different values for S;. But one
result is, that the logarithmic cost function with consideration of both spectra yields the results,
which are more plausible than the other results and the value of the carrier diffusion length L is

in most cases plausible, because good c-Si shows a diffusion length of about 300 um (from [98]).

C.4.2. Possible problems of the estimation of n from the PL yield

There many possible sources for the high errors of results persent, which are mainly connected

to the quality of the PL spectra used for the estimation of the excess carrier concentration pa-
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C. Estimation of the excess carrier concentration from the PL yield

Table C.5.: Results of the excess carrier concentration in excited c-Si from the Generic algorithm

for different cost functions.

’ Parameter H logarithmic linear division H 1 spectrum log | 1 spectrum lin
So / cm/s 294 4+ 34 311+4 22+15 613 £ 44 403 £ 36
Sq / em/s 37+35 728 +23 | 54+24 550 4+ 32 658 + 33

T /us 25+ 14 87+£36 | 850 £ 50 300 + 210 153 + 23
L / pm 275+ 70 | 513 £96 | 1600 £ 46 298 + 138 682 + 54
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Figure C.7.: PL spectra for the emission of excited c-Si for measurements in reflection and trans-

mission each.
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C.4. Application to measured spectra

rameters:

The influence of the shape of the excess carrier concentration can only be observed in the photon
flux for high photon energies as illustrated in Fig. (right). But the PL yield for these photon
energies is rather low, so that the signal-to-noise ratio is low, which leads to a complicated cal-
culation of the differences between the measurements of the PL in transmission and reflection.
Thus a detector system with a rather low noise level and a high excitation photon flux is needed
to enhance the results.

The second problem is, that the measurement of the PL in transmission and reflection must be
performed at the same position of the sample. This is also rather complicated, because e. g. a
marking of the positions for the measurements can influence the surface passivation of the sam-
ple.

An other problem is the excitation under exactly the same conditions: To get the results of the
PL in transmission and reflection under the same conditions, the excitation must be done under
the same angle of incidence and the same photon flux. Therefor either a guiding of the laser
radiation to both surfaces of the sample is neededH or the detector system must be moved, so
that a detection from both surfaces is possible.

For the first possibility either a glass fiber to guide the radiation or mirrors are used. The first
approach results in different excitation conditions because a movement of the fiber varies the
guided photon flux due to changes in the polarization or a set of mirrors to guide the radiation.
For the second approach is the same number of mirrors for both path ways of the excitation
needed and the same angle of incidence on these mirrors, which is rather complicated to realize,
because otherwise the radiation reflected by a mirror is different and thus the excitation on the
sample in both cases is different.

The second possibility was tried as well. But here is the problem: Either the full detector system
has to be moved, which is rather complicated or the radiation must be coupled into a glass fiber
as in the setup in chapter Bl This setup also has the disadvantage of a movable glass fiber, but
the PL radiation is not as coherent as the excitation radiation of the laser, so that the variation
of the guided radiation is much lower than for the guiding of the excitation laser, because the
effect of speckle due to interferences is much lower.

Additionally there is the possibility that the GA or NMA stops in a local minimum and does not

find the global minimum.

Some words on the problem of the measurement of the PL yield for higher photon energies:

The differences between the PL yield in transmission and reflection is rather low due to the good
passivation of the sample used in this chapter, thus the differences between both PL yields can be
in the same order as the noise of the detector system. Fig.[C.8 shows the PL yield in transmission
and reflection of the same sample as before for an excitation of ca. 6.7 - 10* photons/(cm?s).
The PL spectrum is the average spectrum of three measurements and the error bars are the
difference of the average spectrum to the maximum /minimum values. All measurements where

performed under the same conditions without changing the sample position.

3and therefor a flipping of the sample to get the results for the setups illustrated in Fig. [C1l
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C. Estimation of the excess carrier concentration from the PL yield

One can observe that the differences between the PL spectra for high photon energies are low
and for some photon energies lower than the error bars. The differences of the overall photon
flux result from different excitation angles between transmission and reflection measurements
due to the different laser beam paths used in reflection and transmission measurements, because
the excitation is different and the detector is on the same side of the sample.
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Figure C.8.: Results of PL. measurements in transmission and reflection. The error bars result
from the averaging of the measurements on the same spot of the sample and the

same excitation.

C.5. Summary and conclusion

A new possibility to calculate the parameters of the excess carrier concentration from different
PL yields was introduced (in transmission and reflection) and first results for the application
on simulated and measured PL spectra for crystalline silicon were given. Different functions to
calculate the differences between the initial and reconstructed spectra were used and different
algorithms to optimize the set of excess carrier concentration parameters were tried.

The results show that an estimation of the parameters of the excess carrier concentration with
this calculation is possible and that the results agree quite well with the parameters observed
for crystalline silicon but the errors of the results are still too high. An variation of the cost
function and the optimization algorithm as well as a better experimental setup which is optimized
to measure the PL in reflection and transmission should be able to enhance the quality of the
results.

Unfortunately this algorithm is not the aim of this thesis so no other semiconductor samples were
used and the results were not compared with the other methods discussed in the literature and
mentioned above. But this approach has the advantage of being able to handle other materials

as crystalline silicon as well, because the PL simulation from the theory is able to calculate the
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C.5. Summary and conclusion

emitted PL for many different absorbers due to the consideration of so many different absorber

parameters.

127






D. A detailed presentation of the edge

emission of a fluco

In this section some results of the edge emission from a fluco with Lumogen F rot 305 in PMMA
with a size of ca. 25-25 mm? and a thickness of 1 mm will be introduced which can be extracted
from the results in Fig. for the fluco with 0.3 g/1 and 0.8 g/1 dye concentration.

Fig. shows the normalized spectral dependent edge emission from both flucos (0.3 g/1 left
and 0.8 g/l right) for different excitation positions on top of the fluco with a specified distance
between the edge of the fluco for an emission angle of 40°. One can observe that the normalized
photon flux for small wavelengths is reduced with increasing distance between excitation and
emission edge due to reabsorption. The normalized photon flux for larger wavelengths is nearly
the same for all excitation positions on top of the fluco.

An other possibility to plot the results can be seen in Fig. [D.2l Here the normalized edge
emission is plotted for different emission angles for 3 excitation positions (left: Excitation near
the emission edge, center: Excitation in the center of the sample and right: Excitation near the
far edge) for the fluco with the higher dye concentration. Here one can observe that the emission
for different emission angles on one excitation position shows only a small spectral influence and
that the spectral differences between different angles are reduced if the excitation is farther away
from the emission edge.

The calculation of the wavelengths for which the emission reaches 50% of the maximal emission
for the results in Fig. [D.I] are plotted in Fig. [D.3l Here one can observe that the rabsorption is
stronger for an excitation farther away from the emission.

These results could be used to calculated the reabsorption, because from the emission angle and
the distance of excitation and the emission edge one can calculate the propagation length of the
emitted radiation inside the fluco. Also an estimation of the bulk and surface scattering should
be possible, because:

The radiation emitted under different emission angles for one excitation positions has different
propagation lengths inside the fluco and different numbers of reflection on the surfaces of the
fluco. Thus it should be possible to at least compare the influence of the surface and bulk
scattering.

But unfortunately a detailed discussion of these calculations was not possible in the work for
this thesis.
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D. A detailed presentation of the edge emission of a fluco
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Figure D.1.: Spectral edge emission for an emission angle of 40° for different distances between

excitation and emission edge for the fluco with 0.3 g/l (left) and 0.8 g/l (right)
Lumogen F rot 305.
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Figure D.2.: Spectral emission at the edge for different emission angles for excitation ca. 1 mm

from the emission edge (left), in the center of the fluco (center) and ca. 24 mm from
the emission edge (right).
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E. Filter and fluco edge emission - angular

dependences

In the following section some results of the angular dependent and spectrally resolved edge emis-
sion of an excited fluco with 0.8 g/1 Lumogen F rot 305 in PMMA for a homogeneous excitation
with a 488 nm on the top and with different configurations will be discussed. The setup is the
same as in chapter for the fluco with Rhodamin 6 G and the angular dependent and spec-
trally resolved edge emission. But a detailed discussion of the results will not be given, because
they are a little confusing and a detailed discussion is not contents of this thesis.

Fig. [E.1l shows the ratio of the edge emission of the fluco with back reflector (cellulose based)
and without back reflector. The emission for nearly all wavelengths and angles is enhanced be-
tween 0% and nearly 50%, which results from a backscattering of the radiation inside the escape
cone into the fluco. This radiation would normaly be lost from the fluco. The enhancement is
reduced for low emission angles, because here only the direct emission from the dye can reach
the detector.

It would be interesting to use different back reflectors and measure the edge emission to analyse,
what type of back reflector (mirror, scatterer, etc.) enhances the edge emission stronger and

what for an influence on the angular emission they have.

Fig. [E.2] shows the ratio of the angular dependent and spectrally resolved fluco edge emission
with teflon spacer on top of the fluco and without teflon spacer (left without back reflector, right
with back reflector). The spacer is a frame with a thickness of ca. 1 mm and the size of the
fluco. Due to the spacer the edge emission is reduced for small emission wavelengths due to the
influence on the excitation. The spacer covers the top of the fluco, thus the fluco is not excited
near the emission edge and thus the emission with low wavelength is reduced as discussed in
chapter It is preferable to use only very small spacers at each corner of the fluco and not
along each edge. The back reflector only enhances the reduction of the edge emission for small

wavelengths.

In Fig. [E.2] is the ratio of the edge emission for the filter on top of the fluco (left) and for
the filter on spacer on top of the fluco (right) through the emission without filter with a back
reflector plotted. In comparison to the result for the ratio of the emission of the fluco with filter
on top through the emission without filter without back reflector in Fig. [E.6] one can observe a
higher emission for higher emission angles which can result from the backscattering of radiation.

If the filter is positioned on top of spacers on top of the fluco, the enhancement of the edge
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E. Filter and fluco edge emission - angular dependences

emission for low emission angles can not be observed anymore.
So it is not clear, which element has exactly which influence on the angular dependent and
spectrally resolved fluco edge emission and additional experiments and simulations have do be

performed to understand the effects in more detail, but this work was not possible for this thesis.
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Figure E.1.: Ratio of the angular and spectrally resolved edge emission with back reflector and

without back reflector for a fluco with 0.8 g/l Lumogen F rot.
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Figure E.2.: Ratio of the angular and spectrally resolved edge emission with spacer between fluco
and filter and without them with back reflector (left) and without (right) for a fluco
with 0.8 g/l Lumogen F rot.
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Figure E.3.: Ratio of the angular and spectrally resolved edge emission with filter and without
filter with back reflector and the filter on top of the fluco (left) and with the filter
on spacer on top of the fluco (right) for a fluco with 0.8 g/l Lumogen F rot.
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F. Effect of a photonic structure on the

edge emission of a fluco

In this chapter only the results for the influence of the Bragg-mirror with 550 nm edge in the
transmission through the filter will be presented, because the opal is not as large as the fluco, so
a study of the influence on edge emission with the opal on top of the fluco is not useful.

The influence of a photonic structure on top of the fluco on the edge emission is studied with the
experimental setups in chapters B.3] (fluco edge emission) and Bl (angular dependent PL). The
first setup provides access to the absolute emitted photon flux on one edge of the fluco whereas
the second one gives the angular and spectrally resolved edge emission.

The influence of a 550 nm low-pass filter on the absolute edge emission for different positions
of the filter is illustrated in Fig. [E.Il The filter is located either directly on top of the fluco
(center) or on spacers on the fluco (right) for comparison with the edge emission without a filter
(left). The influence of a back reflector of bleached cellulose which should also increase the edge
emission will be discussed, too.

The reflective layer is located between two glass substrates with a thickness of about d = 1 mm
each and has the lateral size of the fluco, but the active area of the filter is a little smaller than
the glass, so that the filter is nearly transparent near the edges.

Results of the measurement of the edge emission are plotted in Fig. [.2l The impact of the filter
with or without back reflector on the overall edge emission in comparison with the edge emission
of the bare fluco for both flucos used in this work (Rhodamin 6 G and Lumogen F rot 305) with
an indication of the transmission of the excitation (505 nm LED) through the filter is shown.
Due to a transmission of only (73.3 £0.1)% for the excitation (see Fig. [.3) through the filter,
the edge emission from the fluco with the filter on top and the filter on the fluco with spacers in
between is reduced. When the filter is located directly on top of the fluco, the edge emission is
reduced more strongly than can be expected by the filter transmission of 73.3%. The reason may
result from the filter design: The glass substrate of the filter has a refractive index of approxi-
matly n = 1.5 which equals that of the fluco, thus radiation from the fluco can easily propagate
into the filter glass substrate and escape on the edge of the filter. Thus the glass substrate of the
filter destroys the light trapping of the fluco which can be prevented by using reflective spacers
(e. g. teflon) between the fluco and the filter.

The rest of the results show the influence of the back reflector on the edge emission of the fluco
with and without filter. A back reflector influences various properties, because the excitation
which is transmitted through the fluco is scattered back so that more radiation is absorbed and

the emitted radiation inside the escape cone leaving the fluco is also scattered back into the fluco,
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F. Effect of a photonic structure on the edge emission of a fluco

so more radiation is transported to the edge of the fluco. Fig. [F.4] shows the spatial and diffuse
reflection (left) and the scattered photon flux of a 632.8 nm laser (right). Most of the radiation
is reflected or scattered back.

Thus the edge emission of the Rhodamin 6 G fluco is more enhanced by the back reflector,
because this fluco has a lower absorption and thus more radiation hits the back reflector and is
reflected back. So the absorption is more enhanced for this fluco.

Additionally the edge emission with a filter on top of a fluco is stronger with a back reflector than
without, because the radiation emitted by the dye inside the escape cone is not only reflected
back to leave the fluco on the opposite side but is trapped inside the fluco. Thus a filter on top
of the fluco with a back reflector can enhance the edge emission even if the transmission for the

fluco excitation is not 100%.

The influence of a low-pass filter on the angular dependent edge emission of a fluco is a lit-
tle more confusing and the results, apart from those in Fig. [F.6] will be presented in appendix
El Fig. shows the ratio of the photon flux emitted on the edge of the fluco with low-pass
filter on top (I'with(v, A)) to the photon flux without filter (I'(c, \))
Cywith(a, A)

I(a, \)
for the fluco with Rhodamin 6 G in PMMA on glass. This angular dependent and spectrally

x(a, ) = (F.1)

resolved influence of the filter on the edge emission clearly shows a reduction of the emission for
all angles when the filter is on top of the fluco (due to low transmission for the excitation and
additional losses as described before), but it can be seen that the emission for small angles is
reduced less strongly than for larger angles.

This behavior agrees well with the results from Goldschmidt [4I] for the influence of a filter on
the edge emission of a fluco for different excitation positions on top of the fluco, where the emis-
sion is enhanced more strongly when the fluco is excited further away from the edge, because a
low angle corresponds to an excitation position far away from the edge of the fluco as described

in the theory.

A ray-tracing simulation with TracePro [93] was performed to characterize the theoretical influ-
ence of a filter and different reflectors on the edge emission of a fluco. Fig. [.3 (left) shows an
illustration of the contents of the simulation: A fluco with Rhodamin 6 G in PMMA on top of
a glass substrate with 2.5 mm edge length and a thickness of d = 1 mm is illuminated with a
homogeneous A = 500 nm source from the top through an edge filter. Mirrors are positioned on
three edges of the fluco and on its back to reflect the emitted radiation back. Between the fluco
and the mirrors and filter a small distance is kept, so that the light trapping of the fluco is not
influenced by the filter and the mirrors.

The influence of the mirror on the back (back), of mirrors on the other fluco edges (edge), of all
mirrors (allm), of the filter on top of the fluco (filter), the filter on top of the fluco and a back
reflector (bm+f) and all components together (all) are plotted in Fig. for a low (center) and

a high dye concentration (right). These results confirm, that placing a photonic crystal on top
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of a fluco is not simple, because there are many other parameters which must be considered.

The idea of placing a photonic crystal on top of a fluco is to reduce the reemission of the
dyes through the escape cone and thus to enhance the edge emission. Thus the experimental
results and the simulations from above where designed to characterize the influence of a low-pass
filter with 550 nm edge wavelength on the edge emission.

But these results show an influence of the filter on the edge emission which is not sufficient to

yield the influence on the efficiency of the fluco. This has several reasons:

e The transmission for the excitation wavelengths of the filter is too low, because the en-
hancement of the edge emission cannot compensate the reduction of the excitation. Here

a better but more expensive filter should be used.

e An enhancement of the edge emission is dependent on the dye concentration: A high dye
concentration reduces the photon flux of the excitation which hits a scatterer on the back
of the fluco and also enhances the reabsorption. Thus the influence of a back reflector and
also of a photonic structure on top of the fluco should be characterized using different dye

concentrations.

e The design of the filter-fluco-reflector system should be discussed in more detail: Here
spacers between fluco and filter yield the best enhancement of the edge emission, but a

different design can maybe enhance the edge emission even more strongly.

But at least the results from above confirm, that an enhancement of the edge emission by placing

a photonic crystal on top of the fluco is possible.

Filt Spacer
Filter et P
Fluco Fluco Fluco

Figure F.1.: Position of the filter for the different setups: Emission of the fluco without filter
(left), with a filter on top of the fluco (center) and with the filter on the fluco with

spacers in between (right).
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Figure F.2.: Influence of a back reflector and a filter on top of the fluco or on top of spacers on

the edge emission for a fluco with Rhodamin 6 G on top of a glass substrate and
Lumogen F rot 305 in PMMA.
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Figure F.3.: Transmission through the 550 nm low-pass filter.
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dependent scattering of a 632.8 nm laser on the back reflector in comparison to the
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Figure F.5.: Simulation of the influence of a filter and mirrors on the edge emission of a fluco.
Simulation model (left) with fluco, low-pass filter on top and mirrors on three sides

of the fluco and on its back, impact on the edge emission for low (center) and high
(right) dye concentration.
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Figure F.6.: Influence of the 550 nm low-pass filter on the angular dependent edge emission for

homogeneous excitation of the fluco with Rhodamin 6 G in PMMA on glass.
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