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Abstract

To further increase the energy conversion efficiency of thin-film silicon solar cells,
the minimization of reflection losses by effective light trapping is essential. Light
trapping is achieved by introducing textured surfaces in the layer stack of a solar
cell. The incoming light is scattered at the textured interfaces, the light paths
within the absorber layer are enhanced and the chance of absorption rises. This
work aims to develop an industrial feasible laser-based process for the texturing
of the aluminium-doped zinc oxide (ZnO:Al) layer used as front contact in solar
cells. While wet chemical etching of the ZnO:Al is an established process for
the texturing, a laser-based process offers higher flexibility and controllability of
texture scattering properties. Accordingly, the light trapping can be engineered
to fit the needs of a solar cell.

Within this work, five laser-based processing techniques are evaluated for their
applicability to texture ZnO:Al layers in an industrial environment. The direct
writing of textures is capable of producing the right feature sizes and is highly
flexible. However, it has strong demands on the experimental setup and requires
long processing times. Refocusing the laser light by a particle lens array as
well as laser-induced chemical etching also lack the industrial feasibility due to
the complex processing setup. The creation of laser-induced periodical surface
structures (LIPSS) by ultra-short pulse lasers promises small feature sizes with a
simple setup. However, the flexibility of feature sizes and shapes is limited. Only
direct laser interference patterning (DLIP) is capable of producing a large variety
of adjustable textures with right-sized features while being able to cover large
areas in reasonable amounts of time with an industrial feasible processing setup.

To further investigate DLIP processing, a highly flexible three-beam interference
setup was designed and implemented. Within the setup, the beam properties of
the three partial beams can be adjusted completely independently. By controlling
power, polarization and angle of incidence of the individual beams, the intensity
distribution within the overlapping volume is adjusted. This intensity distribution
then translates to a topography on the ZnO:Al sample. With one single laser
pulse, hundreds of thousands strictly periodic micrometer and submicrometer-sized
features are created. The general geometry of the features can be varied and the
spatial periodicity can be adjusted deliberately and continuously. The electrical
properties of the ZnO:Al remain nearly unchanged and although there is a minor
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loss in transparency, the incident light is diffracted into distinct and adjustable
patterns.

Fully functional thin-film silicon solar cells are manufactured on exemplary DLIP
textures without growth limitations or adhesion problems. Whereas these unopti-
mized solar cells show better light trapping behavior than untextured cells, they
do not fully reach the level of cells optimized for and deposited on the established
wet etched reference texture.

In order to improve and optimize DLIP processing, the variety of producible
textures as well as their potential light trapping capabilities are described by an
extensive model. By mimicking the propagation of the beams through the various
optical components, the influence of the experimental setup on the beam properties
is determined and the corresponding intensity distribution in the interference
volume is calculated. From this intensity distribution the energy intake in the
material, the subsequent heat diffusion within the material as well as the resulting
ablation is modeled. Consequently, the model is capable of predicting the expected
surface texture for a given set of experimental setup parameters.

Furthermore, a scalar model for an expected light trapping efficiency of a given
texture is adapted to the use on laser textured surfaces. Accordingly, a light
trapping efficiency can be assigned to each modeled texture and its potential
performance in a solar cell can be evaluated. Hence, the best achievable texture
within the limits of the experimental setup is determined by an optimization
algorithm. Likewise, the general potential of DLIP processing is evaluated. It
is revealed that solar cells deposited on optimized DLIP-textured front contacts
are expected to yield higher efficiencies than cells on standard wet chemical
etched front contacts. Especially DLIP with multi-pulse processing and/or pulse
durations in the subnanosecond regime shows the potential to improve light
trapping efficiencies far beyond the ones of state-of-the-art textures.
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1 Introduction

Solar cells are a convenient way of directly converting solar energy into electrical
energy. Only an area smaller than the size of Germany covered with solar panels
would suffice to supply the whole world’s need of electrical energyﬂ. Ever since the
first solar cell was developed in 1876 [1], the types of solar cells have diversified.
While the classical crystalline Silicon (¢-Si) p-n junction solar cells today still hold
the largest share of the solar cell market, various other types of solar cells like
inorganic, organic or perovskite thin-film solar cells have emerged and evolved.
Thin-film silicon solar cells promise a cost- and material-effective alternative
to classical wafer-based c-Si cells, due to the thinner layers and the large area
manufacturing process. Compared to many other thin-film technologies, they
yield the advantage of only using abundant non-toxic materials. However, the
energy conversion efficiencies of thin-film silicon solar panels still fall behind the
established efficiencies of c-Si panels as well as the theoretical efficiency limit [91].

To further improve the efficiency of thin-film silicon solar cells, the probability of
absorption of incident light needs to be enhanced. Only absorbed light can be
converted to electrical power. Using thicker absorber layers is not favored due
to higher material consumption and higher degradation of thicker layers [112].
By elongating the light path in the thin absorber layers, however, the likelihood
of absorption can be enhanced without increasing material consumption. Such
optical optimization of solar cells is often referred to as ”light trapping”. By
internal reflections at the adjacent interfaces, the light can be “trapped” in the
absorber layer until it is absorbed. Such light trapping is generally achieved
by introducing textured interfaces in the layer stack of a thin-film silicon solar
cell. The incoming light is scattered at the textured interfaces, the light paths
are elongated and the light trapping abilities are enhanced. A common way of
introducing the textures is by texturing the surface of the front contact layer
which is the very first layer deposited during the production process. Because
of the almost conformal growth of the subsequently deposited layers, all other
interfaces are also textured. An established approach for the texturing is the wet
chemical etching of a layer of aluminium-doped zinc oxide (ZnO:Al) which is then
used as front contact.

! Assuming a total conversion efficiency of 10%, an averaged solar irradiation power of
1000 kWh/m?a and a total power demand of 2.7 TW [77].
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This thesis aims to find laser-based alternatives for the texturing of the ZnO:Al
front contact layer. While the wet chemical etching is a well established and
efficient way to scatter the incoming light, it does not provide high flexibility
concerning the texture’s feature sizes and shapes and hence, their scattering
abilities. A laser-based process, however, could offer a better control over the
resulting texture’s topography. By deliberately adjusting the texture’s feature
sizes and shapes, the detailed scattering properties of the layer can be manipulated
and thus, the light trapping abilities can be controlled. Such engineering of light
trapping abilities could even be used to adapt a texture to the needs of a specific
type of solar cell. Apart from the advantages concerning flexibility and control, a
laser-based process generally is vacuum compatible and thus, applicable in-line
in the production process of thin-film silicon solar cells. Hence, time and energy
consuming vacuum breaks could be avoided. Current laser system’s output powers
ensure industrial relevant processing speeds [61], while laser processes in general
also offer a cleaner alternative to chemical processes. For these reasons, this thesis
aims to find a laser-based alternative to the chemical etching, to investigate its
potential and to deliver a proof of concept for its applicability in the manufacturing
of thin-film silicon solar cells.

After introducing some fundamental concepts (Chapter [2)) and specifying the
devices and methods used throughout the thesis (Chapter , a comparison
of various laser-based processes is presented in Chapter @ The processing
techniques of direct writing, laser-induced chemical etching, refocusing by particle
lens arrays, creation of laser-induced periodical surface structures and direct laser
interference patterning are compared and evaluated for their potential use to
texture ZnO:Al. Apart from the demands on functionality, the evaluation of the
different processes focuses on industrial applicability. The texturing by direct laser
interference patterning (DLIP) proves to be the most promising process due to its
high flexibility, potentially simple experimental setup and possible scalability to
large areas.

For these reasons, DLIP processing is further investigated in Chapter [5] A
highly flexible experimental setup for three-beam DLIP is designed. It is capable
of producing a large variety of different intensity pattern and thus, textures in
ZnO:Al. Parallel to the experimental setup, an extensive theoretical model is
developed. The model mimics the propagation of the beams through the setup,
calculates the intensity pattern in the interference volume and models the ablation
process. Consequently, it can be used to predict the ZnO:Al topography after the
laser treatment in dependence of given experimental adjustments.

To insure applicability of the DLIP-textured layers in solar cells, the patterning
of macroscopic areas and the manufacturing of thin-film silicon solar cells on
DLIP-textured layers is investigated in Chapter [6] Layer stacks of tandem



solar cells are deposited on selected DLIP textures. The resulting solar cells are
characterized for their functionality and compared to state-of-the-art references.

To better grasp the potential of a certain DLIP texture, Chapter [7] introduces
a computable quantity, which is a measure for the light trapping efficiency of
a given texture. After demonstrating the correlation of calculated values with
experimentally measured light trapping abilities, the best achievable texture
within the limits of the given experimental setup is determined by means of an
optimization algorithm. Finally, an outlook is provided highlighting the potential
of DLIP texturing by loosening the constraints of the experimental setup and
broadening the perspectives to a more global picture.

A schematic outline of the thesis is depicted in Fig. [[1}

Laser Chemica!

Etching LIPSS

| Particle Lens
Interference | Array
Patterning

Direct Writing

Chapter 4

Laser Interference Pattermng ;
Experiment I Model
I
setup : setup O\ v :
parameters ) 7> parameters ;
I H
: i
Dlrect Laser !
I
Interferepce X VLIP
Patterning !
(DLIP) [
I
' :
. s :
— | virtual Optimization |
Ch apt er 5 texture y | ’ texture
I 1
' Solar Cell
Deposition
Chapter 6 Chapter 7

Figure 1.1 Schematic outline of the contents of this thesis and the corre-
sponding chapters.
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2 Fundamentals

The following chapter presents a rough overview of the background of some of the
concepts used throughout the thesis. The first section deals with topics related
to solar cells. After a short introduction to thin-film silicon solar cells and their
characteristic properties, the concept of light management within a solar cell
is introduced. The section closes with a theoretical model which is capable of
predicting the light trapping abilities of a given surface textured when used in a
thin-film silicon solar cell. The second section in this chapter deals with topics
related to lasers and their properties. Whereas the first subsection focuses on the
properties of laser light, laser beams and the control of such, the second subsection
presents the physical basics to describe absorption of laser light as well as heat
diffusion in materials.

2.1 Solar Cells

2.1.1 Thin-Film Silicon Solar Cells

A solar cell is a device that converts the energy of light into electrical energy by
means of the photovoltaic effect. A thin-film silicon cell is a special type of solar
cell. It consists of various thin layers of hydrogenated amorphous (a-Si:H) and/or
micro-crystalline silicon (pc-Si:H) which are deposited on a carrier material. The
carrier material can be glass, but due to the thin and unbrittle layers also plastic
foils can be used to build flexible solar cells [65[105]. In contrast to "classic”
crystalline silicon (¢-Si) solar cells, no silicon wafer is needed. The silicon is
deposited on the carrier from the gas phase. Due to the production process
and the thin layers, thin-film silicon solar cells offer a cost- and energy-effective
alternative to crystalline solar cells. However, the energy conversion efficiencies of
thin-film silicon solar cells remain well below the level of wafer-based cells. An
illustration of a simple single-junction a-Si:H solar cell along with its schematic
band structure is depicted in Fig. 2]
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Figure 2.1 Single-junction a-Si:H solar cell (illustration). (a) Exemplary
layer stack: Materials used for each layer are stated in paren-
thesis. On the right hand side of each layer, the task of the
layer is described. (b) Schematic band structure: By intro-
ducing the doped p- and n- layers, an intrinsic electrical field
builds up which is used to separate the charge carriers and
transport them to the contact layers.

Layer Stack and Operation Principle The light enters through the glass carrier
and passes through the transparent but conductive front contact layer. It is then
absorbed in the absorber layer and creates a charge carrier pair. The charge
carriers are separated by an intrinsic electrical field and are transported to the
contact layers. The electrical field is induced by introducing thin n- and p-doped
layers on each side of the actual absorber layer to form a PIN-diode. The thickness
of the whole layer stack is on the order of single micrometers. In order to effectively
absorb a broader spectral range of the sun-light, multi-junction cells can be used.
A tandem solar cells consists of two PIN-junctions (two solar cells) made of
material with different micro structures (e.g. a-Si:H and pc-Si:H ) stacked on
top of each othef] This yields the advantage that each cell can be optimized
for a smaller spectral range and thus, the solar spectrum can be absorbed more
efficiently by minimizing thermalization losses. However, the design of a multi-
junction solar cell is more complicated, due to the fact that the individual cells
are connected in series and need to be current matched to insure maximum power
output. Exemplary layer stacks of tandem solar cells are depicted in later parts of

the thesis (Fig. -4 and Fig. (a)).

1These are referred to as top and bottom cell.
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A
voltage V ,VMPP /,Voc

v

current density J

Figure 2.2 Exemplary J-V characteristics of solar cell.

Characteristic Properties A solar cell can be characterized by various mea-
surements and quantities. However, the most common description is made by
measuring the current-voltage characteristics (J-V characteristicsE[) of the solar
cell under illumination. An exemplary J-V curve is depicted in Fig. 2.2l The
intersects of the curve with x- and y-axis correspond to the open-circuit voltage
Vie and short-circuit current density Ji.. While the J,. is a measure for how
effective the incoming light is absorbed in the absorber layers, the V,. contains
information about how well the charge carriers are separated. Ideally the solar
cell is operated at the point of maximum power output (MPP). The fill factor
FF is a measure of how well the device performs for given J. and V,. and can be
calculated by
FF= 7Jmppvmpp. (2.1)
JSC‘/;)C
The energy conversion efficiency of the solar cell 7 is expressed by the ratio of the
electrical output power at the maximum power point Pypp to the power of the
incident light Py,
_ Puyrp  FF Viedi
= p - P .

(2.2)

To investigate the functionality of the solar cell spectrally resolved, the external
quantum efficiency can be used. The external quantum efficiency is wavelength
dependent and describes the fraction of the incoming photons that lead to charge
carrier pairs at the contacts of the solar cell:

ne(N)

non(V) 23)

EQE(\) =

2To eliminate the influence of the total solar cell area Agc, the electrical current I is normalized
to the current density J = I/Ag.
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Figure 2.3 Optical spectra of a hpco =~ 800nm thick layer of alu-
minium doped zinc oxide (ZnO:Al) as used for the experiments
throughout this thesis: Due to the band gap of E; = 3.4€V,
Zn0:Al is highly absorbing below Agg = 365 nm. In the vis-
ible range, it is mainly transparent. Close to the plasma
frequency at A, ~ 1700 nm, the absorptance rises. Beyond,
ZnO:Al becomes highly reflective.

With the number of incident photons np, and the number of electrons at the
contact n.. For further reading on solar cells and their characterization, please
refer to . For details about the measurement procedures as used in
this thesis please refer to Sec. B.1.3

ZnO:Al Front Contact For the front contact layer of the solar cell, a highly
transparent and conductive material (TCO)H is used. Common TCOs are tin-doped
indium oxide (InyO3:Sn), fluorine-doped tin oxide (SnOq:F) and aluminium-doped
zinc oxide (ZnO:Al). As TCO for the front contact layer in thin-film silicon
solar cells, mainly ZnO:Al or SnOy:F are used [15,68]. As SnO,:F can be grown
intrinsically textured, there is no urgent need for an additional texturing of
the layers. Consequently, the work in this thesis focuses on the texturing of
polycrystalline ZnO:Al layers.

3The abbreviation stems from Transparent Conductive Oxide but is used for all kinds of
transparent and conductive materials.
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Crystalline ZnO is a compound semiconductor with a direct band-gap of F, =
3.4€V [75]. Consequently it is transparent for visible light. By doping ZnO to
degeneracy, the electrical conductivity is augmented. The ZnO:Al used for the
experiments in this thesis is deposited by a radio-frequency sputtering process
which leads to a growth in crystalline, columnar grains with an approximate grain
size of dgrain = 40nm to 50 nm [8]. The layer thickness of a such typical ZnO:Al
film used as front contact is hrco = 800 nm. The sheet resistance of such a layer
is on the order of Ry = 3.5Q. An exemplary optical spectrum is depicted in Fig.
@. Due to the band-edge at around Ag, ~ 360 nm, the layer is strongly absorbing
light below that wavelengthf] In the visible range the transmittance is on the order
of 80 %. Due to constructive and destructive interferences in between reflections
from the flat glass—ZnO:Al and ZnO:Al-air interface, Fabry-Pérot interference
fringes can be observed. From approx. A &~ 1000 nm to longer wavelengths, the
ZnO:Al layer becomes more absorbing. This is due to the exciting of the quasi-free
electrons in the conduction band and damping of the oscillation by interaction
with the ionic lattice. For smaller wavelengths the light cannot couple to the
electron gas due to the high frequencies. The absorptance reaches its peak value
at the wavelength corresponding to the plasma frequency at A, ~ 1700 nm. For
even longer wavelengths, the light can perfectly couple to the electron gas and
the ZnO:Al behaves like a metal and becomes highly reflective.

2.1.2 Light Management and Textured Interfaces

In order to improve the solar cells light harvesting behavior and efficiency, the
control of light propagation into the cell and within the cell is essential. This
control and guidance of light in the cell is often referred to as light management.
Two main aspects of light management are the tasks to bring the light into the
solar cell (by light in-coupling) and then keep it within the absorbing layer (by
light trapping) until it is absorbed. A possible way to accomplish these tasks is
by introducing textured interfaces into the solar cell.

Light In-Coupling Light in-coupling refers to minimizing the reflection of in-
coming light at the front contact—p-layer interfaces before the light even reaches
the first absorbing layer (see left ray in Fig. (a) ). This can be either achieved
by anti-reflection coatings taking advantage of interference effects of incoming
and reflected wave or by surface textures with very small feature sizes. Textures
with feature sizes smaller than the wavelength of the incoming light, cannot be
"resolved” by the light. The light only "sees” a gradual change of material and an
associated gradient of refractive indices. A smooth transition of refractive indices,

4The exact band gap energy Eg depends on the charge carrier concentration.
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carrier

front contact
top cell

bottom cell

back contact

Figure 2.4 Light management (illustration) and texture-etched ZnO:Al
(SEM image [70]): Textured interfaces reduce reflection losses
of solar cell. By introducing a gradient of refractive indices,
the in-coupling of the light into the solar cell is improved
(light in-coupling: left rays in (a) and (b)). By scattering
the light, the light paths in the absorber layer are enhanced
and the chance of absorption increases. (light trapping: right
rays in (a) and (b)). (¢) SEM image of topography of typical
texture-etched ZnO:Al layer as used for the manufacturing of
thin-film silicon solar cells.

however, can be interpreted as a stack of many flat layers with only small changes
of refractive index between two adjacent layers. For the same materials, such
layer stack reveals a lower total reflectance than the one of a single interface. The
amount, of reflected light at a flat interface of materials with different refractive
indices can be described by the Fresnel equations. For perpendicular incidence
the reflectance is given by

(2.4)

‘nl—M 2

n1+n2

With the refractive indices n; and ny of the first and second layer respectively.
This reflectance decreases for decreasing |n; — na|. Even the increasing amount of
interfaces and the corresponding additional reflections are overcompensated by
the reduction of each of the single reflections. Consequently, textured interfaces
with feature sizes smaller than the wavelength of the incoming light can reduce
reflection and improve light in-coupling.

Light-Trapping Some of the light incident on the solar cell can also be reflected
by passing through the absorbing layer, reflect at the back contact, passing through
the layer again an leave the cell without being absorbed. To prevent such reflection
losses, either the absorption properties of the absorbing material (here a-Si:H or
pe-Si:H ) need to be enhanced or the path the light travels within the absorbing
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layer needs to be elongated. A longer propagation pat (light path) within the
absorbing material increases the chance for absorption. One way to elongate the
light path is by using thicker absorber layers. However, thicker a-Si:H layers show
a stronger degradation due to the Staebler—Wronski effect [94]. Another option is
to keep the layer thickness as thin as possible but elongating the light path by
scattering the light into large angles (see right ray in Fig. (b)) [9,[14,[87]. This
concept is known as "light trapping” because for very large angles the light can be
trapped within the absorbing layer due to internal total reflection. The scattering
of light is generally achieved by introducing textured interfaces into the solar cell’s
layer stack. By texturing the TCO front contact and conformal deposition of the
remaining layers on top of it (superstrate configuration), all interfaces within the
layer stack can be textured. After Yablonovitch [108] developed a statistical model
to determine the maximum theoretical gain of light intensity in the absorber layer
by randomizing the incoming light, first optically enhanced a-Si:H solar cells were
developed in 1983 [25]. From then on, various light trapping schemes have been
developed [9,84]. Apart from random texture, also periodic structures have been
proven to show good light trapping abilities [39,[57[76./97].

Texture-etching of Zn0:Al To introduce textured interfaces in a solar cell,
texture-etching of the polycrystalline ZnO:Al layers has become a standard ap-
proach and has been investigated thoroughly [9],47],68]. While other TCOs like
SnOq:F can be grown intrinsically textured, the radio-frequency sputtered ZnO:Al
grows comparatively flat. By submerging the substrate consisting of a glass carrier
and the ZnO:Al film into a bath of opc = 0.5% hydrochloric acid (HCI), the
surface is textured. After an etch time of approx. teen =~ 30s a crater like texture
can be observed on the surface of the ZnO:Al layer (see Fig. (c)). However,
the detailed etching behavior depends on the exact deposition conditions of the
Zn0:Al layer [18,53]/55].

2.1.3 Phase Model

In order to be able to judge the potential light trapping abilities of a given texture,
the so called "phase model” is used. The model calculates the light trapping
efficiency LTFE for a given texture. This LTE is a scalar value between 0 and 1
which has been validated to correlate with the solar cell efficiency for thin-film
silicon solar cells. The model is based on a theoretical approach to describe light

S5Please keep in mind that the due to the thin layer thicknesses and feature sizes the detailed
propagation of electro-magnetic waves in the solar cell compound is better described by wave-
optics — if not rigorous solution of the Maxwell equations. Nevertheless, the simple model
of geometric optics provides a comprehensive and good approximation of the underlying
processes.
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A transmitted | reflected
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Figure 2.5 [Illustration of phase change due to different lengths of propa-
gation paths in different media with refractive indices n; and
ny. Light beam on the left is entering from the bottom and is
propagating through a textured interface. Beam on the right
is entering from the top and is being reflected at the textured
interface.

scattering at rough surfaces by Harvey et al. and has been adapted and
validated to predict transmission through textured TCOs as used in thin-film
silicon solar cells in theory and experiment [13,[28,85,[00]. It was developed further
to also predict reflection and hence, give a measure for the light trapping abilities
of a given texture when used in a solar cell [1152]. Recently, it has been used to
evaluate different textures for their potential application in thin-film silicon solar
cells [12].

In the following paragraphs, the working principle of the phase model is described.
In the framework of this thesis, the phase model was implemented as a module in
the Python programming environment which is referred to as PyLTE.

Phase Difference For the calculations, normal incidence of the incoming light
is assumed. For each point in the x,y plane, the change of phase for a light beam
propagating through the textured interface is calculated in dependence of the
layer thickness z(z,y) at that same point (see Fig. 2.5). The phase difference
A¢T in dependence of the refractive indices of the textured surface’s adjacent
layers ny and ny as well as the wavelength of the incoming light A is calculated by
2m

AP (z,y) = (1= m)2(2,y). (2.5)

Whereas it is assumed that the beam enters from the side of layer 1.
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Figure 2.6 Exemplary angular intensity distribution: The total intensity
of the transmitted light Iy is divided into the specular part
Ipec and diffuse part Igig-

Similarly, the change of phase for a light beam entering from the side of layer 2
which is being reflected at the textured interface can be calculated by

A () =2 s (b 2(,9)). (2.6

Angular Intensity Distribution TFrom the phase differences A¢TR(x, y) an An-
gular Intensity Distribution AID(6, @) can be obtained by

A2 .
AID(B, @) = —— - | F{ed0T@ny2 (2.7)
txt

whereas F stands for the Fourier transform and A, for the area of the scattering
surface. The spherical coordinates ¢ and ¢ of the scattered light are related to
the reciprocal lattice vectors kx and &, by

. A :
sinf = %,/k)% +k2 and tan@ = k—: (2.8)

For details on the calculations please refer to [11],28[45].

o~

The AID is a measure for the diffraction pattern of the scattered light in the far
field. For further calculations, the intensities of the light are binned in various
groups:
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e All light diffracted into angles larger or equal to the maximum scattering
angle 6., = 90° is scattered into evanescent modes and is not regarded for
the calculations.

e Light scattered into angles smaller than the maximum scattering angle
6 < Opmay is considered to be transmittedf] and its intensity is cumulated in
the total transmitted intensity

360°90°

Lot = / / ALD(8, @)de sin 0d6. (2.9)
0 0

This total transmitted intensity is then divided into two parts:

e All light transmitted into angles in between a certain threshold angle 6, and
the maximum angle 0y < 6 < 0.« is considered to be transmitted diffusely
and its entity is denoted with

360°90°

Lyt = / / AID(8, @)de sin 0d6. (2.10)

0 0y

e The remaining intensities at angles 6 < 6, are considered to be transmitted
specularly and are cumulated in e, (also see Fig. [2.6).

Light Trapping Efficiency Assuming total internal reflection of light at the a-
Si:H-ZnO:Al interface at an angle 6y = 24.5°, all light which is diffracted diffusely
(Igir) into angles larger than that critical angle 6 > 6y = 24.5° is considered
to be trapped within the layer. To obtain a measure for the light trapping
efficiency of a certain texture, the ratio of diffusely transmitted light and the
total of all transmitted light is calculated for transmission as well as reflection.
An arithmetic mean of these ratios for transmission and reflection is calculated
for each wavelength. By spectral averaging over a given set of N wavelengths
(Ao, ---s An), the monochromatic light trapping efficiency LTE can be calculated
by

A
1 X IE(N) I&:(N)
LTE = =% (05230220 4 5. —df : 2.11
N %: < Iici(N) I (N) (2.11)

Stransmitted or reflected depending if scattering by transmission through textured surface or
scattering by reflection at textured surface is investigated.



2.2 Lasers 15

Using wavelengths from Ag = 600nm to Ay = 900nm in steps of AA = 10nm,
the light trapping efficiency LT E has been shown to correlate with the external
quantum efficiency of pc-Si:H solar cells [11].

2.2 Lasers

2.2.1 Properties of Laser Light and Beams

The following section is intended to give an overview of the most important prop-
erties of laser light and laser beams. First, inherent properties of laser light such
as coherence and polarization are explained. Then the Gaussian beam optics with
its characteristic fluence distribution and terminology are highlighted. After some
geometrical considerations needed for beam propagation, the section concludes
with the calculation of the laser intensity distribution within an interference
volume of various coherent laser beams.

Polarization In contrast to many natural light sources, laser light has a well
defined polarization. The polarization of a light wave describes the orientation
of its electrical field vector and how it changes as the wave propagates through
space. Due to the stimulated emission in the resonator of a laser system, a laser
light wave traveling in z-direction has a constant phase difference @y between its
electric field components in x and y direction. Depending on the value of this
phase difference and the amplitudes in x and y-direction E? and ES, different
types of polarizations are distinguished (see Fig. 7).

e If the phase difference is equal to zero (@ = 0), the wave is said to have
linear polarization.

e For |@o| = 7/2 and EY = EY it is said to have circular polarization. Circu-
larly polarized waves can be left- or right-handed circularly polarized.

e For all other phase differences @y = const the polarization is a mix of the
types mentioned above and the wave is said to have elliptical polarization.

The naming of the types stems from the geometrical figure the tip of the electrical
field vector describes during time when projected into the x,y-plane (see Fig.
. Because averaged over time, linearly polarized laser light has a distinct
orientation, the orientation of the polarization can be important for the laser-
material interaction. In order to rotate the polarization, the electrical field along
a given optical axis is retarded by half a wavelength. Practically, this can be
achieved by introducing a half-wave plate into the beam path (see paragraph on
rotating linear polarized light in Section . Furthermore, linearly polarized
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Figure 2.7
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Sketch of electrical field vectors for different types of polar-
izations at different times but constant z-position: With no
phase difference in between x- and y-component of the elec-
trical field (@o = 0), the wave is linearly polarized (top row).
For |@o| = m/2 the wave is circularly polarized, whereas the
handedness depends on the sign of the phase difference. If the
wave is traveling into the paper plane and is looked upon from
the senders point of view, the second row (@ = 7/2) is left-
handed circularly polarized and the third row (@¢ = —7/2)
is right-handed circularly polarized. For a constant but ar-
bitrary phase difference of @y = const the wave is polarized
elliptically (bottom row). Here, k denotes the wavenumber,
¢ the speed of light and ¢ the time. ¢ is a small number
(e < m)).
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light can be converted into circularly polarized light by retarding one electrical
field component by a quarter of a wavelength and vice versa. Depending on the
orientation of the quarter-wave plate introduced into a linearly polarized laser
beam, the resulting beam can be left-handed, right-handed circularly or elliptically
polarized.

Coherence An essential property of laser light is coherence. In general, two
waves are considered coherent if they have a constant phase relation. Coherence
and interference are strongly related. Although the superposition of any waves
can be referred to as interference, the term interference is mainly associated with
the superposition of coherent waves. Only the superposition of coherent waves
can reveal a temporally constant but spatially varying intensity pattern like a
standing wave. In laser optics and the characterization of laser beams, coherence
is understood as a property of one single laser beam. If the laser beam is coherent
with itself at another point in time or space it is considered temporally or spatial
coherent respectively.

In more detail, spatial coherence is the cross-correlation of two spatial point within
the same wave. Accordingly, if the waves at two points in the cross-section of a
laser beam interfere, these two points lie within the area of spatial coherence of the
beam. Spatial coherence is especially important for e.g. double-slit experiments,
where two different parts of the laser beam profile are meant to interfere. Such
Young interferometers can also be used to measure the spatial coherence of a laser
beam [110].

Temporal coherence is the cross-correlation of the same wave at the same spatial
point but different points in time. In a laser beam, it is the ability of the laser
beam to interfere with itself at a different time. The maximum delay time that
still produces interference is called the coherence time A7, . The distance the
wave can propagate within that time is defined as the coherence length

Al =S A (2.12)
n

Here, n denotes the refractive index of the medium the wave travels in.

For a more intuitive description, the coherence length can also be thought of as
the distance within a wave packet with predictable phase (compare Fig. .
Only perfect monochromatic waves can have infinite coherence length. However,
every real wave packet consists of waves of different frequencies and has finite
coherence length. The relation between coherence length and spectral width of
the light source AAr, can be approximated by

}\2
Al ~ L
nA?\L’

(2.13)
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Al

A
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Figure 2.8 Temporal coherence: The depicted wave has a coherence
length of Al. (top) which corresponds to the distance within
a wave that has a predictable phase. When delayed by At
(bottom), the wave can only interfere with itself within the
red shaded region. If At-c is larger than the coherence length,
the waves cannot interfere.

whereas Ar, denotes the central wavelength in the spectrum of the light source. The
temporal coherence length can be measured by a Michelson interferometer [67].

Beam Profile In the cylindrical resonator of a laser system, a solution to the
paraxial approximation of the radial component of the wave equation are the
Laguerre-Gaussian modes. Of these modes, the fundamental Transverse Electro-
Magnetic TEMOOEI mode is the least divergent. Consequently, after the numerous
reflections within the resonator cavity, the TEM is the most prevailing mode.
The other modes have diverged and have been eventually blocked by the apertures
of the resonator mirrors. Because of its Gaussian shaped intensity profile, the
TEMgo mode is often called the Gauss-mode, and the beam a Gaussian beam. It
is assumed that most laser system radiate in the Gauss-mode. Real laser beams
always consist of a superposition of various modes, however, the assumption of the
Gaussian beam profile often is an adequate approximation. For a more detailed
introduction to Gaussian optics please refer to [79].

The intensity distribution I(x,y, z) of a Gaussian beam propagating in z is given
by
22 + y2
w(z)? ) ’

"The fundamental Laguerre-Gaussian mode TEMS is identical to the fundamental Hermite-
Gaussisan TEMgg. For reasons of simplicity the later nomenclature is used.

I(z,y,z) = Io(z) exp <2 (2.14)
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Figure 2.9 Schematic drawing of beam waist in Gaussian beam.

with the beam radius w(z) and

Io(z) = (2.15)

whereas P denotes the total laser power.

At radius 7 = w, the intensity has dropped to I = 1/e? - Iy. Every Gaussian beam
has a divergence and a beam waist. By focusing optics these properties can be
controlled. The shape of a Gaussian beam is depicted in Fig. . The waist of
the laser beam is often referred to as its focus and the radius of the beam in the
focus is denoted with wy. The angle of the asymptotic lines to the envelope of
the beam is referred to as divergence of the beam and is denoted with ©. The
divergence is related to the beam radius in the focus and the wavelength of the
laser light Ay, by
(e) =
O = arctan | — | &~ —-. (2.16)
TWo TWo
Another parameter used to describe the focus of a laser beam is the Rayleigh
length zg. It is defined as the distance from the waist, along the propagation
direction to the position where the area of the cross section of the beam has
doubled (compare Fig. . It can be determined by

2
TW;

AL

Fluence distribution on sample The distribution of the energy deposited on the
sample can be described in various ways. The describing quantities are often not

8 Adapted from source Wikimedia.
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Figure 2.10 Fluence distribution within the laser spot: The Gaussian
distribution ®¢(r) is often approximated with a constant
value ®, = E,,/mw? which assumes an equal distribution of
the pulse energy E,. The relation between peak fluence Cng
and averaged fluence is given by the fact that both volumes
under the curves (blue and red line) have to be equal to the
pulse energy E;, and can be calculated to d’gk =29,

used consistently and their meaning varies throughout literature. To clarify their
meaning in this manuscript, the most commonly used quantities are explained in
the following paragraph.

The incident intensity on the sample surface is of radial symmetry and can be
described by Eq. 214 Analogously, the deposited energy per area after one laser
pulse can be described by

ok 272
Do (1) = O exp 7 ) (2.18)

with 72 = 22 +y2. The quantity @ is referred to as fluence and has the dimensions
[@o] = J/m?. The subscript zero (®o(z,y)) denotes the fluence as a surface fluence
how it can be measured at the surface of the material before being absorbed. The
fluence within the material is denoted as ®(x,y, z). The highest (peak) fluence in
the center of the beam is denoted with @Sk.
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Quite commonly, the Gaussian distribution of the fluence is neglected and a
constant fluence @, within the laser pulse is assumed (see Fig. [R.10). This
averaged pulse fluence @, is then calculated by

E

o, =L with A, = 7w’ (2.19)
Ay

Often this averaged pulse fluence ®,, is simply referred to as "the fluence”. However,

the exact fluence ®y(r) depends on the position within the pulse area and only

equals @, at

Oo(|r| = \/In2/2  w) = D, (2.20)

Another way of describing the fluence is by its peak value ®5* in the center of the
pulse at » = 0. Because the volume under the Gaussian fluence distribution has
to be equal to the total pulse energy E,, the peak fluence can be calculated by

integrating Eq. 2:1§ and

/ Oy(r) = B, (2.21)
R2
which yields
2F
k P _
O = P 20, (2.22)

Sometimes the radius of the fluence distribution is also given by the full width
half maximum (FWHM) value where

Do(wso) = BE/2,  wso = /In2/2 - w. (2.23)

The laser treated region on the sample is referred to as the laser spot. The radius
of this region is referred to as the spot radius rs and its area as the spot area
Ag. The exact value of rg can be difficult to determine. An approximation can
be made by observing the sample in an optical microscope and estimating the
visible sport radius rY®. However, often 77 < ry. Furthermore, in general neither
rs nor r¥* coincide with the beam radius w. w is a beam property, but r, and Y
strongly depend on the treated material.

Planar Treatments In order to treat surfaces with pulsed laser systems, the
laser spots on the sample can be stitched together to cover larger areas. Stitching
here refers to subsequent treatment of the surface with overlapping treated areas.
For a Gaussian beam and perpendicular incidence, circular laser spots on the
sample are expected. When overlapping such circular spots, two different overlaps
can be defined (compare Fig. 2.11]). The line overlap in x-direction &, denotes
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Figure 2.11 Sketch of overlapping laser spots: The line overlap is defined
as the ration of d, and the spot diameter 2rs, whereas the
area overlap is defined as the ratio of the overlapping area
A, (shaded red) and the spot area Ag (shaded blue).

the ratio of the overlapping distance d, to the diameter of one laser spot 2rg and
thus can be calculated by

d, dy

= —=1-" 2.24
. 2rg 27y ( )

whereas ds denotes the distance in between two adjacent laser spots (see Fig.
R-I0). The area overlap in x-direction =y is defined as the ratio of the overlapping
area A, (red shaded area in Fig. and the spot area A;. By geometrical
considerations it can be calculated to

- A 2r2 arccos(5) — ds\/@ .

=x 2
A T

Rotation of Polarization by Half-Wave Plate The polarization of a linear
polarized laser beam can be expressed by the angle y; between a reference vector
perpendicular to its wave vector and the vector of its electric field &;. If the
electromagnetic wave perpendicularly hits a half-wave plate, the component of
its electric field which is parallel to the optical axis of the plate is retarded by
half a wavelength. Consequently, the polarization is rotated towards the optical
axis by an amount of twice the angle in between polarization of laser beam and
optical axis (Eq. . So for a laser beam with an initial polarization of y! and
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an optical axis of the wave plate orientated at o the polarization of the laser
beam after passing the plate i

Vi = 2(ope — V1) (2.26)

The rotation of a vector v by an angle of o« in three-dimensional Cartesian
coordinates can be expressed by

v=R-v (2.27)
with
n2(1 —co) + o nxny(l = cq) — nuSa My (1 — o) + nySe
R = | nyny(1 — cq) + 1,5« ng(l — Ca) + Ca Ny, (1 — cq) — NySo | (2.28)
NNk (1 — cy) — NySe NNy (1 — o) + NxSg n2(1 — cq) + cq
and
Ny
Cau =COS, Sqy=snx, m=/|ny|. (2.29)
Ny,

Reflection of Laser Beam on Mirror The geometrical reflection of a laser
beam on a plane mirror can be calculated by reflecting its wave vector k; and
its polarization vector é; with respect to the normal n of the mirror plane. The
reflection of the vectors in Cartesian coordinates can be calculated by

v=(-1)-T v (2.30)
with
2n)2( -1 2nny 2NN, Ny
T=| 2nyne 2n2—1 2nyn, and n=|ny|. (2.31)
2NNy 2n,ny 2n§ —1 n,

Here, v denotes the original vector, v’ the reflected vector and n the normal to
the mirror surface.

9all angles are expressed with respect to the same reference vector



24 2 Fundamentals

Laser Interference Laser beams can be considered perfectly monochromatic and
coherent and ideally have a plane wave front. Consequently, a linearly polarized
laser beam can be represented by a plane Wavcﬂ

Ei(r, t) = .E‘ieij(k:i'ritz)i)eijb‘)téi7 (232)

with the electric field amplitude E?, wave vector k;, phase ¢;, angular frequency

w and the unit vector &; pointing in the direction of its polarization. Whenever n
laser beams overlap, the resulting electromagnetic field

EX)(r,t) = Ei(r,1) (2.33)
=1

can be calculated by the superposition of the n plane waves. To obtain a mea-
sure for the total laser intensity within the interference volume It(;‘t) (r,t) can be
calculated by taking a time average of the squared total electric field:

IR (r) = (B (r,1) - ES)(r,1))
n (1 n 2.34
- (2E12 + Z EiEjeij COS((kj — kl) -+ ¢1 — ¢J)) ( )

i j>i

with
€ij = éi . éj. (235)

Please note, that the relation of laser intensity and electric field amplitudes is
assumed to bd]

1
1:5%. (2.36)

The phases of the individual beams ¢; merely influence the spatial phase of the
intensity pattern. Because the spatial phase is only of minor interest for the light
trapping abilities of the texture, it is omitted in further calculations. The phases
of the individual beams can then be set to zero (¢; = 0 Vi) without loosing
information about the general shape of the intensity pattern. For three beams,
Eq. :34 can then be simplified to

I3 (1) = Io[1 + Vis cos(Gar - 1) + Vag cos(Glyr - 7) + Vo cos(Ga - 7)]  (2.37)

0Dye to simplicity reasons, the nomenclature within this paragraph differs from the nomencla-
ture in the rest of the thesis. Apart from this paragraph, however, the naming of variables is
stringent throughout the thesis.

M This simplification can be used, because the same relation is also used to calculate the electric
field amplitudes from measured laser intensity.
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v =180-2a

[5_ 180-90—y = 20-90
b=21/cos(B) =1/sina)= M(Zsm(a)cos(a)) )
a=>bcos(a) =L/ (2sin(a))

Figure 2.12 Sketch of two-beam interference: For the special case of
equiangular incidence of both beams, the spatial period of
the intensity pattern can be calculated by simple geometric
considerations.

with

13 EiEje;
= = Z El%’ ‘/13 I €J €jj = éi . éj and Gij = kii - kj. (238)
— 0

These intensity patterns can exhibit symmetries inherent in 5 of the 17 plane
symmetry groups. For a more detailed description of the mathematical background
and an analysis of the possible contrast and crystallography of such patterns please
refer to [95]. Please note, that equation is invariant for changes along the
direction defined by the sum of the laser beams wave vectors:

I8@) =18 (r + a- (ky + ky + k3)) with acR. (2.39)

This can be particularly interesting for equiangular incidence of the beams, because
then the intensity distribution is invariant in the direction of the surface normal.

For two beams, this equation can be further simplified yielding a one dimensional
line like pattern with sinusoidal character:

1 1
18(r) = iEf + E1Eserzcos((ky — ki) - 7) + §E§ (2.40)
If the angle of both beams to the surface normal is equal (i.e.the sum of the two
wave vectors k; and ks is perpendicular to the sample plane), the spatial period
of the intensity pattern is given by
A

A= — , (2.41)
2sin &
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merely depending on the laser wavelength A; and the angle of the beams to the
surface normal o. This relation can also be visualized by geometric considerations
as in Fig. .12} For an outlook on laser interference with more than three laser
beams, please refer to [72].

2.2.2 Laser-Material Interaction

Laser material processing is based on the interaction of laser light and the material
of the sample to be treated. The electromagnetic waves of the laser light first excite
the electrons in the material. For laser pulse durations in the nanosecond regime,
it can be assumed that the excited electrons have enough time to relax and transfer
the energy into the lattice. The laser pulse duration T, is significantly longer than
the typical electron-lattice interaction time T; and the electrons and lattice can
be assumed to have the same "temperature” [24]. In this regime, the interaction
of laser light and material can be reduced to a mere energy transfer from the
laser into the material and a consequent heat distribution within the material.
The following section delivers a rough mathematical description of the two basic
physical principles needed for such a description: The absorption of incident laser
light in the material and the diffusion of the resulting heat distribution within the
material.

Light Absorption in Material When light travels through a material it is atten-
uated exponentially. For a given incident intensity Iy at the surface of the material,
the remaining intensity 7(z) at depth z can be expressed by Lambert-Beer’s law

I(z) = Iye ™, (2.42)

where « denotes the absorption coefficient of the material and z is the spatial
coordinate perpendicular to the surface with positive values within the material.
The absorption coefficient can be calculated from the extinction coefficient n” and
the wavelength A to

A"

TN

Consequently, the total absorbed intensity I.us(z) in dependence of the depth z
can be described by

(2.43)

Labs(2) = Io — 1(2) = Ip(1 — ™). (2.44)
By derivation of Eq. with respect to z, the absorbed power per volume w(z)
can be calculated:

d%(lo —I(2) = w(z) = I a- e (2.45)
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Heat Diffusion The heat equation describes the distribution of heat in a given
medium over time. For a medium with homogeneous and isotropic thermal
diffusivity D, it can be expressed by the diffusion equation

%1])(7‘7@ — DAY(r,t) = f(r, 1), (2.46)

whereas (7, t) denotes the temperature at location 7 and time ¢, and D is the
thermal diffusivity of the medium, A the Laplace operator and f(r,t) the heat
source.

The thermal diffusivity is a property of the medium and can be calculated from
its heat conductivity k, mass density p and isobaric mass heat capacity c, by
K

D=—. 2.47
e (2.47)

In three-dimensional Cartesian coordinates the Laplace Operator is given by

9

= @‘F@—F@. (2.48)

If no additional heat is brought into the medium and merely the distribution of
initially deposited heat is observed, the source term is set to zero and Eq. 2.4
becomes the homogeneous heat equation

0
all)("‘v t) - DAI])(’I", t) =0. (2'49)

It describes how the initially introduced heat is distributed in the material over
time. For the initial conditions of a punctual heat distribution at a given position
r

(.t = 0) = o(r), (2.50)

a solution to Eq. 249 is given by

1 —|r[?
H(r,t) = (r DI exp ( iDi ) . (2.51)

The coefficient was determined for normalization purposes so that

/2 H(rtydr=1 YteR (2.52)
R

The solution in Eq. 2:5]]is a fundamental solution of the three-dimensional heat
equation and can be used to solve specific problems for given boundary or initial
conditions. It is often referred to as the "heat kernel”.
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The temperature distribution at a given time (7, ¢) can be calculated by con-
volving the heat kernel with the distribution of the initially deposited heat Po(r):
W(r,t) = H(r,t) * \o(r) (2.53)

with the initial conditions

P(r, t = 0) = Po(r) (2.54)

and the convolution in three-dimensional space

(fxg)(r)= [ f(r)g(r—r)dr'. (2.55)

For further reading please refer to textbooks on solving strategies for partial
differential equations in general the heat equation in particular or
books on mathematical methods [4].

The laser-material interaction with pulse durations T, << 1ns is a much more
complex process. For a first theoretical description the so called two-temperature
model of different electron and lattice temperatures is used [2,[54]. The detailed
mechanisms of the ablation, however, are still subject of current research ,.



3 Devices and Methods

The following chapter focuses on the various devices and methods used throughout
this thesis. In the first section devices and methods for characterization pur-
poses are presented and explained. These are sub-categorized in devices for the
characterization of lasers, textures and solar cells. The following section deals
with devices used for the laser treatment. These are sub-categorized in laser
sources and beam guiding devices. The last section gives a rough overview of the
computational framework as well as the optimization algorithm used within this
work.

3.1 Devices and Methods for Characterization

The first part of the following section deals with the characterization of laser
sources. It is explained how characteristic properties like power, pulse energy,
pulse duration, beam profile or coherence were measured. The following subsection
deals with the characterization of textured ZnO:Al. The various methods used to
obtain information about the topography as well as electro-optical properties are
explained. In the last subsection the devices used for the characterization of solar
cells are presented.

3.1.1 Laser Characterization

Laser Power, Pulse Energy and Pulse Power The temporal averaged laser
power Pp, was measured by pointing the laser beam on a laser power detector.
The laser power detectors used were thermopile based, i.e. converting thermal
energy into electrical energy. The electrical energy was then be read out by power
monitors, which could be connected to computer systems for logging. Depending
on the power range, different Gentec power detectors with convection or water
cooling as well as Gentec monitors were used. If not stated otherwise, all power
measurements were conducted at the sample. The repetition rate fie, was assumed
to be as nominally stated, so the energy of one pulse could be determined by

f rep '

E, (3.1)
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However, this assumes that all pulses carry the exact same energy. To get a
measure for the average power of one single pulse P, a box-shaped pulse can be
assumed. Accordingly the temporal averaged pulse power was calculated by

P, =2, (3.2)

To retrieve more information about the exact temporal pulse shape and the pulse-
to-pulse stability, the duration and amplitude of single pulses can be evaluated by
a photo diode and an oscilloscope.

Pulse Duration, Shape and Stability The laser beam was guided on a white
screen and the reflections of the screen were detected by a commercially available
Thorlabs photo diode. The generated current was analyzed with a LeCroy LC
534 AM oscilloscope. Each measurement was conducted over 1000 pulses. For
each pulse the pulse duration T, was recorded. Furthermore, the area under
the current-time curve as well as the maximum current were recorded for each
pulse. These values correspond to the pulse energy F, and peak pulse power Pg’k
respectively. By evaluating the standard deviations of these values, a measure for
the pulse-to-pulse stability could be obtained.

Beam Profile The beam profile of the unfocused or only slightly focused laser
beam can be measured by pointing the beam on a special camera, a so called beam
profiler. The light intensity distribution on the camera sensor is then evaluated by
specific commercially available profiling software. The beam profiler used for most
of the experiments was a DataRay WinCamD-LCM4 beam profiling camera along
with the corresponding DataRay software. In order to reduce the laser power on
the camera chip, various neutral density (ND) filters can be mounted in front of
the camera.

Beam Radius In a tightly focused laser beam, the laser intensity is to high
for ND-filters, let alone a camera sensor. To overcome this, Liu et al. proposed
a simple method for measuring the beam radius directly within the focus by
controlled ablation of material [63][] Within a Gaussian laser beam the surface
fluence distribution in the focus is given by Eq. 21§ and w = wy. Inserting Eq.
and solving for r? = |r|? yields

r3(®g) = % [ln(QEp) — ln(mygq)())} . (3.3)

IPlease note, that this method can only be used for pulsed, Gaussian-shaped laser beams.
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Figure 3.1 Exemplary Liu plot: As proposed by Liu et al., the beam
radius of pulsed Gaussian shaped laser beams can be deter-
mined by ablation experiments. Plotting the square of the
spot radius 7 against the natural logarithm of the correspond-
ing pulse energy E;, yields a straight line (compare Eq. .
From the slope of the line, the beam radius can be determined.

If the local surface fluence reaches a certain threshold fluence ®y = ®f, the
material brought in the laser beam is ablated. Consequently, all material within
the corresponding radius r*t = r(®) is ablated. This threshold radius 7" exactly
resembles the spot radius ry of the laser-treated area on the sample (r® = r) (for
terminology please refer to Sec. . Accordingly, evaluating laser spots made
with different pulse energies E,, and plotting the square of the spot radii 72 over
the natural logarithm of the corresponding pulse energy In(£,) yields a line plot,
because

2 2
r2(By) = 3 [n(2By) — In(ruf@l)] = D In(E,) +const. (34)

By evaluating the slope b of a line fit to such data, it is possible to calculate the
beam radius in the focus of the beam by

wo = V/2b. (3.5)

This method of measuring wy is referred to as the Liu method and the correspond-
ing plot as a Liu plot (see exampldﬂ in Fig. .

2The example shown here is taken from measurements with Rofin355
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Figure 3.2 Sketch of Michelson interferometer: The laser beam is split
into two partial beams (1) and (2) by the 50:50 beam splitter
BS. The partial beams are reunited at the screen S. If the
coherence length of the laser is greater than the difference in
beam path lengths of (1) and (2), an interference pattern can
be observed on screen S. By moving mirror M1 the length of
(1) can be changed and the coherence length Al of the laser
beam can be measured.

Temporal Coherence The temporal coherence (see Sec. was measured by
a Michelson interferometer. The Michelson interferometer consists of a 50:50 beam
splitter, two mirrors and a screen (see sketch in Fig. . Due to the geometry of
the setup, two partial beams are reunited at the sample. By moving one mirror,
the propagation length of one partial beam can be altered. If the difference of the
propagation lengths of both beams Aly is smaller than the length of the temporal
coherence (Aly < Al.) interference fringes can be observed on the screen. By
moving the mirror in both direction until the interference fringes disappear, the
length of the temporal coherence can be determined.

3.1.2 ZnO:Al Characterization

Topography

The topographies of the laser-treated and/or etched ZnO:Al layers were exam-
ined by various characterization tools. Whereas the Atomic Force Microscope
(AFM) and Laser Scanning Confocal Microscope (LSCM) can be used to obtain
quantitative information about the topography in x, y and z-direction, Scanning
Electron Microscopy (SEM) and Optical Microscopy (OM) only offer quantitative
information in the lateral x, y-directions. They can be used, however, to retrieve
a qualitative image of the topography as well. LSCM and OM use visible light for
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the measurement. Consequently, the resolution of these devices is more limited
than SEM or AFM. For this thesis, all measurements that required a resolution
of Ad < 5um or below, were conducted with AFM or SEM. Measurements of
features larger than Ad 2 5 pm were conducted with the optical devices LSCM or
OM.

Atomic Force Microscope (AFM) For almost all of the relevant topography
measurements a SIS Nanostation 300 AFM was used. In order to ensure a correct
localization of the scan area, the AFM is combined with an optical microscope as
well as a motorized sample holder. The whole system is mounted on a massive
granite block so measurement accuracy of single nanometers is possible. All of the
measurements were conducted in non-contact mode with NanoWorld NCHR-50
tips. Scanning speeds were kept below vgean < 30 pm/s in order to ensure accurate
depth measurements. Due to the redeposited particles of melted ZnO:Al on the
surface (especially after DLIP), AFM measurements of such textures proved very
challenging. For these type of textures, only small parts of the scan field could be
evaluated. However, the evaluation of partial areas often sufficed because of the
periodic character of the DLIP textures.

Laser Scanning Confocal Microscope (LSCM) The Keyence VK-X210 LSCM
is a device which combines an optical microscope with a confocal laser scanning
microscope. The largest objective lens of the microscope has a magnification of
M = 150 and a nummerical aperture of NA = 0.95, respectively. The laser of
the confocal microscope is a violet laser with a wavelength of A = 408 nm. The
LSCM was mainly used for a first, quick evaluation of the samples after the laser
treatment. Although the manufacturer states a height resolution of Ak, = 12nm
for the laser scanning, the LSCM was not used for critical texture measurements of
feature sizes in the micrometer regime or below. For the evaluation of dimensions
and depth profiles of whole laser spots, overlaps and area coverage, however, it
delivered accurate measurements. Due to the partially transparent samples, all of
the results of the laser scanning were interpreted with special caution.

Scanning Electron Microscope (SEM) For a qualitative and quick evaluation
of textures in the sub-micrometer regime, a ZEISS EVO MA10 SEM with a
lanthanum hexaboride (LaBg) cathode was used. In order to obtain a picture
of the topography, the accelerator voltage was kept below V.. < 15kV for all
measurements with the secondary electron (SE) detector. Apart from the SE
topography measurements, some single measurements concerning contamination
and phase changes were also conducted with the backscattered electrons (BSE)
detector or a Bruker Quantax 200 energy-dispersive x-ray spectroscopy (EDX)
system built into the SEM.
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Optical Microscope (OM) Optical microscopy was either carried out with the
LSCM or a Nikon Eclipse L200 optical microscope with a Nikon Plan Fluor BD
objective lens, and Zeiss camera and measuring software. The objective lens had
a magnification of M = 100 and a numerical aperture of NA = 0.9.

Electro-Optical Properties

The laser treated ZnO:Al layers were also characterized for their electro-optical
properties. For the use in a solar cell, the layers have to show high transmission
and light scattering abilities while retaining a low sheet resistance. The spectral
transmission and scattering abilities were measured with a spectrometer, while
the sheet resistance was measured by four-terminal-sensing.

Spectrometer For optical characterization a PerkinElmer Lambda 950 spec-
trometer with an Ulbricht sphere was used. The measurements were conducted
in the wavelength region from A = 300nm to 1300 nm in steps of AN = 5nm.
If not otherwise stated, the sample was mounted with the glass side facing the
light source and the ZnO:Al layer facing the detector. All measurements were
conducted at the ZnO:Al-air interface. The light transmitted through the sample
(glass and layer) is detected in the Ulbricht sphere. The ratio of the detected
light intensity to incoming light intensity is referred to as total transmittance TT.
Furthermore, only the light transmitted in angles larger than « > 5° from the
specular transmission direction can be detected. The fraction of this scattered
light intensity to the incoming intensity is referred to as diffuse transmittance DT.
By dividing the diffuse transmitted amount of light by the totally transmitted,
one gets a measure for the scattering properties of the sample, the so called haze

value DT
H=_—. 3.6
T (3.6)
Furthermore, the omni directional (total) reflectance TR of the sample can be
measured. By

A=1-TT-TR (3.7)

a measure for the absorptance of the sample can be obtained. However, light that
is trapped within the sample and does not exit the sample within approx r» & 1 cm
of the entry position is not accounted for in any of the measurements, and thus,
will be considered as absorbed.

Four-terminal-sensing In order to allow precise measurements of the ZnO:Al
layer’s sheet resistance R, a custom-made four-point probe measuring device was
used. Multiple measurements were carried out at different areas of the treated
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sample and the deviations of the results are presented with the results. In many
cases, the relative deviations were smaller than uf! < 1%. If so, no deviation is

stated with the measurement result.

3.1.3 Solar Cell Characterization

J-V Characteristics For the measurement of the J-V curves, the solar cells
were illuminated by a sun simulator while the current-voltage characteristics
were extracted by a Keithley source measuring unit. The class A sun simulator
illuminated the cell with an AM1.5 solar spectrum with a radiation power density of
p = 100mW /cm?. During the measurements the cells were kept at a temperature
of T'=25°C.

Quantum Efficiency The measurements of the quantum efficiency of the solar
cells was carried out by measuring the spectral response SR of the solar cell under
monochromatic illumination. The spectral response SR is defined as the ration of
generated electrical current density jo.¢ and incident photon power Pp:

jout O\)
SR(N) = , 3.8
o = (3.8
The external quantum efficiency (EQE) was then calculated by
hc
EQE\) = SR(A) (3.9)

eA

with the Planck constant h, speed of light ¢ and elementary charge e. For the
measuring of tandem solar cells, top and bottom cells were measured separately.
During the measurements, the cell which was not measured was flooded by a
powerful bias illumination of a wavelength which is not absorbed by the cell under
investigation. Consequently, the total output current could be related to the
current produced by the investigated cell and was not limited by the other cell.

3.2 Devices and Methods for Laser Treatment

The following section focuses on devices and methods used for the actual laser
treatment. In the first subsection the various laser sources used throughout the
thesis are laid out with their characteristic properties. The result of characteriza-
tion measurements of the different sources are presented. The second part of the
section focuses on beam guiding devices and experimental setups used throughout
the thesis.
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Figure 3.3 Rofin1064: Laser power F;, and pulse energy FE;, in dependence
of input diode current Ip and repetition rate.

3.2.1 Laser Sources

For the experiments conducted in the framework of this thesis, various laser
sources were used. Each laser source was characterized. The following section
presents an overview of these laser sources and their characteristic properties. The
findings are also summed up in Tab. 3] at the end of this section.

Rofin1064

One of the laser built into the structuring system is a Rofin RSY10E infrared
(IR) nanosecond Nd:YVO, laser with a Gaussian shaped beam (TEMgo) which
is referred to as Rofin1064. The laser wavelength is A;, = 1064 nm and the pulse
duration approximately T, ~ 24ns. The laser was mainly used for the laser
chemical etching (Sec. [.2). The output laser power P, as well as the pulse energy
E, can be adjusted by changing the electrical current for the pumping laser diode
Ip. However, the adjustable repetition rate fiep also has a strong influence on the
resulting output power and pulse energy (see Fig. [3.3). The laser was mainly used
with a repetition rate of fie, = 10kHz due to the possible high pulse energies. An
overview of the output laser power F,, pulse energy F, and repetition rate fp
relations can be found in Fig. B3] For all experiments, the laser was focused with
a f = 300mm lens, so the beam radius in the focus measured wy = 50 pm and
pulse fluences up to &, = 3.1 J/cm? could be realized. The laser on and off times
were controlled by the structuring system’s CNC system (see Sec. 7 while
the repetition rate and the diode current was adjusted by an external device.
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Figure 3.4 Rofin532: Laser power P, and pulse energy F}, in dependence
of input diode current Ip and repetition rate frep.

Rofinb32

The Rofin RSY20E SHG is an internally frequency doubled nanosecond Nd:YVO,
laser. It has a wavelength of A;, = 532 nm a Gaussian shaped beam and is referred
to as Rofin532. The pulse durations range from T, = 13ns to 30 ns. The main use
of the laser in this thesis was for the texturing with a particle lens array (Sec. .
Similar to the Rofin1064, the output power of the laser is adjusted by the diode
current Ip (Fig. . For all experiments, the laser was used in combination with
a f = 116 mm focusing optic, resulting in a beam waist radius of wy = 20 pm.
Pulse fluences up to ®, = 7.1J/cm? could be realized. The control of the laser
was equal to Rofin1064.

Rofin355

The ultraviolet (UV) Rofin RSYE20E THG is the same type Nd:YVOy, laser as
the Rofin532 but is frequency tripled to a resulting wavelength of Ar, = 355 nm.
Due to the frequency conversion, the power output of the laser is not stable at
all powers and repetition rates [44]. Consequently, the laser is only operated
at maximum power output (input diode current In = 29 A) and a repetition
rate of fr, = 15kHz, because these parameters ensure a stable operation. The
pulse duration with these standard operating parameters was determined to be
T, = 6ns. In order to be able to adjust the power on the sample, a half-wave plate
along with a polarizer was brought into the beam path. By rotating the half-wave
plate the amount of laser power transmitted through the polarizer and hence, the
power on the sample could be adjusted (compare Fig. . The half-wave plate
was mounted in a Thorlabs motorized rotational mount and could be adjusted via
USB by a PC system. The laser was mainly used for the texturing with a particle
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Figure 3.5 Rofin355: Laser power P}, and pulse energy £, in dependence
of angle of half-wave plate: Due to stability reasons, the
laser is only used with a repetition rate of fro, = 15kHz
and at maximum output laser power with a diode current of
Ip =29 A. The laser power on the sample can be controlled by
rotating a half-wave plate that is situated before a polarization
dependent absorbing polarizer.

lens array (Sec. . However, the laser was also used for experiments to study
the ablation mechanism of ZnO:Al in the ultraviolet regime. For all experiments,
the laser laser was used with a f = 108 mm focusing optic, resulting in a beam
waist radius of wy = 19 pm. Consequently, pulse fluences up to ¢, = 4.8 J/cm?
could be realized with this setup.

TruMicro5050

The Trumpf TruMicro 5050 (E0851A0145) is an infrared, picosecond Yb:YAG
laser with a wavelength of A, = 1030 nm and Gaussian beam shape. The pulse
duration could not be determined but is states as T, < 10ps by the producer
of the system. The laser offers repetition rates up to fiep = 400kHz and a laser
powers up to P, = 50 W. The output power can be adjusted by demanding a
certain fraction of the total possible power in the lasers control interface. The laser
source is then automatically adjusted and regulated to that power by an internal
feedback control. In contrast to the Nd:YVOy lasers described above, the pulse
energy of the TruMicro5050 does not depend on the repetition rate. Only for
very low repetition rates, a dependence could be observed. The internal feedback
control allows a very controlled and linear adjustment of the laser power and/or
pulse energy (compare Fig. [3.6). The laser was either controlled by an external
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Figure 3.6 TruMicro5050: Laser power P, and pulse energy Ej, in de-
pendence of the input fraction of total power and repetition
rate frep.

control interface or by connecting the laser to the SAMLight scanner software for
an integrated scanner-laser control (Sec[3.2.2). For the beam guiding and focusing
different scanner systems and lenses were used. In this thesis, the laser was mainly
used for the generation of laser-induced periodical surface structures (LIPSS) (see

Sec. [4).

TruMicro5000

The Tumpf TruMicro 5000 (E1151A0098) is a green, picosecond Yb:YAG laser
with a wavelength of A, = 515 nm and was also used for LIPSS creation. It is
based on the TruMicro5050 but has an internal frequency conversion. Average
laser powers of up to P, = 30 W can be reached at the maximum repetition rate
of frep = 800kHz. The nominal pulse duration is T, < 10ps. Similar to the
TruMicro5050, the power output is adjusted with a feedback control according to
a given input fraction of the total power. Again, the internal power regulation
allows a very exact adjustment of pulse energies independent of the repetition
rate (Fig. B.7). The control of the laser was equal to TruMicro5050.

Powerlite8020

The Continuum Powerlite8020 is a nanosecond flash-lamp pumped Nd:YAG laser
source. Within this thesis it was used for the interference experiments. Since the
interference experiments make up the main part of this thesis, the description
of the Powerlite8020 system is carried out in more detail. The fundamental
wavelength of the laser is A, = 1064nm. However, for all of the experiments
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Figure 3.7 TruMicro5000: Laser power Fj, and pulse energy Ej, in de-
pendence of input fraction of total power and repetition rate

frep~

in this thesis, it was frequency tripled by third harmonic generation (THG) in
an external frequency converter also supplied by Continuum. The frequency
converter box was mounted directly on the housing of the laser and the motorized
mounts of the converter crystals as well as their heating could be controlled by
the same interface as the laser itself. The crystal orientation was calibrated before
each laser treatment to allow the maximum possible laser power output in UV
(Ar, = 355nm). After this calibration, the laser could be used just as a nominal
UV source.

Laser Power Control Within the laser head, the oscillator Nd:YAG crystal is
pumped by one and the amplifier crystal by two flashlamps firing with a repetition
rate of frep, = 20 Hz. Accordingly, the repetition rate of the whole laser system is
limited to a maximum of f,e, = 20 Hz. The output lasing power of the system can
be adjusted by changing the Q-switch delay time Tq. The Q-switch delay time is
the time between the firing of the flashlamps and the opening of the resonator
Q-switch. By adjusting this delay, the effectiveness of the stimulated emission
in the resonator crystal can be influenced and hence, the output power. The
dependence of Q-switch delay time and laser power as well as pulse energy can
be observed in Fig. 3.8 (a). Due to larger instabilities in other regions, all of the
experiments were conducted within the gray shaded area (also compare Fig. [3.9

().

Beam Profile Due to the nonoperational seeder system (see below) and the
inhomogeneous pumping of the asymmetric positioned flashlamps, the beam profile
of the laser beam is a mixture of various different transversal resonator modes.
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Figure 3.8 Powerlite8020: Laser power P, and pulse energy F, at the
laser (a) and at the sample in the three-beam-interference
setup (b) in dependence of input Q-switch delay time. Due
to power stability reasons and better adjustment, only the
shaded region was used for the experiments. Because of the
beam shaping and the numerous optics in the beam path (see
Sec. , only about 5% of the output laser power reach
the sample in the three-beam interference experiment.

Such inhomogeneous beam profile massively constrains the ability of quantitative
statements about the intensity distribution within the beam and hence, about the
energy intake in the material at a given position. To overcome this challenge, a
beam shaping unit was designed and implemented for the three-beam interference
setup (see Sec. . This unit allowed an almost perfect Gaussian shaped beam
at the sample (see Fig. [.2). However, only a small fraction of the laser output
power can be transmitted. Nevertheless, due to the very high initial pulse energies,
fluences at the sample barely sufficed for demonstrating laser texturing. The
highest achievable pulse fluence at the sample was ®, = 0.6 J/cm?. A power and
pulse energy measurement conducted at the sample in the three-beam interference
setup can be observed in Fig. 3.8 (b). The two-beam interference experiment was
conducted with the unshaped, inhomogeneous beam profile and full power and

pulse energies.

Stability and Pulse Duration In order to find the best operating range, a
stability measurement of the pulse energies and pulse durations was conducted
with a photo diode (see Sec. . Within the gray shaded range in Fig. [3.9}
the laser reveals the most stable operation conditions while it is still possible to
adjust the pulse energies. The standard deviation of peak pulse powers and pulse
energies was determined to be less than 10% and 5% respectively. The pulse
duration within the operating range was measured to be T, = 5ns. Apart from
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Figure 3.9 Powerlite8020: Stability of pulse energy and peak pulse power
(a) and pulse duration (b) in dependence of Q-switch delay
time. In order to obtain stable operation, the operating
range for the experiments was limited to the gray shaded
area. Within this range the stability of the peak pulse powers
and pulse energies is smaller than wis' < 10% and 3! < 5%,
respectively. The pulse duration was measured to be T, = 5ns.
The y-values in (a) and the error bars in (b) are standard
deviations based on 1000 measurements for each data point.

the pulse-to-pulse stability on sub-second time scales, a general mean laser power
instability of uis! ~ 5 % was measured on time-scales of several minutes. On even
longer time scales of single days, slow power drifts of up to uis! ~ 10 % could be

observed.

External Control The laser as well as the frequency converter could be controlled
by a remote box interface as well as externally by ASCII commands via RS232.
The remote box allowed manual firing of single laser pulses with a given set of
input parameters as well as automated operation with a given repetition rate
frep and Q-switch delay time Tq. Externally the laser system could be controlled
either by Direct Access Triggering (DAT) of every single control signal needed for
the operation of the laser, or by remote access of the controls on the remote box
whereas the internal triggering of control signals is left to the laser system. For
the external control of the laser within this thesis the later was used. The RS232
was converted to USB and controlled via HTerm Terminal or scripted with the
python pySerial package. A complete listings of the commands and the command
syntax can be found in the PowerliteS8020 manual.
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PL[W] 4.5 1.25 0.8 48 15 4 0.18
Jrep[kHz] 100 100 15 400 400 0.02 0.02
Eyn] 230 90 55 130 40 200 000 9 000
P,[kW] 10 7 9 13000 4000 40 000 1 800
®,[J/cm?] 3.1 7.1 4.8 5 18 undef. 0.6
Table 3.1 Overview of laser properties: Comparison of measured laser

properties of laser sources used within this thesis (laser wave-
length Ar,, pulse duration Tp, beam profile, max. laser output
power Pp,, max. pulse repetition rate frp, max. pulse energy
E,, max. laser pulse power P,, max. surface pulse fluence
®,). The given maximum values are maximal values as used
for the experiments within the thesis and are not necessarily
The values marked with a

maximum values of the device.
dagger! are nominal values as stated by the manufacturer of
the laser source and have not been verified experimentally.

Seeder System Malfunction The PowerliteS8020 laser can be operated with
an optional Lightwave 101-04 seeding laser. There are multiple advantages of a

seeded operation:
e A more homogeneous beam profile because the resonator of the host laser

merely amplifies the beam of the seeding laser.
e A longer coherence length on the order of the actual pulse length (Al. =

1.5m), because of single longitudinal mode operation of the resonator.

e Shorter pulses and higher pulse-to-pulse stability because of the controlled
(seeded) initiation of the light emission within the resonator as compared to

spontaneous broadband initiation.
All of these advantages would massively improve the performance of the laser
and the outcome of the experiments. Unfortunately, albeit intensive efforts, it
was not possible to accomplish the operation of the seeding laser. The defect
was traced down to the laser diode within the seeding laser system, but due to a
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lack of detailed information about its characteristic properties, it could not be
replaced. Furthermore, the manufacturer does not offer any more information
and/or service for the laser system and its components.

Consequently all experiments were conducted in unseeded operation. However,
for an evaluation of the potential of the laser process, it has to be kept in mind
that all the experiments within this thesis were conducted with a limited and not
fully operational laser system.

3.2.2 Beam Guiding

Apart from the setups used for the interference experiments, mainly two other
experimental setups were used. An integrated structuring system for the experi-
ments on laser-induced chemical etching, particle lens arrays as well as general
studies about laser-material interaction. And a setup consisting of a scanner and a
lab jack for the experiments on Laser Induced Periodical Surface Structures. The
following section presents the working principle of these two beam guiding systems.
Details about the exact experimental procedure for each laser-treatment can be
found in the corresponding sections in the following chapter (Chap. E[) A detailed
description of the custom-made interference setups for the experiments on direct
laser interference patterning can be found in Sec. (two-beam interference) and
Sec. (three-beam interference).

Structuring System

For the monolithic interconnection of the solar cell stripes in a solar module, at
IEK-5 a laser structuring system is used [44]. This structuring system consists of
various laser sources as well as flying optics and a movable stage all in one housing.
The system is capable of fulfilling two tasks. On the one hand, it is designed
to perform the standard scribing processes for the monolithic interconnection in
thin-film silicon solar cells without the need of calibration or adjustment processes.
On the other hand, it can be altered or expanded with additional components to
be used as a laboratory system to investigate other techniques of laser processing.
All processing, however, can be conducted inside the housing.

Setup The structuring system incorporates three laser sources with different
wavelengths, the infrared Rofin1064, green Rofin532 and ultraviolet Rofin355 (see
Sec. for details about the laser sources). The laser beams of these laser
sources are guided within the structuring system to a movable optical head above
the stage. The stage is located in the horizontal x,y-plane and the laser beams
are reflected from the optical head to have normal incidence on the stage. For
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focusing of the laser beams, different lenses and lens systems can be mounted on
the optical head. In order to control the focus of these lenses, they are mounted
on a motorized stage that can be moved in z-direction. The optical head itself is
motorized to be movable in x-direction, while the stage can be moved in y-direction,
while the sample holder on the stage can be rotated around the vertical z-axis.
The sample holder is capable of fastening samples of various sizes but can also be
removed to mount additional equipment such as vacuum or reaction chambers
onto the stage. All movable parts of the structuring system are mounted on a
massive granite block to ensure high precision and position accuracy on the order
of single micrometers. For the movement in x and y direction speeds of up to
Uyy = 1000 mm/s can be reached. The movement in all three dimensions as well
as the rotation can be controlled by a computer-based CNC system developed
and implemented by Schulz Systemtechnik. The CNC system is also capable
of controlling the laser sources’ on and off times. Consequently, the scribing of
straight or curved lines or hatching of areas can be entirely conducted from the
computer system.

Scanner Lab Jack Setup

For the experiments with ultra-short pulse lasers, the combination of a laser
scanner, f-theta focusing optic and a motorized lab jack was used (Fig. . This
experimental setup allows quick and very flexible processing of sample areas up
to A =100mm x 100 mm. It was used mainly for the creation of Laser Induced
Periodical Surface Structures (see Sec. [.4).

Setup The scanners used for the experiments in this thesis where SCANLAB
hurrySCAN II which where mounted with f-theta lens systems in various focal
lengths made by Sill Optics. The movement of the scanner mirrors, the on and
off times of the laser as well as its output power was controlled by commercially
available SCAPS SAMLight software. The software offers an integrated control and
automation user interface but can also be controlled by the Microsoft Component-
Object-Model (COM) standard. For the actual laser treatments the integrated
SAMLight user interface was used, whereas for an automated focus search the
scanner was controlled by National Instrument LabVIEW software via a COM-
interface. For the positioning of the sample underneath the scanner, a sample
holder was designed and constructed. Consequently, it could be removed and
repositioned accurately, in order to characterize the sample in between the laser
treatments. The sample holder was mounted on a Thorlabs motorized lab jack
for z-positioning with an accuracy below 30 pm. The lab jack could be controlled
by external controls, an integrated user interface or ActiveX.
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Figure 3.10 Schematic drawing of scanner system: The laser beam enters
the scanner and is reflected by two fast moving mirrors. The
mirrors move in such way that an area underneath the
scanner can be scanned by the laser beam. Because most
laser processes require focusing of the laser light, the scanner
systems can be equipped with a lens or lens system.

Interference Setups

Apart from the two experimental setups mentioned above, a major part of the
experiments was conducted with laser-interference setups. For the technology
screening described in Chap. [, a two-beam interference setup was designed
and built (see Sec. . As a result of the screening, the interference process
revealed a high potential for the laser-texturing of ZnO:Al. Consequently, later on,
a highly flexible three-beam-interference setup was designed and built to further
investigate the interference processing. Since the development of this setup is part
of the results of this thesis, the detailed layout is not described here, but in the
corresponding chapter about direct laser interference patterning (Sec. .

3.3 Computational Devices

Apart from the actual experiments, a large part of the work done for this thesis
was of computational character. Starting from the automated actuating of the
laser sources, the control of beam guiding devices and positioning systems over
storing, managing and processing large amounts of measurement data in databases
to optical calculations and simulations of heat diffusion, ablation mechanisms
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and light trapping abilities. In order to simplify the interaction in between these
different tasks, a single programming environment was used for almost all of
these.

Python Programing Environment The Python programming language along
with the Spyder integrated development environment presents a simple and
powerful tool for all kinds of scientific computation. For data analysis and
presentation, the packages Scipy, Numpy and Matplotlib were used. For building
a web-served process database the Django framework was used. The actuating of
machines was carried out with the Serial package. Evolutionary algorithms were
implemented with the DEAP toolbox and parallelization was carried with the help
of the Multiprocessing and SCOOP packages. Optimizations with evolutionary
algorithms play an important part within the thesis. In order to be able to verify
the results of the optimizations, the utilized algorithm is laid out in detail in the
following paragraphs.

Genetic Algorithm for Global Optimization

A schematic flow chart of the genetic algorithm used for various optimization
tasks in this thesis is depicted in Fig. [B:1] The algorithm was implemented in
the Python programming language with help of the DEAP toolbox [38,82]. The
general outline of the algorithm is explained in the following paragraphs.

The genetic algorithm mimics the evolution of individuals in a population over
the course of many generations influenced by mating, mutation and selection of
the fittest. Each individual [; in a population P = I3, I, ...I, has a certain set of
attributes x, ¥, z, .... According to these attributes, the individual can be evaluated
and a fitness value f can be assigned to the individual by the optimality function
f=/fU(z,y,z..)). A population contains a certain number of individuals and
evolves by mating of individuals within the population (two individuals somehow
mix their attributes to create a new individual) or by mutation (random change)
of certain attributes in certain individuals.

Creation The first population of n,,, individuals is created by randomly creating
individuals. An individual is created by uniformly drawing a value (e.g. z;) for
each of its attributes (z,y, Z)E| within the given boundaries for the attribute
([Zmins Tmax))- After the population has been created, it is first evaluated by
assigning a fitness to each of its individuals by the optimality function. Thereafter
the modification and re-selection of the population starts and is repeated for ngen
generations.

3For reasons of simplicity, from here on only three attributes are stated.
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Figure 3.11 Schematic flow chart of genetic algorithm used for global
optimization.

Modification An amount of randomly selected A individuals out of the popula-
tion is modified in each generation. The modification can take place by mating,
mutation or replication. The probabilities for each of the A individuals to undergo
one of the modifications are given by p, for mating, p+ for mutation and p— for
replication. Whereas

Pxtprtp-=1 (3.10)

has to be fulfilled.

The replicate algorithm leaves the individual and all of its attributes unchanged.

Ii(s, yi, z) — Ie(wi, v, 21) (3.11)

The mutate algorithm determines for each of the attributes of a given individual
if it shall be mutated. The probability for mutation or not is ¢+ independent for
every attribute . If a certain attribute is to be mutated, its value is replaced by a
new value uniformly drawn within the boundaries for the given attribute.

(i, ys, ) — Iz, s, %) (3.12)
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with
X E[l'min-, :L'max]y 2t E[Zminv Zmax] . (313)

The mate algorithm executes a uniform crossover of two individuals. For each
attribute of the individuals it is determined if the two individuals exchange the
value of the attribute or retain their original value according to a probability of
qx-

I, vi, %) — If(xj:yjazi) (3.14)
Ii(y, v, 25) — Le(i,yi, %) (3.15)

Reproduction and Selection After the modification, all new individuals are
evaluated by the optimality function. The subpopulation of A\ partially new
individuals is then added to the original, unchanged population of u individuals
(also see Fig. B.I1). In the final population of p + A individuals, the fittest
individuals are selected according to their fitness value and placed in the next
generation. This type of algorithm in which the next generation is selected from
offspring and original population is also known as a (u + \) algorithm.

Evolution and Analytics The process of modification, evaluation and selection
is then carried out for each of the following generations until a given number of
Ngen generations is reached. In each generation the population is analyzed and
the minimum, maximum, mean and standard deviation of fitness values of its
individuals are logged in a logbook (log). By analyzing these values, it can be
investigated if the population is evolving in a certain direction and how the spread
of attributes (the gen pool) within the population evolves. Furthermore, the all
time best evaluated individuals are recorded in a hall of fame (hof).



3 Devices and Methods




4 Process Comparison

With the aim of developing a laser-based texturing process for ZnO:Al layers
used as front contacts in thin-film silicon solar cells, a technology screening is
conducted. Five different types of laser processes are evaluated and compared.
The goal of the comparison is to pre-select industrial relevant processes concerning
the criteria of size and adaptability of feature geometries, scalability to large areas
and simplicity.

After laying out the criteria of the comparison in more detail, in each of the
following sections one of the five techniques is explained and the experimental
adaption for the texturing of ZnO:Al is described. ZnO:Al substrates textured
with each of the different techniques are presented, characterized and discussed.
In the end of the chapter each technique is assessed with respect to the criteria
mentioned above, an overall conclusion is drawn and one technique is selected for
further investigations.

Please note that an earlier stage of this technology screening has already been
published [56]. Some phrases in the following subsections may be identical to the
publication.

Criteria for Comparison The most important demand on the desired process is
the capability of producing textures with small feature sizes. The feature sizes
need to be on the order of the wavelength of the incident light. Only such small
features can scatter the incoming light effectively (compare light trapping in Sec.
. Furthermore, the feature sizes and geometries need to be adjustable and
adaptable. Only a high flexibility of feature shapes and sizes yields an adaptable
light management (see motivation of thesis in Chap. . To be applicable in an
industrial environment, the process also needs to be scalable to large areas and
retain a certain simplicity. Scalability here is not only understood as the capability
to texture large areas, but also texture large areas in a reasonable amount of time
(vg Z 1m?/min). To keep down the cost of machinery and ensure functionality
in non-laboratory conditions, the process needs to be somewhat simple, stable
and nonreactive to disturbances. The sum of these properties is referred to as
“simplicity”.



52 4 Process Comparison

4.1 Direct Writing

Motivation An obvious and at first sight also very simple technique of laser
texturing is direct writing. The laser beam is focused directly on the sample.
Given a sufficient laser fluence, the material within the perimeter of the focus
spot is heated and ablated. The focus spot is then moved to a different area and
the process is repeated. For slow movement velocities (v < 1m/s), the sample is
moved relative to a fixed laser beam. To achieve higher writing velocities, scanner
systems can be applied (see Sec. . With modern scanner, controller and
computer systems, the numerous laser spots can be positioned with high accuracy
and speed. Consequently, nominal ablation areas can be arranged in arbitrary
shapes in the computer software and can then be "written” into the material
with the laser beam. At first sight, this technique seems very promising for the
application of producing light scattering textures.

Feasibility Considerations In order to produce the desired feature sizes, focusing
of the laser beam to spot radii of about r¢ = 500 nm is necessary. This can only be
achieved with very small working distances. Furthermore, according to Gaussian
beam propagation small foci can only be obtained with a small Rayleigh length and
thus very shallow depth of field (see Gaussian beam optics in Sec. . Assuming
a laser wavelength of A = 355nm, and a desired beam radius of wy = 500 nm
yields a Rayleigh length of 2z = 2pm (compare Eq. 2:I7). Accordingly, the
variation of the distance in between the focusing optics and the sample surface
needs to remain well within this limit of 2 pum. Such high demands on accuracy
and stiffness again ask for very costly machinery which is not feasible for industrial
production. Furthermore, even if these high demands on optics and machinery
can be met, the scalability to large areas is still limited. Assuming the use of a
polygon scanner system with a velocity of vsean = 100m/s, the processing of an
area of A = 1m? would require
~ 1 ~ 1

o~ P 188 min. (4.1)
Whereas the spot size As was assumed to be roughly equal to the beam area
Ay, = mwi. In order for a laser to be able to handle such high scan speeds it would
need a repetition rate of

Vg,
frep = \;j{ ~ 110 MHz. (4.2)
While current mode-locked laser systems can reach such high repetition rates, the
processing time of several hours per square meter is not feasible for industrial
application.
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4.2 Laser-Induced Chemical Etching

Motivation Laser-induced chemical etching offers a method to locally adapt the
etching environment of the ZnO:Al. This is done by locally confined heating of the
ZnO:Al and part of the surrounding etchant with laser light. The shape of the etch
features as well as the speed of the etch process depend on the temperature [74].
By heating the echant to higher temperatures than previously investigated, new
feature shapes could possibly be obtained. Furthermore, a combination of etching
with simultaneous laser illumination may allow a locally adaptable etch texture
capable of a more adaptable light management within the cell.

4.2.1 Experimental Procedure

Design of Reaction Chamber For the experiments to laser-induced chemical
etching, a reaction chamber was designed and built. The design of the chamber
was laid out in a way that the sample can be processed from both sides. On the
one hand, the sample can be submerged in the etchant and rests on a sample
holder in the interior of the container. The container is sealed with a glass cover
plate and filled. In this configuration the laser enters through the glass cover
plate through part of the etchant and hits the sample from the film side. On
the other hand, the sample holder can be left empty and the sample itself can
be used as the cover plate of the chamber with the film facing the interior of the
chamber. In this configuration, the laser beam does not have to penetrate the
etchant first, but enters the sample directly from the glass side (compare Fig. .
The chamber can be filled by a close able valve and a standing pipe guarantees
proper filling. The chamber was carved out of polyether ether ketone (PEEK), a
material capable of withstanding reactive substances and high temperatures. For
the laser processing, the chamber can be mounted on the movable stage within
the laser structuring system (see Sec. [3.2.2).

Laser Treatment For all experiments the configuration with the sample as lid
of the reaction chamber was used, so the laser did not need to penetrate the
etchant. After the mounting of the sample, the reaction chamber was filled with
hydrochloric acid (HCI) and mounted in the laser system. The laser processing was
carried out, the chamber was unmounted, the acid and the sample removed and
cleaned with DI-water. Even without any laser processing, this procedure required
approx. tex, = 20 min working time. For the experiments the nanosecond, infrared
Rofin1064 was used. Due to the rather low absorption of ZnO:Al at A, = 1064 nm,
the ZnO:Al layer was heated almost homogeneously in growth direction. The
green (Rofin532) and ultraviolet lasers (Rofin355) were not expected to yield
better results because of too low absorption in the liquid and too high absorption
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Figure 4.1 Reaction chamber for laser-induced chemical etching: (a) The
design of the chamber allows to mount the sample in two
different ways, so processing of the film side through the
echant or through the glass side of the sample is possible. (b)
Reaction chamber mounted in the structuring system.

at the glass—Zn0O:Al interface respectively. The laser was used at a repetition rate
of frep = 10kHz and the feed rate was varied down to vgeeq = 0.1 mm/s. With the
beam radius measuring wy = 50 pm these parameters allowed a maximum dwell
time of the laser beam of tgwey = 1.

Because of the required time for mounting and dismounting sample and chamber,
the experiment was limited to the use of very weak concentrations of HCL. Accord-
ing to the experimental data published by Owen , for a volume concentration
of o) = 0.031 %, at room temperature of Trr = 25°C an etch rate of approx.
kuc & 1nm/s is expected. Considering ZnO:Al films of hzyo.a1 = 700 nm thick-
ness, the layer is destroyed after ¢,,,x = 11 min. To overcome this problem, volume
concentrations of ogc; = 0.01 % have been used for the experiments. To further
suppress parasitic etching without laser, the reaction chamber as well as the acid
where cooled to Ty = 13 °C prior to the experiment.

4.2.2 Results and Discussion

Experimental Findings The treatment by laser-induced etching revealed similar
textures as the mere etching without laser treatment. The surface texture as
well as the etch rate were not significantly influenced by heat induction by the
laser. The ablation threshold of the ZnO:Al film was determined to be at a
fluence of ®, = 0.81.J/cm?. Above this fluence, the film was removed completely.
Closely underneath the ablation threshold at approximately ®, = 0.77 J/cm? no
significant differences in the texture could be measured. For comparison, two
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Figure 4.2 Influence of laser heating on etching process (AFM images):
(a) The sample was submerged in HCI with a volume concen-
tration of opcy = 0.01% at Texp = 13°C for teyp, = 20 min.
(b) Additionally, a nanosecond infrared laser with a flu-
ence of ®, = 0.77J/cm? was scanned over the sample at
Vteed = 0.1 mm/s. Due to the weak temperature dependence
of the etch rates of highly diluted HCI, the measurements
show no significant difference in the textures.

textures of a purely etched and an etched and simultaneously laser-treated area
of the same sample are depicted in Fig.

Theoretical Considerations To further investigate the findings of the low influ-
ence of the laser heating, an estimation of the temperature dependences of the
etch rates was carried out. The total etch rate ki, throughout the experiment can
be calculated in dependence of the regular chemical etch rate at low temperature
kncr and the laser heated etch rate at high temperature kgciar by

ot = (texp — tawenn) - krcr + tawen - krcit- (4.3)

In order to be able to observe a difference in mere chemical etched and laser-heated
etched material, a required increase of 10 % of the total etch rate is assumed. The
laser-heated etch rate then calculates to

te
Foron — (e 1) y— 4.4
HCI+L (10 T~ + HCl (4.4)
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Figure 4.3 Temperature dependence of the ZnO:Al etch rate of two
concentrations of HC] (Data extracted from publication by
Owen [73]). For the weak concentrations high temperatures
are needed to achieve a significant speed-up of the etch reac-

tion.
Assuming a minimum working time of tep, = 30min, a laser dwell time of
tawel = 1s and a maximum low temperature etch rate of kycg = 0.5nm/s, the

etch rate has to be sped up by the laser heating to a rate of kyci1r, & 90nm/s.
Given the limitation for the etch rate kycy < 0.5nm/s at a temperature of
Texp = 13°C (see preceding paragraphs) only concentrations of oga < 0.06 %
were suitable for the experiment. The temperature dependence of the etch rate
for the concentrations of opc = 0.031 % and e = 0.062 % was extracted from
Fig. 6.12 in the publication by Owen and is depicted in Fig. Given this
data, it can be concluded that the required etch rate of kuycipn & 90nm/s can
only be achieved for acid temperatures of above Ty > 160 °C (see Fig. [4.3).

Granted that the absorption coefficient of ZnO:Al is four orders of magnitude
higher than the one for water, it is not possible to directly heat the acid to such
high temperatures without ablation of the ZnO:Al layer. The acid has to be
heated indirectly. A small volume of acid directly adjacent to the ZnO:Al surface
is heated by heating the ZnO:Al layer with the laser. However, no significant
change of the etch rate could be observed in the experiments. It is assumed that
the dwell time of the laser is not long enough to heat a sufficiently large volume
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of the acid so the etching process is sped up significantly. Higher laser powers
again lead to the ablation of the ZnO:Al layer, while longer dwelling times than
tawen = 1s inhibit industrial application. A setup with a laser beam parallel to the
surface of the sample could be a possibility to overcome this challenge by directly
heating the acid without risking an ablation of ZnO:Al. However, such a setup
requires a more complex reaction chamber and was not further investigated since
it does not seem feasible for industrial application due to the complex setup.

4.3 Particle Lens Array

Motivation Focusing the laser light to small spots for direct writing with the
laser beam poses high demands on the machinery and optics (see Sec. .
By bringing the focusing optics directly on the surface of the sample, these
demands can be avoided. It has been shown that a particle lens array deposited
on the surface of a material and irradiated by laser light leads to a local intensity
enhancement underneath the spherical particle lenses (microspheres) [26}27,[78].
This enhancement of the electromagnetic field can be used to texture the ZnO:Al
with small crater-like features. Whereas this phenomenon is not a classical focusing
phenomenon as in geometrical optics, the microspheres shall still be considered as
"lenses” and are referred to as such.

4.3.1 Experimental Procedure

Deposition of Microspheres For the particle lens array, commercially available
silica (Si09) microspheres with a diameter of d = 450 nm were used. The mi-
crospheres were purchased from Corpuscular Inc. They were dissolved in water
and applied to the ZnO:Al film by drop coating. For the drop coating, volume
concentrations ranging from ogio, = 0.01% to 5% were used. In small, partial
areas of the sample, a monolayer of touching spheres could be achieved for a
concentration of ogio, = 0.5% (see Fig. @ (a)). However, it was not possible to
cover larger areas with such monolayer. After drying, the substrate was mounted
in the laser structuring system (see Sec. 3.2.2).

Laser Treatment The three nanosecond Nd:YVOQO, lasers Rofin1064, Rofin532
and Rofin355 were available for the treatments. Fluences measured in front of
the particle lens array of up to ®, = 3.1.J/cm?, 7.1J/cm? and 4.8 J/cm? could be
realized respectively. Repetition rates were varied from f,e, = 10kHz to 20kHz .
Because almost all particles were removed by the laser irradiation, no cleaning
step was needed after the laser treatment.
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Figure 4.4 Particle lens array — deposition and texture (SEM and LSCM
pseudo 3D image): (a) The microspheres were deposited on
the ZnO:Al by drop coating. In partial areas of the sample,
the deposition of a monolayer of spheres could be achieved.
(b) By laser ablation, a texture of unified craters is created
in the center of the laser spot surrounded by single craters.
Further on the outside, the energy of the laser does not suffice
to texture the ZnO:Al but solely removes the spheres.

4.3.2 Results and Discussion

Experimental Findings By refocusing the laser beam with a particle lens array,
crater-like structures could be obtained. Whereas the IR laser only damaged the
surface of the ZnO:Al, the green laser revealed some single crater-like structures.
However, these were only visible in some laser spots and the surface of the
ZnO:Al around the craters appeared to be damaged. The UV laser showed the
best results. Using fluences from ®, = 0.19J/cm? to 0.23J/cm?, a pattering
of microscopic areas with single craters was possible with minimal uncontrolled
surface damaging. Lower fluences merely removed the spheres from the surface
without any pattering, whereas higher fluences led to a melting process and
unification of more small craters to unwanted, larger features (referred to as
unified craters). Above ®, = 0.68J/cm?, flake formation was observed and the
7ZnO:Al could be assumed to be damaged. The diameters of the single craters
range from reater = 300 nm to 800 nm. On average, the craters are approximately
derater = D0nm deep, whereas there were strong deviations. Depths of up to
Aerater = 200nm also occurred.

Due to the high sensitivity to fluences, covering larger areas was challenging.
The flanks of the Gaussian beam spot did not carry enough energy to ablate
the ZnO:Al and form craters. Nevertheless, the energy sufficed to remove the
microspheres. This led to an untextured ring-shaped area around the beam spot
where the microspheres were already removed (see Fig. @ b) ). Accordingly, this
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Figure 4.5 Exemplary texture obtained by particle lens array created
with @, = 0.22J/cm? and &, = &y = 47% (SEM images
and AFM image): (a) Overview of patterned area containing
three different processes: low fluences on the perimeter of the
spots led to the removal of spheres and left untextured areas
(1), medium fluences closer to the center of the spots led to
a single crater texture (2), high fluences in the spot centers
led to a fusion of craters to larger features (3). (b) Detail of
single crater texture (as in (2)). (¢) AFM measurement of
spot center (as in (3)).

area could not be textured by the next adjacent pulse. Using the same overlap
and higher fluences merely led to larger areas of unified craters in the center of
the spots (3 in Fig. [.4h)) without improving untextured area. Consequently,
seamless stitching of Gaussian pulses and covering larger areas with the texture
was not possible.

The partially textured substrates were characterized optically but do not signif-
icantly differ from the flat reference. Whereas the transmission remains on a
high level, the haze value reveals only very little scattering abilities. The sheet
resistance remained unchanged by the texturing. An exemplary texture created
with 0.22J/cm? and a line overlap of the laser focal diameter of 47 % is depicted
in Fig. (a) to (¢). The UV Laser was used with a repetition rate of 15 kHz
and a power of 38 mW. In this texture the three processes can be observed; single
craters (Fig. [L (b) and 2 in Fig. [L.5 a)), larger features of melted unified craters
(Fig. 5] (¢) and 3 in Fig. (a)) and untextured areas because of removal of

the spheres (1 in Fig. (a)).

Using the infrared laser, no crater-like texture could be obtained. For fluences up
to 0.4 J/cm? the ZnO:Al remained untouched, whereas for higher fluences cracks
occurred. With the green laser, a similar texture as in Fig. a) to ¢) could be
obtained. However, the process window was even smaller compared to processing
with the UV laser and higher fluences of 3.5J/cm? were needed.
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4.4 Laser-Induced Periodical Surface Structures

Motivation Laser-Induced Periodical Surface Structures (LIPSS) also known
as ripple structures are surface textures on the treated material. The size of the
structures typically is on the order of the wavelength of the laser and below. They
are mainly observed in multi-pulse processes of ultra-short-pulse lasers close to
the ablation-threshold of the treated material. Because of the small feature sizes,
LIPSS can possibly be used for texturing ZnO:Al layers for light in-coupling as

well as light trapping (see Sec. 2.1.2)).

Theoretical Background LIPSS have been first observed by Birnbaum [10] on
various semiconductors in 1965. Thereafter, the formation of such ripple structures
has been observed on various other materials as well [101]. Two different kinds
of LIPSS can be observed. Low spatial frequency LIPSS (LSFL) have spatial
periods A just below the wavelength of the incoming laser light (A < A). High
spacial frequency LIPSS (HSFL) typically show much smaller periods down to
approximately one forth of the wavelength of the laser. Although LIPSS have
been investigated for decades, their formation is still not fully understood [93],
various theories exist [51,/6485][102,[103] and experimental results still deviate
from theoretical predictions [104]. The most promising, so-called ™efficiancy™
theory was first developed by Sipe and Young [92,[109] in 1983. It assumes an
interference of the incoming wave with a surface scattered wave to be the origin for
the periodic energy deposition along the surface as first proposed by Emmony [34].
The theory was then further developed by Bonse [?,[16] and the research is still
ongoing [46]. The exact underlying physcial processes that lead to the periodic
energy deposition depend on the material [101]. For metals it is suggested that
surface plasmon polaritons play an important role [17]. Taking into account the
Drude theory and transient changes of the refractive index due to the generation
of quasifree electrons during the laser-treatment [107], the spatial periods and
orientations of LSFL and HSFL can be explained for single-crystalline ZnO [29].
There have also been various experimental studies of different LIPSS geometries
on crystalline ZnO [41}43]. Furthermore the dependence of LIPSS formation on
substrate material [111] and wavelength of incoming laser light [49] as well as
two-beam treatment [50] was investigated.

4.4.1 Experimental Procedure

LIPSS Setup In order to obtain LIPSS with different spatial periods, the infrared
Tumpf TruMicro 5050 and green Tumpf TruMicro 5000 picosecond Yb:YAG lasers
were used (see Sec. B.2.1). The polarization of the laser beam was controlled
by quarter and/or half-wave plates to obtain circular polarized as well as linear
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Figure 4.6 Exemplary LSFL texture created with ®, = 0.53 J/cm?, & =
&y = 88% and linearly polarized, infrared picosecond laser
(SEM images and AFM image): (a) Overview with visible
stitching effects. (b) Detailed image of feature geometry.
(c) Measured Topography: The texture is of clear periodic
character with a spatial period of A = 900 nm and a groove
depth of Ah = 300 nm.

polarized light of any angle (Sec. . The beam was deflected by a galvo
scanner system and focused by an f-theta lens system (see Sec. on the
film side of the substrate under normal incidence. Lenses of various focal lengths
were used, yielding pulse fluences up to ®, = 5J/cm? and ®, = 18J/cm? for
A =1030nm and 515 nm respectively.

4.4.2 Results and Discussion

Low Spacial Frequency LIPSS (LSFL)

Topography Using the infrared laser with linear polarized light, LSFL could
be created (see Fig. [L.6). The process windows ranged from ®, = 0.53.J/cm? to
0.61 J/cm? with a spatial pulse overlap of at least &, = &, = 80 %. Using lower
fluences did not yield any effect on the ZnO:Al, whereas higher fluences led to flake
formation and partial ablation of the ZnO:Al destroying the electrical properties
of the film. Within the process window, the texture shows a clearly periodic ripple
structure with a spatial period A of approximately A = 900nm and a groove
depth Ah ranging from Ah = 200nm to 300nm. It was possible to rotate the
orientation of the grooves by changing the angle of the linear polarization (see Fig.
@). However, it was not possible to texture the same area twice with different
LIPSS orientations as to obtain a cross hatched texture. Only the geometry of
the second treatment remained. Furthermore, no creation of HSFL with spatial
periods much smaller than the laser wavelength could be created.
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Figure 4.7 Polarization dependence of LSFL (LSCM images): The orien-
tation of the LSFL can be adjusted by changing the orientation
of the linear polarized laser light. The ripples are orientated
perpendicularly to the electrical field of the laser beam.

Electro-optical Properties Four point sheet resistance measurements revealed
a slightly augmented sheet resistance of Rg = 11{). The LSFL reveals better
scattering properties than the untextured ZnO:Al. At the same time, the haze is
not as large as the standard etched texture. Furthermore, the total transmission
remains below the flat as well as standard etched texture (see Fig. for short
wavelengths, but surpasses the flat reference in the longer wavelength region (see

Fig. [£10).
An exemplary texture created with a fluence of @, = 0.53J/cm? and an overlap

of & = &, = 88% is depicted in Fig. @ Up scaling to larger areas A = 100 mm
x 100 mm was possible with only little stitching effects (see Fig. [L.6)) (a)).

High Spacial Frequency LIPSS (HSFL)

Topography Using the green laser with circular polarized light, a coral-like tex-
ture with features well below the wavelength of the incoming light could be created
(see Fig. @) For reasons of simplicity and due to the correlation with the LSFL
process regarding polarization dependency and process parameters, this process
is referred to as a HSFL process — albeit the periodicity not being very obvious.
The fairly narrow process window ranged from @, = 0.68J/cm? to 0.75J/cm?
with line overlaps from 80 % to 85 %. For higher fluences or larger overlaps, there
was a strong crack formation, whereas for lower fluences or smaller overlaps, no
LIPSS formation could be observed and the ZnO:Al remained untextured. The
feature sizes of the textures ranged from d = 200nm to 350 nm. Using linear
polarized light, some of the features could be aligned according to the polarization.
However, it was not possible to obtain a clearly periodic line-like texture (see Fig.
. Furthermore it was not possible to produce a LSFL structure with spatial
periods on the order or just below the wavelength of the incoming light.
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Figure 4.8 Exemplary HSFL texture created with ®, = 0.73J/cm?,
&x = & = 84% and circularly polarized, green picosec-
ond laser (SEM images and AFM image): (a) Overview of
larger area. (b) Detailed image of feature geometry. (c)
Measured Topography: The feature sizes of the texture
range from d = 200nm to 350nm with a rms roughness
of Ryms & 100 nm.

Electro-optical Properties The measured sheet resistance strongly varied over
the substrate ranging from Rg = 30€) to 100 ). Measurements of the diffuse and
total transmission revealed good scattering abilities of the HSFL texture at the
ZnO:Al-air interface. Wavelengths below A = 900 nm are scattered significantly
better than the flat reference but slightly worse than the etched reference. However,
for longer wavelengths the HSFL texture shows higher scattering abilities than
the standard etched reference. The total transmission shows a similar picture,
while being less transparent than both references in the short wavelength regime,
the HSFL textures is more transparent than both references above A = 900 nm.

Figure 4.9 Influence of polarization on HSFL texture (REM images):
Using linear polarized green laser light, no line-like texture
could be produced. Changing the orientation of the polariza-
tion only marginally influences the orientation of the HSFL
features.
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Figure 4.10 Scattering properties of LIPSS (optical spectra): Both LSFL
and HSFL textures show scattering properties at the ZnO:Al-
air interface. LSFL and HSFL show higher haze values than
the untextured reference. The total transmittance of LSFL
and HSFL remains below both references in the shorter
wavelength regime. In the longer wavelength regime the
LSFL reveals a better transmittance than the flat reference,
while the HSFL even surpasses the standard etched reference.
The gain in transmittance is attributed to better in-coupling
properties.

An exemplary texture is depicted in Fig. 4.8 (a) to (c). Circular polarized light, a
fluence of ®, = 0.73 J/cm2 and a pulse overlap of &, = &, = 83 % were used. A
root mean square surface roughness R,,s of approximately R,,s = 100 nm was
calculated from AFM measurements (Fig. (c)). Applying the texture to
larger areas A = 100 mm x 100 mm was possible with almost no stitching effects
(compare Fig. [4.§ (a)).

4.4.3 Speed Considerations

Assuming that a fluence of ®, = 0.7J/cm? and a line overlap of &, = &, =80 %
(see definition of line overlap in Sec. [2.2.1) is needed, this would result in an
effective fluence g of

ép = Cm2
(beﬂ = m =175 J/ . (45)
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The most recent commercially available picosecond laser systems for industrial
application reach powers of up to P, = 1kW E[ Taking into account such average
powers, the covering of an area of A = 1m? would require to = 175s.

4.5 Two-Beam Direct Laser Interference
Patterning

Motivation Direct laser interference patterning (DLIP) is a technique which
uses the intensity pattern of overlapping laser beams to directly induce topography
pattern on a surface [6,48/59,/69]. Recently this techniques has also been applied
in the field of photovoltaics [60,/71], for texturing of ZnO:Al layers [31}32] and very
recently even the production of functioning DLIP-patterned thin-film silicon solar
cells was reported [86]. The technique promises potential areal processing speeds
of vg = 1m?/min [61] which makes it very suitable for industrial application.

Theoretical Background Whenever two laser beams overlap, the electromag-
netic fields of the beams are superimposed to form a resulting intensity pattern
within the overlapping volume (see Sec. 2:2.1)). For two temporal coherent laser
beams this intensity pattern is of spatial periodic Characterﬂ The electromagnetic
waves of the laser beams interfere and produce a periodic intensity pattern in the
overlapping volume which is often referred to as the interference volume. The
spatial period of the interference pattern depends on the angle of incidence of
the laser beams (compare Fig. . Bringing a sample within the interference
volume results in a periodic laser intensity distribution along the surface of the
sample. Consequently the sample is heated periodically. If the sample is heated
sufficiently, a periodic ablation of material occurs and results in a periodically
textured surface. For the use of ZnO:Al, a UV laser in nanosecond regime is
suitable because it ablates the ZnO:Al nearly proportional to the intensity of the
laser light [58]. Consequently, the intensity pattern of the interfering laser beams
can be transferred to a topographical pattern on the surface of the ZnO:Al.

4.5.1 Experimental Procedure

Two-Beam DLIP Setup In Fig. [L.11] a schematic drawing of the two-beam in-
terference setup is depicted. A frequency tripled Nd:YAG Laser with a wavelength
of A;, = 355nm and a pulse duration of T, = 5ns was used. For the treatment

le.g. AMPHOS 400
2Strictly speaking the intensity pattern is only periodic along any given axis that is not the
axis represented by the sum of the wave vectors of the two interfering laser beams.
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Figure 4.11 Experimental setup for two-beam direct laser interference
patterning (Sketch): A linear polarized UV nanosecond
laser is split by a polarizing beam splitter cube (BSC). The
polarizations of the partial beams are aligned by half-wave
plates (WP2, WP3). The beams are reunited at the sample
by two adjustable mirrors (M1, M2). The intensities of the
partial beams can be adjusted by a half-wave plate (WP1)
and the angle of incidence & by a movement of the sample.

of the ZnO:Al only single pulses were used. The laser beam was split using a
polarizing beam splitter cube and reunited at the substrate at an adjustable
angle to the surface. The substrate was mounted vertically on a x, y, z manual
positioning system. The intensities of the partial beams were equalized by a
quarter-wave plate in front of the beam splitter cube and their polarization was
aligned by two half-wave plates in each partial beam. Without focusing, pulse
fluences of up to @, ~ 9J/cm? could be reached.

4.5.2 Results and Discussion

Experimental Findings Using DLIP, it was possible to produce various, strictly
periodic textures in ZnO:Al. With a single shot treatment, areas of approximately
Ay = 2mm? could be covered with a line-like texture. An exemplary line-like
texture is shown in Fig. [£.12) (a) to (¢). The texture was created with an angle of
incidence (« in Fig. of « = 6.8° and a pulse energy E,, of approximately
E, ~ 30mJ. This yields an avcragcdﬁ fluence of ®, ~ 1.5J/cm?. The texture
is of clear periodic character, with a spatial period of A = 1.5pm and a groove

3Spatially averaged over the estimated area where a texturing effect can be observed.
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Figure 4.12 Exemplary texture created by two-beam DLIP with ®, ~
1.5J/cm? and angle of incidence & = 6.8° (SEM images
and AFM image): (a) Overview of larger area. (b) Detailed
image of feature geometry and some crack formation. (c)
Measured Topography: The smooth texture is of strictly
periodic character with a periodicity of A = 1.5pm and a
groove depth of Ah = 500 nm

depth of Ah = 500nm (Fig. (¢)). In areas of high energy intake, formation
of small cracks can be observed (Fig. [L12|b)).

The spatial periods of the textures could be continuously adjusted from A = 400 nm
to 15000 nm. However, for smaller spatial periods the depth of the grooves lessened
to almost completely vanish at A = 400 nm. The intensity distribution within the
profile of the specific laser used for the experiments was very inhomogeneous. The
laser power fluctuations of the system ranged up to uts! ~ 20 %El Consequently, the
calculated fluences underlay strong variations and have to be treated with extreme
caution. However, some general trends could be observed. For lower fluences
the ZnO:Al was only ablated at the peak intensities of the interference pattern,
while in between the grooves a flat, untreated area remained. With rising fluences,
the groove depth rose until the ZnO:Al was ablated even in between the peak
intensities, leading to a sine-like texture. In some areas of high energy deposition,
formation of small cracks could also be observed. Due to the inhomogeneous, non-
Gaussian beam profile of the specific laser used for the experiment (see Fig.
(a)) and the corresponding energy distribution within the laser spot, homogeneous
covering of larger areas by stitching pulses was not possible. Consequently no sheet
resistance measurements or extensive optical measurements could be performed.
The illumination of the textures with a weak laser source, however, leads to a
diffraction of the laser light. The diffraction pattern changes according to the

4By thorough characterization of the laser’s instabilities and subsequent operation of the laser
system only at the optimal operating point, this instability could be improved later on when
using the same laser system for the three-beam interference setup.
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Figure 4.13 Texture variety obtainable by two-beam DLIP (AFM mea-
surements): (a) Three textures obtained with ®, ~ 2 J/cm?
and angles of incidence of & = 8.5° (left), 10.2° (middle)
and 12.8° (right). The dent-like texture overlaying the peri-
odic grooves is assumed to be ablated ZnO:Al resettling on
the layer. (b) Texture obtained by superposing two line-like
textures. The sample was textured with the same param-
eters as in Fig. .12} rotated for p = 45° and processed
again with the same parameters.

spatial period of the texture illuminated. These experiments indicate that the
produced textures are capable of effective light scattering.

To demonstrate the flexibility of DLIP, examples of texture with spatial periods
of A = 1200nm, 1000 nm and 800nm can be observed in Fig. (a). The
according angle of incidence was & = 8.5°, 10.2° and 12.8 ° respectively. In order
to obtain two-dimensional textures, two processes creating line-like textures could
be superposed with a rotation of the substrate in between the treatments. An
exemplary two-dimensional structure with a sample rotation of ¢ = 45° is shown
in Fig. (b). A detailed look at the height profile of the texture depicted in
Fig. (c) reveals a sine-like texture. An intensity profile of the two interfering
laser beams can be calculated by superposition (see Sec. . Comparing the
measured height profile of the surface with the inverse of the calculated intensity
profile, there is a good match (Fig. [.14). Please note that the calculated intensity
profile is only of relative character and has been scaled in height to fit the measured
data.
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Figure 4.14 Comparison of measured height profile and calculated inten-
sity of two interfering laser beams: The measurement data is
identical to the data presented in Fig. (c). The intensity
is scaled vertically to fit the measurement. The good match
of measurement and calculation demonstrates the potential
for an analytical description of possible textures.

4.6 Conclusion

The process for texturing the ZnO:Al has to meet many requirements. It needs to
be capable of producing textures with feature sizes in the sub-micrometer range.
Furthermore, the geometries and sizes of these features need to be adjustable
so scattering properties can be controlled. In addition to these physical require-
ments on the outcome of the texturing process, the process itself needs to meet
technological requirements for industrial applicability. It needs to be simple and
scalable to large areas, in order to be compliant with the cost, material and energy
effective manufacturing of thin-film silicon solar cells.

A simplified summary of the comparison in the preceding chapter with regard to
these main demands is depicted in Tab. £1]

Direct Writing The approach of direct writing could be capable of producing
feature sizes on the right order of magnitude and with a very high flexibility of
potential feature shapes. However, the very high demands on the machinery ask
for a complicated and costly setup and the possible productions rates inhibit
industrial application.

Laser-Chemical Etching The technique of laser-induced etching did not reveal
promising results. Whereas the experimental setup was somewhat complex, it
could be scalable to larger areas in an industrial environment. However, the
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Direct Writing + + - -
Laser-Induced Chemical Etching - - 0 0
Particle Lens Array 0 0 - -
Laser-Induced Periodical Surface Structures  + 0 0 +
Direct Laser Interference Patterning + + + 0

Table 4.1 Summary of process comparison: Direct laser interference
patterning shows the highest potential of the processes under
investigation. It is capable of producing flexible textures with
feature sizes on the order of the wavelength of visible light
and can be scaled to industrial application while maintaining
a comparably simple setup.

possible gain in feature shapes and/or sizes did not justify further investment in
the experimental expertise required to further investigate the technique.

Particle Lens Array Refocusing the laser with a particle lens array was capable
of producing crater-like textures. Whereas the diameters of the craters were of
the right order of magnitude, the average depth is too shallow for effective light
scattering. The distances between the craters are determined by the position of
the microspheres and could be adjusted by using differently sized microspheres.
Furthermore, seamless stitching of Gaussian pulses to large areas was not possible
due to the high fluence sensitivity of the process. Moreover, the deposition of
a homogeneous monolayer of microspheres on larger areas by simple deposition
methods was challenging. Although it has been demonstrated that perfect mono-
layers of microspheres can be deposited [20],[21,/62], the deposition of such by
simple and cost effective methods like drop coating could not be achieved. More
complex deposition methods like spin coating, however, are not applicable to larger
scales in a production environment. In conclusion, the process was not capable of
producing the right feature sizes, the flexibility of the setup was limited and a
possible industrial application is very challenging due to the difficult scalability
and high complexity of the experimental procedure.

LIPSS On the one hand, the formation of LIPSS with ultra short pulse lasers is a
very simple process capable of producing usable textures. The experimental setup
merely consisted of a device to scan the focused laser over the substrate. The
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covering of large areas was possible with only little stitching effects. The feature
sizes of the two textures created are well suited for light trapping (d = 900 nm)
and light in-coupling (d = 200 nm to 350 nm). On the other hand, there are three
restrictive disadvantages. Firstly, the process is limited considering achievable
feature sizes and shapes. Only two distinct types of textures could be produced.
Whereas the orientation of the LIPSS could be controlled by polarization, there
was no simple method to control the size of the features. There have been studies
indicating that the spatial period can be controlled by changing the wavelength
of the incoming laser light [49] and/or the angle of the incident beam [29]. The
experimental setups for such adjustments, however, are much more complex so
the process looses its main advantage of simplicity. Secondly, the deposition of
solar cells on the HSFL texture can be difficult due to the challenging growth of
silicon on the very porous texture [81]. Finally, the long processing times, the
small process window and the high costs of high power, ultra-short pulse laser
systems strongly limit industrial feasibility.

DLIP The processing by DLIP showed a very high degree of flexibility and
adaptability of small feature sizes and shapes. The created feature sizes were of the
order of the wavelength of visible light and below. Feature sizes could be adjusted
arbitrarily by the angles of incidence of the interfering beams. Whereas two-beam
DLIP only produces line-like textures, these textures could be superposed by
consecutive treatments. Consequently, various two-dimensional textures could be
realized with a simple setup by rotating the sample in between the treatments.
By expanding the setup to three-beam-interference, even more complex two
dimensional textures can be created with a single shot treatment. Furthermore, the
produced textures are very similar to calculated laser intensity patterns, promising
a predictable and calculable geometric shape of the textures. Consequently, optical
modeling software can be used to adapt the texture to the need of a certain solar
cell. Concerning scalability, the experimental setup is slightly more complex than
the one for the LIPSS creation. However, it is simple enough to be scaled to
industrial application. Likewise, the required fluences and the absence of spatial
overlaps combined with the comparably low cost of nanosecond laser systems
allow an application in an industrial environment.

The main draw-back concerning scalability were stitching issues due to the beam
profile of the laser. The inhomogeneous beam profile prevented a homogeneous
patterning of macroscopic areas. Consequently the process could not be scaled to
larger areas and no electro-optical properties of the ZnO:Al could be determined.
However, the difficulties in macroscopic patterning mainly were an experimental
issue due to the laser system used in this specific experimental setup and not
of the technique itself. A rectangular, homogeneous top-hat profile for example
could overcome these challenges.
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Given the requirements of an industrially feasible process that is able to produce
adaptable textures with feature-sizes in the sub-micrometer range, the DLIP
process shows the highest potential. Especially because of the predictability
and adaptability of the textures and the possible application in an industrial
environment DLIP was chosen to be investigated further.



5 Three-Beam Direct Laser
Interference Patterning (DLIP)

The two-beam DLIP setup described in the previous chapter showed promising
results for the texturing of ZnO:Al. In order to broaden the variety of possible
textures, a three-beam interference setup is designed and implemented. Three-
beam DLIP is able to produce a large variety of hexagonal, two-dimensional
textures. However, line-like textures can also be produced by merely using
two beams. Apart from the experiment itself, a theoretical description of the
experiment is derived an implemented. This theoretical description is aimed to
model the actual experiment starting from the beam propagation through the
experimental setup over the actual beam interference to the ablation of ZnO:Al
on the sample and the resulting textures. The goal of this model for virtual laser
interference patterning (named VLIP) is to be able to predict the producible
texture for a given setup of the experiment.

In the following sections, first the experimental setup along with its adjustment
and controls as well as the conduct of the experiment is described. In the next
sections, exemplary interference patterns are presented and the influence of various
setup parameters on the patterns is discussed. The subsequent section investigates
the surface textures which can be produced by DLIP. Exemplary textures are
presented, the deliberate control of texture properties is discussed and assumptions
about the ablation process are made. In the last section of this chapter, the VLIP
model is developed. A simple theoretical model for the energy intake in the
material, heat diffusion and consequent ablation is derived. It is adapted to
the use with ZnO:Al by determining characteristic material properties and its
predictive power is discussed.

5.1 Experimental Setup

Demands The variety of laser intensity patterns producible with three laser
beams is described by Eq. 37 The independent parameters are the electric
field amplitudes F; (i.e. the intensities), the directions of polarization & and the
wavevectors Ei (i.e. directions) of the partial beams. With these 15 parameters the
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laser intensity pattern and the resulting texture on the sample can be influenced
and adjusted. A major requirement and precondition for the selection of a suitable
texturing process was a high degree of flexibility (see Chap. @ In order to retain
this high flexibility, the experimental setup needs to be designed in such way that
as many of these 15 parameters as possible can be adjusted independently. Apart
from the major demand for flexibility of the textures itself, the setup needs to
be designed so macroscopic areas can be textured in reasonable amounts of time.
This is necessary to be able to conduct optical and electrical measurements on the
textured samples as well as to be able to build solar cells on the obtained textures.
Accordingly, an automated and synchronized scanning of the laser beam over the
sample needs to be implemented.

Challenges Due to the ablation behavior of ZnO:Al in the UV nanosecond
regime [58] and the required high pulse energies, the Powerlite8020 (Ar, = 355 nm,
T, = 5ns) laser system was used for the experiments. However, due to the
malfunctioning of the seeder system, the laser only provided a very inhomogeneous
beam profile and a short coherence length (for details see Sec. [3:2.1]). In order to be
able to quantify the actual laser intensity on the material, the beam profile of the
laser needed to be improved. The same is true to allow a somewhat homogeneous
covering of macroscopic areas by stitching of laser pulses. Because of the limited
temporal coherence, the three partial beam paths had to be of almost exact equal
length. Consequently, two possibilities for independent adjustment of the beam
path lengths had to be incorporated in the individual partial beam paths.

Apart from these specific challenges caused by the laser system, the general design
of a three-beam DLIP setup was somewhat more complex than the design of a
two-beam setup. The simpler mirror symmetry of the setup had to be substituted
by a rotational symmetry with respect to one axis. Such rotational symmetry
required a higher amount of complexity concerning the support as well as the
adjustment of the optics used for the experiment. Furthermore, to insure the
maximal possible interference effect, the beam profile of each partial beam on
the sample had to be identical to the other ones. The partial beam profiles must
not be orientated or mirrored in some sort. This posed further restrictions on
the amount of mirrors in each partial beam path as well as their orientations.
Last but not least, to minimize polarizing effects of the mirrors, shallow angles of
incidence needed to be avoided on all mirrors.

All of these demands were considered for the design of the setup and were fulfilled
in the final layout of the experiment.
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Figure 5.1 Layout of three-beam interference setup — top view, logical
units and optical components.

5.1.1 Layout of Experimental Setup

An overview of the final layout of the experimental setup for three-beam DLIP is
depicted in Fig. b1} and p.4] All of the components of the experiment were
mounted on one optical table. However, the experiment was divided into logical
units, which will be explained in the following paragraphs starting from the laser
source and ending at the sample.

Height Adjustment Mirrors M01 and M02 are used for a height adjustment of
the laser beam. For a simpler handling and more stable constructions, the beam
is lowered from the exit of the harmonic generator to a height of h = 130 mm
above the optical table.
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A01

Figure 5.2 Beam shaping unit ((a,b) measured beam profiles and (c)
calculated beam caustic): (a) Before the beam shaping unit,
the beam exhibits an inhomogeneous profile. (b) Directly
behind the beam shaping unit, ring-like airy pattern can be
observed because of diffraction on the hard aperture edge
(left in (b)). After I ~ 6m propagation, the airy pattern
have diverged out of the beam profile leaving a Gaussian
shaped beam profile at the sample plane (right in (b)). (c)
By adjusting the beam shaping lens system (left in (¢)), the
beam divergence can be controlled to slightly focus the beam
at the sample plane (right in (c).

Beam Shaping Unit In order to improve the beam profile of the laser beam,
a beam shaping unit was implemented (see. Fig. [5.2)). The unit consists of a
plano-concave lens FO1 with a focal length of frg; = —216 mm, an iris aperture
A01 with a diameter of dpg; = 2.5 mm and a plano-convex lens F02 with a focal
length of frgo = 432mm. The unit fulfills two tasks. Firstly, the two lenses
function as a Galileo-type telescope, expanding the laser beam in diameter. The
expanded beam has a lower intensity so the laser can be used at full power without
destroying the delicate optics used in the interference unit (see Sec. . In
addition to this, the beam divergence and consequently the position and diameter
of the beam waist can be adjusted by slightly moving the lens F02. This slight
focusing of the laser beam is crucial in order to obtain sufficiently high fluence on
the sample, while keeping the fluence low on the optical components. Secondly,
the aperture together with a long beam path thereafter can be used to clean up
the beam profile. Most of the inhomogeneous beam profile (compare Fig.
(a)) is blocked and absorbed in the aperture. Only a small part of the profile is
transmitted. The aperture is positioned so the part of the highest intensity of
the profile is transmitted. However, roughly 80 % of the laser power is lost in the
aperture. Due to refraction on the hard aperture edges, ring like structures (so
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Figure 5.3 Layout of three-beam interference setup — side view and beam
heights.

called airy pattern) appear in the intensity profile of the laser beam. In order to get
rid of these, the laser beam was slightly focused (by changing the divergence, see
above) and guided across the optical table and back to elongate the propagation
path. Because the Gaussian beam mode is the least divergent of all beam modes
(see Sec. it can be focused better than the airy pattern. As a result, along
the beam path, the airy pattern diverge out of the center of the beam profile (see
Fig. until they are finally blocked out by the inherent aperture of a mirror.
Consequently, the resulting beam profile after a long enough propagation is of
Gaussian shape. Since the sample plane is approx [ &~ 6 m behind the aperture,
the sample can be treated with a Gaussian shaped beam profile. Fore more details
on the adjustment of the beam shaping unit, please refer to Sec. (1.2

Power and Coherence Measurement Branch The beam sampler S01 reflects
approximately 1% of the laser power into the power meter while transmitting the
rest unchanged. The proportion of the reflected light depends on the polarization
of the laser beam and the exact angle of reflection. Once set up, however, it
remains constant. Accordingly, a fixed percentage of the total laser power can
be measured and in-situ power measurements can be conducted during the laser
treatments. Alternatively, this beam path can be used to measure the temporal
coherence of the laser beam with a Michelson interferometer [67]. Details of the
measurement are described in Sec.

Height Adjustment Mirrors M06 and M07 are used as a height adjustment to
lift the laser beam from h = 130 mm to A = 260 mm (Fig. . This height is less
stable for vibrations and poses a higher demand on the supporting structures of the
optics, but is needed for the following interference setup and sample mounting.
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Profile Measurement Branch Beam sampler S02 has the same properties as
S01. It was used to open another beam path to be able to measure the beam
profile in-situ. The mirrors M91 and M92 are needed to retain a small angle of
reflectance on the beam sampler. The beam sampler reflects differently polarized
light in slightly different angles. For smaller angles of reflection this effect vanishes,
so the whole beam profile can be measured with the beam profiler. The beam
profiler was positioned so the length of the total beam path from the laser exit
was the same to the profiler and to the sample.

Interference Unit The actual interference unit begins at the half-wave plate
WO01 (top view in Fig. , side view in Fig. [5.3)). The linear polarization of the
laser beam can be rotated by rotating the waveplate. The beam is then split
according to its polarization at the polarizing beam splitter cube P01. Light
polarized perpendicular to the table is reflected into partial beam 2 (section 20 in
Fig. [b.1)), while horizontally polarized light is transmitted into section 03. The
transmitted beam then again passes a half-wave plate (W02), the polarization can
be adjusted anew and is split again at polarizing beam splitter cube P02. The
reflected part opens partial beam 1 (section 10), the transmitted part is from
thereon referred to as partial beam 3 (section 31). Beams 1 and 2 undergo an
adjustment of the beam path length by the set of mirrors M22, M23, M24, M25
and M12, M13, M14, M15 respectively. The mirrors M23, M24 as well as M13 and
M14 are mounted on linear precision stages and can be moved in the directions of
the arrows either shortening or elongating the beam path. The position accuracy
of these manual stages is on the order of tens of micrometers. After section 15, 25
and 31 each partial beam again passes through half-wave plates W12, W22 and
W32 respectively. The wave plates again allow an adjustment of the polarization
of each individual beam. The mirrors M16, M26 and M36 are used to reflect
the beams to the final set of mirrors (M17, M27, M37). Mirror M16 and M26
are needed in order to prevent shallow angles of incidences on the final set of
mirrors and resulting polarization effects . Furthermore, the partial beam paths
all have to undergo either an even or an odd amount of reflections in order to
maintain the same beam profile at the sampleﬂ The final set of mirrors (M17,
M27, M37) are positioned in the vertices of an equilateral triangle with a side
length of @ = 250 mm . The plane of the triangle is perpendicular to the laser
beam before the interference setup (z-direction) and parallel to the sample surface
(x-y plane in Fig. , and . The mirrors are mounted on gimbal mirror
mounts which allow an independent adjustment of two rotation angles each over
the full 360°. With the help of these mirrors, the laser beams are reunited on the
sample at the interference point X at (Tint, Yint, Zint)-

Please note the reflections within the beam splitter cubes which also mirror the beam profile.
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Figure 5.4 Layout of three-beam interference setup — sample holder and
possible sample movements.

Sample Holder The sample is mounted in the center of a manual turntable
allowing for rotations around the z-direction. The turntable is mounted on a
commercially available motorized Movtec x, y stage. The maximum travel of each
of the axes is l.x = 200mm. According to the data sheets a maximum speed
of v = 90mm/s and a repetition accuracy of Ad < 20pm is possible. However,
practically these values could not be confirmed. The x, y stage is again mounted
on manual sliders on a vertical profile allowing for coarse adjustments in the
y-direction. The profile sits on a manual precision stage that allows micrometer
exact positioning in z-direction. For coarse changes in z-direction, this precision
stage is mounted on a slider on a horizontal rail. The z-rail is [ = 2m long and is
mounted on the optical table. This setup of the sample holder allows for motorized
movements in x (fine) and y (fine) direction as well as manual movements in @
(fine), y (coarse) and z (fine and coarse) (compare Fig. [.4). The motorized stage
was controlled via RS232 by a Python programming environment allowing for
synchronization with laser controls which were also controlled via RS232.

5.1.2 Adjustment and Calibration of Laser Beam Properties

The following section offers and overview on how various laser beam properties
were measured and adjusted within this specific experimental setup. For a general
understanding of basic laser beam properties, please refer to Sec. 2.2-1]

Power Due to the beam shaping and the numerous optics to pass, the laser
power at the sample (L") only made up 4.5 % of the laser power at the exit of
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the harmonic generator P/**, The laser power could be adjusted by changing the
Q-switch delay Tq in between the triggering of the flash lamps and the Q-switch
opening. Before each treatment, a reference power measurement was conducted at
the sample for various Q-switch delay times. This reference measurement was then
used to calculate the laser power at the sample P during the treatment. The
laser power was further monitored by the in-situ power measurement. However, due
to the very low laser powers in the in-situ power branch, these measurements were
afflicted with high measurement uncertainties. The powers on the partial beams
in dependence of the W01 and W02 wave plate orientations were calculated by
the Propagation module (see Sec. [5.2-1)). To account for the different absorptions
on the partial beam paths, a reference measurement was conducted for each
partial beam and the Propagation module was calibrated accordingly. All power
measurements were averaged over t = 10s and were conduced with a repetition
rate of frep = 20 Hz.

Temporal Coherence The temporal coherence length of the laser was measured
with a Michelson interferometer (see Sec. and was determined to be Al, ~
3mm. The temporal coherence is a inherent property of the laser resonator and
cannot be changed. Consequently, in order to be able to obtain laser interference
pattern, the pairwise differences in propagation lengths of the partial beams in
the interference unit Alj93 have to be smaller than Aljs3 < 3mm. By moving the
stages under the mirrors M13, M14 and M23, M24, the propagation lengths of
beams 1 and 2 were adjusted to match the length of beam 3.

Beam Profile Due to the airy pattern caused by the beam shaping (see Sec.
, even in the sample plane, the beam profile was not purely Gaussian shaped.
On the outside of the profile some small shoulders remained (see Fig. . These
shoulders did not affect the actual laser treatment because even at full power only
the energy in the tip of the Gaussian shape was used for the ablation. However,
for the automated fitting routine within the software of the beam profiler, they
can be misleading. To overcome this mi SINT erpretation, the beam diameter for
full width half maximum 2wso was read out and converted to the 1/e value w (see
Sec. . The diameter of the beam at the sample could be changed by moving
F02. It was adjusted to the smallest value which was possible without damaging
the optical components. Furthermore, the beam profile could be changed by the
opening of the aperture in AOl. However, for larger openings, the airy pattern
disturbed the Gaussian beam profile in the sample area. It was adjusted to the
largest possible opening without destroying the Gaussian beam shape at the
sample.
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Beam Alignment Apart from the beam optics, a USB camera could be mounted
on the z-rail in front of the sample. With the help of a macro lens system, extension
tubes and neutral density filters the camera could be used to monitor the laser
beams on the sample during the processing. Even more importantly, the camera
could be used to align the three beams on a dummy substrate of thoroughly
scratched glass. This dummy substrate was then be replaced by the sample to be
treated. Likewise, the WinCamD-LCM4 beam profile camera could be mounted
vertically on the z-rail. Consequently, the beam profile camera could also be used
to align the beams directly on the camera chip. However, the offset between the
camera sensor, and the actual position of the sample has to be taken into account
when changing the beam profile camera for the sample to be treated. With the
back of the camera housing touching the sample surface, the offset was determined
to be dog = 13.8 mm.

5.1.3 Setup Parameters

Once the experiment was calibrated, nine independent setup parameters could be
adjusted in order to change the intensity distribution in the interference volume,
and hence the resulting texture:

e The intensities I, I® 1® and consequently, the electric field amplitudes
E(()l), E((f), é‘}) of each partial beam could be adjusted by the Q-switch delay
Tq and the orientations of the half-wave plates W01 and WO02.

e The polarizations angles Yy, v® y® and thus, the polarization vectors
e 6 ¢B) of the partial beams could be adjusted by the orientation of the
half-wave plates W12, W22 and W32 respectively. For a desired polarization
at the sample, the corresponding wave plate orientation was calculated using
the Propagation module of the simulation software (see Sec. [p.2.1)).

e The angles of incidence and thus, the wave vectors kW, k@, k® could be
controlled by the rotational orientations of the mirrors M17, M27, M37 as
well as the x, y, z positioning of the sample. However, these 12 parameters
are constrained by the fixed positions of the mirrors M17, M27, M37, the fact
that all three beams have to unite at the interference point and a common
wave vector magnitude of k = 2w /A;,. These conditions only leave three
independent parameters, which can be described by the x, y and z position
of the point of interference Zi, Ying and 2.

These nine independent parameters (W01, W02, tq, W12, W22, W32, Ziy, Yint,
Ziny) were used to alter and adjust the laser intensity pattern in the interference
volume. Throughout the thesis, they are referred to as setup parameters.
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5.2 Interference Pattern

The following section focuses on the different laser intensity distributions that can
be produced in the interference volume by the experimental setup. All of these
intensity distributions are of periodic character and thus, are often referred to
as intensity or interference pattern. In the first subsection, a way of calculating
such interference patterns in dependence of the setup parameters is introduced.
In the second subsection, exemplary pattern are presented and the influence of
the various setup parameters on the pattern is described.

5.2.1 Simulate Interference Model (SINT)

In order to determine the influence of the setup parameters on the intensity pattern
in the interference volume, the SINT model was developed and implemented.
SINT is a numerical model implemented in the Python programming language.
Its input are the setup parameters as described in Sec. p.1.3] A schematic drawing
of the model is depicted in Fig. 5.5} It consists of the two independent modules
Propagate and Interfere. The module Trace is the inverse of the Propagate module.
Each of the modules is briefly described in the following paragraphs.

Module Propagate The Propagate module translates from the setup parameters
to the beam parameters. The setup parameters were directly accessible in the
experimental setup (see Sec. . The beam parameters are the actual physical
properties of each of the partial laser beams at the sample. These are the wave
vectors Ei , polarization vectors & and electric field amplitudes E°. The Propagate
module mainly consists of geometrical considerations combined with calibration
measurements as described in Sec. B.1.2l It contains the exact orientations of
all optical components of the interference unit and virtually propagates the laser
beam by subsequent reflection and/or rotation of its propagation direction and/or
polarization. Rotations and reflections of polarization and propagation vectors
are carried out according to Eq. 2227 and 2:30] respectively.

The output of the Propagate module is a set of beam parameters consisting of

e The electric field amplitudes E(()l),E(()Q),E((,B) of the partial beams at the
sample.

e The polarizations anglesﬂ YO, y® yB) of the partial beams at the sample.

2The angle v is defined as the left-handed angle between the polarization direction el) of
the partial laser beam j and the vector perpendicular to the propagation direction that has
the smallest angle to the positive y-axis in the laboratory system.
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Figure 5.5 Schematic flowchart of SINT model: The SINT model con-
sists of the three independent modules Propagate, Trace and
Interfere. The model can be used as a whole to calculate the
expected interference pattern in the interference volume for
a given set of setup parameters. Furthermore, the individ-
ual modules can be used independently e.g. to set up the
experiment according to given set of beam parameters.

e The wave vectors kO, k) k® of the partial beams at the sample.

The Propagate module can also be inversed and can be used for finding the
appropriate setup parameters for any set of given beam parameters. The inverse
is referred to as the Trace Module.

Module Interfere The Interfere module calculates the spatially resolved laser
fluence distribution (®¢(7)) on the surface of the sample. Input are a set of beam
parameters, the rotational orientation of the sample (3 and a set of grid parameters.
Grid parameters define the spatial extension and resolution of the grid for which
the fluence is calculated. The intensity distribution at the surface of the sample
Iy(x,y, z = 0) is then calculated according to Eq. and converted to a fluence
distribution under the consideration of the pulse duration T, so that

CI)O(.I‘,y) = [0($7y)Tp‘ (51)
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Figure 5.6 Exemplary interference pattern: This pattern can be cre-
ated by three laser beams with equal intensity Eéj) =1 for
j = 1,2,3, aligned polarization v = 0° for j = 1,2,3,
equal polar angle of incidence 80 = 172° for 7=1,2,3 and
equiangular distance in between the azimuth angles of inci-
dence M =30°, @ = 150°, ¢®) = 270°. The fluence
distribution is of clear periodic character with periodicities
of Ay = Ag = 1.64 um along the main axes of the hexagonal
lattice. This pattern is used as a reference for the subsequent
investigation of beam property influences.

As an alternative to input grid parameters, a set of grid parameters can also be
determined automatically to form a unit cell of the grid. The fluence distribution
is analyzed for its periodicity (Ay) and the spatial extensions (&may) of the grid is
set to equal Ty = n - Ay for each dimensiorﬂ The resulting fluence distribution
on such a grid has periodic boundary conditions. This type of grid parameters is
referred to as unit grid. The spatial resolution in the unit grid is then calculated
according to a given minimal resolution and the constraint of 2" n € N pixels
along each axis to allow further processing with Fast Fourier Transform (FFT)
algorithms.

5.2.2 Exemplary Pattern

In the following section, exemplary fluence distributions are presented. Due to
their periodic character, the fluence distributions are also referred to as interference
pattern. Starting from an arbitrarily chosen reference pattern (depicted in Fig.

3n € N can be determined by the user.
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Figure 5.7 Variation of angles of incidence (calculated interference pat-
terns): By changing the polar 80) and azimuth angles oW of
the interfering beams, the periodicity of the interference pat-
tern as well as the orientation of the main axes of symmetry
can be altered. (a) A smaller mutual polar angle i, = 164°
but unchanged azimuth angles leads to an interference pattern
which resembles the pattern in Fig. [5.6] but has a smaller
periodicity Aa g < 1.64 pm along both main lattice axes. (b)
By individually changing the polar and azimuth angles, the
orientation of the lattice axes as well as the periodicities along
these axes can be changed individually (As # Ap). The re-
sulting interference pattern appears to be stretched compared
to the reference texture in Fig. @

5.6), in each of the following paragraphs one beam property is changed while
leaving the other beam properties unchanged. The according changes in the
interference patterns are demonstrated and discussed.

Angles of Incidence The angles of incidence of the three partial beams on the
surface of the sample are reflected in the wave vectors of the partial beams kW
and can be adjusted in the experimental setup by changing the position of the
interference point X at (Ting, Yints Zint). U Ting = Yine = 0, the wave vectors of all
three partial beams share a common polar angle 80 = 0y, j = 1,2, 3 (compare
Fig. and [5.4 for coordinate system). This is due to the triangular
positioning of the final set of mirrors. The size of 8;,; can be altered mutually
by changing the z-position of the interference point. For smaller values of zy
(towards the final set of mirrors) 6y, lessens (more shallow incidence), whereas for
larger values of zin, Oy augments (steeper incidence). The angle iy influences
the angle in between each pair of partial laser beams and hence, the properties of
the interference pattern. Varying 0;,, changes the periodicity of the interference
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Figure 5.8 Variation of electrical field amplitudes (calculated interfer-
ence patterns): By individually varying the electrical field
amplitudes, the general morphology of the interference pat-
tern can be changed. (a) Augmenting the electrical field in
one partial beam by an order of magnitude (E(g?’) =10- E(()j),
j = 1,2) while leaving the overall power unchanged, leads
to a check-board like pattern. (b) If the same total power is
distributed to only two partial beams (E(()g) = 0), the resulting
interference pattern is of line-like character.

pattern. Smaller values of 0;, lead to smaller periodicities A, whereas larger 6;,;
lead to larger A. The overall shape of the pattern remains the same (compare Fig.

F-6 and .7 (a)).

By changing zi,, and y;,; to nonzero values, the polar angles of incidence of the
individual beams 00 are altered individually. Furthermore, also the individual
azimuth angles ) are influenced. For the interference pattern this translated to
a stretching of the pattern. The main axes of symmetry change orientation and
the spatial periodicities along these axes also differs. An exemplary interference
pattern is demonstrated in Fig. (b).

Power The total power of the laser beams is reflected in the sum of the squared
electric field amplitudes (P, o< ¥; E2) and can be controlled by adjusting the
g-switch delay time Tq. The total laser power is distributed to the partial beams
according to the orientation of the wave plates W01 and W02 (see Fig. [5.1]).
Augmenting the total laser power results in a total increase of the fluence in
the interference pattern. However, the morphology of the fluence distribution
remains unchanged. By independently changing the individual electric field
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Figure 5.9 Variation of polarization (calculated interference patterns):
By changing the polarization of the individual beams, the
pairwise possibility to interfere can be controlled. Only beams
with partially aligned polarization can interfere. (a) By omit-
ting the interference of beam 1 and 2 by adjusting perpen-
dicular polarization (y") Ly(), a check-board like pattern
with higher contrast than in Fig. 5.8 (a) can be created. (b)
Example of another pattern produced by partially aligned
polarizations of individual beams.

amplitudes E(()j) a variety of interference pattern can be produceﬂ Two exemplary
interference pattern obtained by disparate laser intensities are presented in Fig.
B8 Augmenting the laser intensity of one partial beam leads to a check board-like
interference pattern. A vanishing intensity in one partial beam leads to a line-like
pattern as observed with the two-beam interference setup.

Polarizations The polarization orientation of the linear polarized partial beams
are reflected in the polarization angels Y& and can be controlled by the orientation
of the half-wave plates W12, W22 and W32. Two laser beams only interfere if a
component of their polarization is aligned. Perpendicular polarizations lead to a
flat fluence distribution without any interference pattern. Consequently, it can be
controlled which of the partial beams interfere and to what extend by adjusting the
individual polarizations. However, due to the geometry of the setup, the pairwise
alignment can not be adjusted independently. An example of partially aligned
polarization in beam 1 and 3 as well as 2 and 3, and perpendicular polarization in
beam 1 and 2 can be observed in Fig. @ (a). The perpendicular polarization of
beam 1 and 2 omits interference in between the two beams. The resulting pattern

4For reasons of simplicity, the electric field amplitudes have been normalized. However, to
maintain comparability, all quantified electric field amplitudes are normalized by the same
factor.
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is a check-board like pattern which is similar in appearance to the pattern in Fig.
(b) which was also produced with a suppressed interference of beam 1 and 2
due to the higher power in beam 3. It can be further observed that the contrast of
the polarization controlled pattern is higher than the one in the pattern induced
by disparate partial intensities.

However, by changing the individual polarizations, many more interference patterns
can be created. Another example can be observed in Fig. (b).

Other Adjustments Apart from the beam parameters mentioned above, the
interference pattern can also be altered by other adjustments of the experimental
setup.

e The sample can be tilted to produce different fluence distributions on the
sample surface. However, this has not been investigated in this thesis.

e The sample can be rotated. Nevertheless, the induced pattern changes by
rotation do not matter for the application as light trapping device.

e The fluence distribution on the sample can be changed by varying the length
of the individual beam paths. Such changes, however, only diminish the
effective coherence length and lead to less contrast in the fluence distribution.
Small contrast is generally not of interest for producing textures with high
aspect ratios. Consequently, the length of the beam paths were adjusted
to produce the highest possible contrast and were not used for further
influencing the interference pattern.

Variety of Interference Pattern FEach of the pattern presented in this section
is a mere example for one specific change of one single beam property. However,
each beam parameter can be adjusted continuously and a change can be arbi-
trarily combined with a change of any of the other eight independent parameters.
Accordingly, the variety of producible intensity pattern is very large.

Conclusion The experimental setup is capable of producing a large variety of
interference pattern. By variation of the nine independent setup parameters, the
fluence distribution within the interference volume can be deliberately controlled
and shaped. The influence of each of the parameters can be modeled by the SINT
model and the fluence distribution for a given set of parameters can be calculated.
Due to the large number of independent parameters, there is a large variety of
possible fluence distributions.
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5.3 Surfaces Textures

As demonstrated in the previous section, a large variety of intensity patterns
can be created in the interference volume. However, it remains to be examined
if the large variety of intensity patterns can also be translated into a variety
of possible surface textures. The following section focuses on the producible
textures and their correlation with the intensity pattern. In the first subsection, a
typical DLIP-processed sample is analyzed, the second subsection deals with the
correlation of fluences and textures and the control of texture properties, whereas
the third subsection examines the ablation mechanism and the underlying physical
processes.

Single Pulse Processing from Film Side Due to the microscopic scales of the
texture periodicities and the complexity of the setup, multi-pulse processing was
avoided. Sub-micrometer scale movements of the optical components along with
a slight beam pointing instability of the laser system prohibited a phase constant
reproduction of the interference patterns. The fluence distribution of a second
laser pulse was uncontrollably shifted in x and/or y, so multi-pulse processing
lead to unpredictable double textures. Furthermore, the processing through the
glass side of the sample did not reveal promising results. Low powers lead to no
texturing effects, whereas for higher powers, the whole ZnO:Al film in the laser
treated area detached. Consequently, all laser treatments were carried out with
single laser pulses incident from the film side of the ZnO:Al substrates.

5.3.1 General Features of DLIP Textures

After the calibration and adjustment of the experimental setup (see Sec. ,
it can be used for the treatment of ZnO:Al. Bringing a ZnO:Al sample into the
interference volume and treating it with a single laser pulse results in a small
treated area on the sample surface which is referred to as the laser spot.

Optical Appearance The radius of the laser spot depends on the setup param-
eters, but is on the order of r, &= 0.5 mm. To the eye, the laser spot shimmers
in various colors depending on the angle of the surface to the light (Fig. [5.10
(a)). This is due to the periodic texture within the spot which diffracts light
into different angles depending on its wavelength. In the optical microscope at
low magnification (M = 5), a circular brownish spot can be observed (Fig. [5.10
(b)). The darker color within the spot suggests that the illumination light of the
microscope is scattered, and compared to smooth surfaces, less light is reflected
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Figure 5.10 Optical appearance of DLIP processed sample: (a) Pho-
tographs of laser spots. Due to the wavelength-dependent
diffraction at the periodic texture, the laser spots shimmer
in different colors depending on the angle of illumination.
(b) Image of optical microscope at low magnification M = 5.
Due to the scattering of the microscope’s illuminating light,
the laser spot appears darker than the surrounding areas. (c)
Image of optical microscope at high magnification M = 100.
Only at high magnifications the hexagonal periodic texture
itself can be detected with the optical microscope.

back into the objective lens. Only for high magnifications (M = 100), the actual
periodic texture becomes apparent (Fig. (c)).

Homogeneity The texture is strictly periodic and extends homogeneously over
a large amount of periods. However, due to the Gaussian beam shape (compare
Sec. 7 the fluence is not distributed evenly in the entire spot. From the
center to the boarders of the spot, the fluence and hence, the depth of texture
lessens. Nevertheless, the periodicity of the texture remains constant within the
whole area of the laser spot. The investigations in this section only focus on
texture measurements at the center of the laser spot for the following reasons: On
the one hand, the spatial variation in a Gaussian fluence distribution is minimal
at the center. On the other hand, the center of the laser spot is easy to detect
when characterizing the samples. Consequently, by focusing on textures in the
center of the laser spot, the experimental error in correlating texture and fluence is
minimized. The challenge of achieving homogeneous textures over larger distances
is dealt with in the following chapter (Sec. .
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Figure 5.11 Homogeneity and hexagonal periodic character of DLIP
texture (SEM images): (a) Up to single hundreds of microm-
eters, the surface texture of DLIP treated ZnO:Al samples
(b) is very homogeneous. (c) By high magnification, the
hexagonal character of the texture becomes apparent.

Detail To further investigate the details of the produced texture, SEM imaging
was used. An image of the center of the laser spot underlines the strict periodic
character and the homogeneity of the texture over microscopic large areas on the
order of single hundreds of micrometers (Fig. (a)). Please keep in mind,
that the features are not individual laser spots, but much smaller features within
one single laser spot. With an approximate spot size of A4, = 0.8mm? and a
feature size of Aga; = 2.51m? more than 300 000 features can be created with
one single laser pulse. With higher magnifications, the hexagonal lattice of the
texture becomes even more obvious (Fig. [p.11] (b)). The darker and lighter
areas correspond to concave dips and convex bulges respectively. Apart from the
texture itself, small cracks in the ZnO:Al as well as some redeposited debris can
be observed.

Conclusion With single-shot laser treatments from the film side, very homoge-
neous periodic surface textures can be created. By one single laser pulse, the
area of A; ~ 0.8 mm? can be covered with more than 300 000 features. Within
that area the texture depth differs, but the lattice and its spatial periodicity
are constant. The textured areas appear to shimmer so the feature sizes of the
textures are small and deep enough to diffract visible light. Consequently, the
textured surfaces show the potential to be used for light trapping.
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Figure 5.12 Comparison of fluence and texture for exemplary interference
patterns ((a) SEM images of DLIP-textured surfaces and (b)
corresponding calculated fluence distributions): The general
shape of the fluence distributions is reflected in the DLIP-
textured surface topographies.

5.3.2 Control of Texture

In order to adapt the DLIP textures to the application in solar cells, the topogra-
phy of the laser-treated samples has to be control and adjustable. In the following
section, exemplary fluence distributions and their corresponding surface topogra-
phies are compared and correlated. It is then investigated if the fundamental
texture properties of depth and spatial periodicity can be controlled and adjusted
deliberately.

Correlation of Texture and Fluence By varying the setup parameters, the
fluence distributions within the interference volume can be changed and controlled.
To investigate how these changes translate into a resulting texture, a comparison
of SEM images of DLIP textures with their corresponding calculated fluence
distribution is presented in Fig. [.12] It can be observed that the general
geometry of the texture shows a good correlation with the calculated fluence. The
spatial periodicities of the measured textures match the periodicities in the fluence
distribution. Furthermore, the symmetry of the lattice unit cell of the different
pattern is the same for fluence and topography.
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Figure 5.13 Comparison of fluence and texture — profiles: (a) AFM
measurement of DLIP-textured surface, (b) inverse of corre-
sponding fluence distribution and (c) profile measurements
along the marked lines. While the general shape of topog-
raphy and fluence distribution is very similar, the detailed
texture within a lattice unit cell differs from the fluence
distribution.

In order to quantify the topography of the DLIP textures, AFM scans were
conducted on selected samples. The obtained topography of an exemplary texture
can be observed in Fig. m (a). Referenced to the highest parts of the texture, the
dips are approx. h =~ 380 nm deep. The periodicity along the two main axes of the
hexagonal lattice are Ay = Ap = 2.14um. Fig. [5.13] (b) shows the corresponding
fluence distribution obtained by SINT . The lateral periodicities of the pattern
are perfectly reproduced. Furthermore, the general shape of the topography of
the lattice unit cell is also reproduced. However, the fine topography within the
unit cell does not match the inverse of the fluence distribution. This becomes
especially apparent when comparing a height profile of the measurement with
a calculated fluence profile (Fig. (c)). The differences in between fluence
distribution and texture are due to the fact that the process of laser ablation is a
complex process which is influenced by various factors. In Sec. the process is
investigated in more detail whereas in Sec. [5.4.1] a simple ablation model is derived
which accounts for the main driving forces of the ablation process. However, in
the following paragraphs the deliberate control of texture properties is examined
first.
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Figure 5.14 Control of texture depth (SEM images): Textures created
with equal setup parameters but varying total laser power
Py,. The depicted numbers are the depth of the texture in
nanometers. Applied powers: (a) P, = 93mW, (b) P, =
107mW, (¢) P, = 126 mW, (d) P, = 150mW, (e) P, =
171 mW. Low laser powers leave untextured areas in between
the dips. With augmenting laser power, the untextured areas
vanish and the texture depth rises.

Control of Texture Depth In order to investigate the dependence of total laser
power and texture depth, a series of textures with different laser powers was
produced. The textures were characterized by AFM and their texture depth h
was determined’] As can be observed in Fig. the depth of the texture can
be controlled by changing the overall incident laser power. With augmenting laser
power, the depth of the texture augments. However, the dependence of texture
depth to incident laser power is not linear and for high powers there seems to be a
saturation effect. Furthermore, it can be observed that at low powers the surface
area in between the hexagonally located dips remains untreated (Fig. (a) and
(b)). In these areas the laser fluence does not suffice for melting or ablation of the
ZnO:Al. With augmenting power, the untreated area lessens until it completely
disappears (here at approx. P, = 150 mW in Fig. (d)). Moreover, it can be
observed that for even higher incident laser powers, more micro-cracks appear in
the treated areas.

Control of Texture Periodicity As described in Sec. [5.2.2] the periodicity of
the fluence pattern can be controlled by changing the angles of incidence of the

5The depth of a texture is defined as the difference in height in between the highest parts of
the texture and the lowest. Particles or other redeposited debris are not taken into account.
Due to measurements artifacts as well as debris, the measurements have to be treated with
caution. The stated errors were determined by estimating an uncertainty according to the
general quality of the given measurement as well as multiple measurements of the same
texture. Potential systematical errors are not included in the measurement uncertainties.
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Figure 5.15 Control of texture periodicity (SEM images): Textures cre-
ated with equal setup parameters but different mutual polar
angle of incidence 0. The depicted numbers are the depth
of the texture in nanometers. The nominal periodicities of
the calculated corresponding fluence distributions were: (a)
Aap = 2pm, (b) Aag = L.5um, (c) Aap = 1.25um, (d)

Aap = 1pm, (e) Apxp = 0.75pm and (f) Axp = 0.5pm.
The nominal periodicities are perfectly reproduced in the
textured surfaces. However, towards smaller periodicities the
depth of the texture lessens and particles and micro-cracks
augment.

interfering beams. In Fig. [5.15 a series of SEM images of textured ZnO:Al
surfaces is depicted. These textures result from patterning with a series of fluence
distributions with varying spatial periodicities of the hexagonal lattice Ay 5. It can
be observed that the nominal periodicities of the fluence distributions is perfectly
reproduced in the textures. However, it can be further observed that for smaller
periodicity the depth of the textures decreases. At a periodicity of A ~ 500 nm
(Fig. (f)) the texture completely vanishes. Furthermore, small spherical
particles on top of the textured surface were detected in some of the textures.
Apart from the texture with the smallest periodicity, the amount of particles
augments towards textures with smaller periodicities. Similarly, the amount of
micro-crack-formation in the ZnO:Al layer rises for smaller periodicities.

Conclusion Judging from the observations in the preceding paragraphs, the
producible texture can be influenced by changing the setup parameters and hence,
the fluence distribution within the interference volume. To a certain extend, it
is possible to deliberately control texture properties like depth or periodicity.
However, the calculable fluence distribution is not perfectly proportional to the
resulting texture and cannot be used directly to predict the resulting topography.
Effects like untextured areas, the vanishing of the texture for smaller periods or a
nonlinear increase of texture depth with rising laser power are not reflected by
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the simple assumption of a fluence proportional topography. In order to be able
to understand and also to possibly predict such effects, an investigation of the
ablation process is required.

5.3.3 Ablation Process

The following section tries to draw a picture of a possible ablation process.
Based on the observations made in the previous section, assumptions about the
physical principles and processes underlying the ablation process are made. These
assumptions are then used in the following section to develop a model for the
ablation process.

Untreated Areas The untreated areas in between the dents of the textures were
mainly observed at low laser power (e.g. Fig. (a)). It can be assumed that a
minimum threshold fluence is needed to start the ablation process. At low laser
power the fluence in between the dents is insufficient to trigger the ablation so
the surface remains untreated.

Non-linear Depth-Power Dependence The non-linear dependence of texture
depth and laser power as observed in Fig. [5.14] can be explained by the non-
linear absorption behavior of laser light in matter (see Sec. 2:2.2). As the
laser light intensity decays exponentially, also the deposited energy follows an
exponential decay along the z-direction into the material. This, as well as heat
diffusion in z-direction are assumed to be the cause for the non-linear power-depth
dependence.

Vanishing Small Periodicities The diminishing of texture depth towards smaller
periodicities (see Fig. [p.15]) can possibly be explained by heat diffusion in x, y
and z-direction. Fig. (a) illustrates the assumed heat diffusion and resulting
ablation processes. The dashed red line represents the laser fluence distribution
which initially heats the material in the red shaded areas. However, the heat
diffuses into the material in all directions. The characteristic length I, describes
the order of magnitude of the heat diffusion. Due to the heat transfer, more
material than the red shaded area is heated sufficiently to be ablated. The solid
black line represents the surface topography after the ablation. It is assumed that
lp only depends on the material and laser properties. Consequently, for smaller
periodicities (see Fig. [5.16] (b)), the diffusion suffices to heat more material in
between the dents above the critical ablation temperature. As a result, the texture
depth h lessens.
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Figure 5.16 Heat diffusion within material and lessening of texture depths
for small spatial periodicities (illustration): The dashed red
line represents the laser fluence, which heats the red shaded
areas. The heat diffuses a typical length [y into the material.
The resulting topography after the ablation is represented
by the solid black line. For constant [y and equal laser
power, the resulting texture depth h is less for (b) smaller
periodicities than for (a) larger periodicities.

Bulges In some of the textures circular bulges around the dents of the texture
were observed (e.g. Fig. (a) and (b)). It is assumed that these bulges are
molten and resolidificated ZnO:Al. During the laser process, some material is
heated above the melting temperaturd] (light red shaded area in Fig. (a))
and some material is heated above the boiling temperature (dark red shaded area
in Fig. (a)). In the next step, two effects can be the reason for the bulging.
On the one hand the sudden evaporation of the material in the center of the
dent leads to high pressures, and thus, the surrounding liquid material is pushed
towards the outside (small black arrows in Fig. [5.17] (a)). On the other hand,
even without evaporation there is a force pulling the liquid ZnO:Al to the outside.
Due to the heat gradient from inside to outside, there is also gradient in surface
tension. This gradient in surface tension leads to a convective flux (blue arrows in
Fig. (b)) which is also known as Marangoni convection [5}/80] and has been
observed for many materials during laser processing [7,[22,[99]. After the liquid
Zn0:Al is pulled and/or pushed towards the outside of the dent, it is cooled down,
resolidificates and creates bulges (Fig. (¢)).

In order to find out if a layer of molten and resolidificated ZnO:Al exists, one of
the samples was cut by a Focused Ion Beam (FIB) and then investigated by SEM
imaging. It can be observed that the micro-crystalline structure of the ZnO:Al
is disturbed in a small layer right underneath the surface (see Fig. [5.1§). It
is assumed that this approx 65 nm thick layer consists of resolidificated ZnO:Al
which rapidly congealed in an almost amorphous structure.

6At room temperature and atmospheric pressure crystalline ZnO is known to sublimate [3].
However, the observations by SEM strongly suggest that there is a melting process involved
at the very high temperatures and pressures during the laser treatment [40,[96].
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Figure 5.17 Bulging of Zn0:Al (illustration of possible ablation process):
(a) The light red shaded area is heated above the melting
temperature Ty,, the dark red area is heated above the
boiling temperature T},. (b) The sudden evaporation leads
to high pressures on the molten ZnO:Al (black arrows). A
gradient in surface tension due to the temperature gradient
also leads to convection of molten ZnO:Al along the surface
to the outside (blue arrows). These two forces lead to (c)
the bulging of ZnO:Al in the perimeter of the dents.

Micro Cracks The micro cracks can mainly be observed for medium to high
laser powers (Fig. (d) and (e)) in areas of previously molten ZnO:Al. Tt
is assumed that during the cooling of the liquid ZnO:Al and its resolidification,
stress is built up within the previously melted layer. If the stress is too high,
micro cracks occur to relief the stress.

Particles Particles on the sample surface were mainly observed for high laser
powers and wherever the whole sample was covered by a melt layer and no
untreated areas within the dents remained. These particles are believed to be
molten ZnO:Al that was propelled away from the surface due to the sudden
evaporation and the resulting high pressures (see Fig. [p.17) (b)). In the air, the
material then resolidificates to spherical particles and drops back onto the surface.
The higher the laser power, the more material is melted and evaporated and thus
more particles are created. The effect is assumed to be especially pronounced, if
the laser power is high enough so the bulges of two adjacent dents unify. Then
larger amounts of molten ZnO:Al are propelled into the air and more particles
are formed. X-ray Diffraction (XRD) measurements where conducted on particle
covered surfaces and revealed the particles to be micro-crystalline ZnO:Al with
arbitrary orientation, which underlines the assumption.
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Figure 5.18 Layer of molten and resolidificated ZnO:Al (SEM image
after FIB cut, (a) secondary electron detector, (b) back scat-
tering electron detector): In a thin layer right underneath
the surface, the micro-crystalline structure of the ZnO:Al
is disturbed. It is assumed that this is due to rapid con-
gealing of the ZnO:Al to an almost amorphous phase. As a
preparation for the FIB treatment the samples were covered
with a platinum layer (black and light gray in (a) and (b)
respectively.

Conclusion It is assumed that by the laser treatment, an intensity dependent
heat distribution is induced into the material. The heat spreads within the
material so the temperature distribution changes. Insufficiently heated areas
remain untreated, whereas ZnO:Al in areas of higher temperature is melted
or vaporized. Some of the molten ZnO:Al is propelled away from the surface
to form particles which then redeposit on the surface. The remaining molten
ZnO:Al eventually forms a thin layer of resolidificated material with bulges and
micro-cracks.

It is presumed that in order to limit particle formation, excess energy deposition
must be avoided. It is further assumed that the lateral heat diffusion is the cause
for the vanishing of small periodicities. To further quantify this effect, a more
detailed model for the energy deposition, heat diffusion and consequent ablation
is developed in the next section.



100 5 Three-Beam Direct Laser Interference Patterning (DLIP)

5.4 Modeling Ablation

In the previous section it was observed that the produced texture correlates
with the calculable fluence distribution. However, it is not possible to predict the
resulting texture from a given fluence distribution. This section focuses on deriving
a model for the ablation process which allows the computation of an expected
surface topography for a given fluence distribution. To adapt the model for the
use with ZnQO:Al, characteristic material properties needed for the simulation are
determined by a comparison with experimental data. After the determination of
the material properties, the model for the ablation is combined with the SINT
model (see Sec. to form a complete model for Virtual Laser Interference
Patterning (VLIP). This VLIP model is then used to predict the expected surface
topography for a given set of setup parameters. Finally, the virtual textures
computed by VLIP are compared to real textures created by DLIP.

5.4.1 Ablation Model

The model for the laser ablation aims to predict the expected topography h(7) of
the sample after the laser treatment by modeling the ablation process. It is based
on a highly simplified model of the laser-material interaction during the ablation
process. Input to the model is the spatially resolved fluence distribution on the
sample surface (®o(x,y)) and an optional input topography to allow modeling of
texture superpositions by multiple laser treatments.

For reasons of better understanding, first, the basic idea of the model is described
by deriving a simplified model which does not take into account heat diffusion
within the material. In the following section, the complete model including heat
diffusion is derived and described.

Ablation without Heat Diffusion

Theory In Sec. 5] a first and very simple model for the ablation was presented.
The topography was assumed to be proportional to the inverse of the laser fluence:

With a being a fit parameter.

To refine and improve the model, the exponential attenuation of the incoming
laser light and the existence of a threshold fluence needs to be taken into account.
To incorporate these effects, it is assumed that all material heated above a certain
threshold temperature T, is removed while material below that temperature
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remains unchanged. Furthermore, it is assumed that the energy of one laser pulse
E, is deposited instantly.

The consequent change in volumetric energy density Ae in the material before
and after the laser pulse can then be expressed by

Ae = wrT, (5.3)

with the absorbed volumetric power density w and the pulse duration t,. The
change in power density within the material is related to the incident laser

intensity as derived in Sec. Applying Eq. and Eq. on Eq. [2.45] and

introducing the fluence distribution within the material
O(z,y,2) = Po(w,y)e™ (5.4)

yields
Ae(z,y, 2) = tyodp(z,y)e™ = ado(z, y)e™ = ad(z,y, 2). (5.5)

Assuming a temperature independent isobaric mass heat capacity c, and mass

density p, the temperature change in the volume of the material can be expressed

by
[0 8

AT(z,y,2) = Do (z,y)e™. (5.6)

“P

It is now assumed that all material heated above the critical temperature difference
ATy, is removed, while cooler material remains untouched. Consequently, the
surface of the sample after the laser treatment is identical to an isothermal
surface of the temperature distribution within the material. Even without explicit
knowledge of ATy, its isothermal surface can be expressed by rearranging Eq.

to
1. (pc, AT
ATy) = —In [P 27t )
Z(C[},y, t}) x Il< x (1)0(1',y)

(5.7)
The critical temperature change ATy, can also be expressed by a critical change
in volumetric energy density Aeyy, or the corresponding critical threshold fluence

®y, within the material (Eq. :

Ae,
ATy =2 - X g (5.8)
PCp PCy

"Please note that the spatial coordinate z is negative within the sample and zero at the surface.
Also compare the coordinates in Fig. @ for orientation.
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Consequently, by inserting Eq. into Eq. the resulting topography h(z,y)
can be described in dependence of the laser fluence at the surface of the sample
(I)O(x7 y) :

h(z,y) = _olc -In (W) V&y(x,y) > P (5.9)

hMz,y) =0 Vo (z,y) < Dip. (5.10)

For insufficient surface fluence ®g(x,y) < i, no ablation takes place.

Ablation with Heat Diffusion

Theory To extend the model and take into account heat diffusion effect within
the sample, the homogeneous heat equation (see Sec. is used. It describes
the heat distribution within a material after the heat was initially deposited at
t = 0. It is assumed that all of the energy of one laser pulse E, is deposited
instantly. The temperature distribution AT directly after the deposition can be
described by Eq. B.6l To calculate the diffused temperature distribution A7” at
a given time T, after the deposition, the initial temperature distribution AT is
convolved with the three dimensional heat kernel H (see Eq. in Sec. 2.2.2):

AT'(x,y,2,70) = H(z,y,2,70) * AT (z,y, 2). (5.11)

The three dimensional convolution integral on the right side of Eq. [.11] can be
analytically simplified to a two dimensional convolution in x and 7,E|:

AT (z,y,2,T) = pieDTO“Qe“z CH® (2, y,T0) * Bo(z,y). (5.12)
&

Here, H® represents the two-dimensional heat kernel

H(2)(I7 Y, TO) =

2+ yz} . (5.13)

1
AnDry P { 4D,
Similar to Eq. 5.7} the isothermal surface for the temperature change ATy, can
be determined by rearranging Eq. [.12}

Py AT
x H(Q)(l"y7"[0) * q)o(x,y)

1
2(1‘7 Y, A,Tth) = & In ( ) — DT()O(. (514)

8For details on the simplification calculations please refer to the Appendix @
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To obtain a more intuitive picture, the optical penetration depth
lo = — (5.15)

is introduced. It is a characteristic quantity for light transmittance of a given
material. Similarly, the heat diffusion length

lT =2 DT() (516)

describes the width of the Gaussian heat kernel (compare Eq. and thus,
is a measure for the characteristic scale of heat diffusion within a material. By
inserting Eq. [5-10, Eq. and Eq. in Eq. 5.14] the isothermal surface of
ATy, can be described in dependence of the material characteristic properties l,
IT and $yy:

] ) i (5.17)

AT, ) — loc -1 Al
z(z,y, ATw) n <H(2>(;p,y, Ir) * @o(z,y) ) 4l

Similar to the ablation model without heat diffusion, the model with heat diffusion
assumes that all material heated above the critical temperature is ablated while
cooler material remains unchanged.

Consequently, the resulting sample topography can be described by

q)gﬂ(‘rvyvlT)> _ ﬁ i

l
hz,y) = —ly-1In < VO > &, exp {—T} (5.18)

Dy, 41, 402
12
h(z,y) =0 Vot < @y, exp {—4;2} (5.19)
with an effective fluence
@SH(IW:ZT) = (I)O($7y) * H<2)(‘T7y7lT) (520)

and the two-dimensional heat kernel

(5.21)

1 .7J2+ 2
H? (2,y,lr) = — exp {_ ol
T

iy

No ablation takes place if the diffused temperature at the surface of the sample is
smaller than the critical temperature:

AT (x,y,z = 0,1l7) < ATy, (5.22)
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Inserting Eq. (.12}, Eq. and Eq. in Eq. yields the condition
O (z,y,lr) < D (I, o) (5.23)

with the effective threshold fluence

l?
O (Ir, la) = Punexp | =5 | - (5.24)

402
At ® the actual ablation under consideration of heat diffusion in z-direction
starts to occur. This condition is equivalent to allowing only negative values for h

in Eq. .18

Interpretation To obtain a more intuitive picture of the convolution in Eq. .18
this convolution with a Gaussian shaped function can be looked upon in different
ways. In the language of signal processing such convolution can be interpreted
as low-pass filtering of spatial periods with a Gaussian shaped filter. In digital
image processing a similar process is known as "Gaussian Blurring” of an image.
In optics, the Gaussian H can be interpreted as a point spread function which
resembles the blurring of a punctual light source by an optical element. However,
all of these concepts are base on the broader principle of impulse responses or
Green functions.

Implementation and Challenges The theoretical description of the ablation
process was implemented as a numerical model in Python and is referred to as
the Ablate module. Input to the module is a fluence distribution ®g(z,y) on
a given grid. The convolution of ®y(z,y) with the heat kernel was calculated
numerically by discrete Fourier transformations and multiplication according to
the convolution theorem

F{f*g}t=c-F{f} Flg} (5.25)

Here, F stands for the Fourier transformation. If possible, the Fourier trans-
formations were carried out with the Fast Fourier Transform (FFT) algorithm.
Whenever non-unit grids were used, the non-periodic boundary conditions at
the spatial limits of the input fluence distribution ®o(z,y) led to artifacts in the
transformed distribution ®5¥(z,y). These artifacts only appear on the edges of
the transformed distribution due to the convolution of the step-functions at the
boarders. The artifacts were cut off by cropping ®(z, y) by the equivalent of 2/t
on each side. All further calculations were based on the cropped distribution.

To avoid such artifacts from the beginning and speed up processing time, unit
grid parameters were used (see description in Sec. [5.2.1] ). However, with unit
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cells different challenges arise. In order to perform a representative convolution,
the spatial extension of the grid Zax, Ymax has to be large enough to fully support
the Gaussian heat kernel (standard deviation o = l1/y/2). For smaller spatial
extensions of the grid, only the center part of the Gaussian in the heat kernel is
supported by the grid. A large part of the flanks of the Gaussian is cut off and the
convolution becomes increasingly inaccurate. As minimum grid size a criterion of
Zmax, Ymax > 4lr was chosen and the gird parameters were selected to fulfill this
criterion.

For large grids and small heat diffusion lengths another challenge arose. If the
standard deviation of the Gaussian is smaller than half of the grid’s sampling
interval, quantization artifacts become very pronounced. The majority of the
Gaussian is only represented by one single data point which can lead to normal-
ization errors. An additional normalization of the Gaussian was introduced to
prevents these errors.

5.4.2 Determination of Material Properties

For an application of the theoretical model to the ablation of ZnO:Al, the charac-
teristic material properties heat diffusion length I, optical penetration depth [
and threshold fluence ®;, have to be determined. For this task, a genetic algorithm
is used. It compares measured and simulated textures and optimizes I, [, and
®y, for the best match. Details about the optimization procedure, a discussion
on the reliably of the results and a comparison of virtual and real textures are
presented in the following subsections.

Optimization

Procedure In order to obtain data for a comparison, a variety of line—likeﬂ
DLIP-textures was created with the DLIP setup. Altogether N = 30 textures
were created with varying laser power and texture periodicity. The textures were
characterized by AFM and the depth of the real textures A" was determined
by multiple profile measurements in the AFM data. For each measurement ¢ a
measurement uncertainty u; was estimated according to the general quality of the
measurement. With the same setup parameters as used in the experiment, fluence
distributions were calculated by the SINT model. These fluences were taken as
input in the Ablate module to calculate virtual textures and their texture depths
h) were extracted. As the spatial periodicity of the texture is already very well
reproduced in the interference pattern (see Sec. and is not influenced by

9The line-like textures were chosen, because they revealed the smallest potential measurement
error due to debris particles.
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the characteristic properties of the material, the optimization merely focuses on
the texture depths. In the next step, a genetic optimization algorithm was applied
to minimize the difference of modeled and measured texture depth by variation of
the characteristic properties I, I, and ®yy,.

Genetic Optimization For the optimization, the genetic algorithm described in
Sec. 33 was used. The individuals I were assigned three attributes It, I and ®y,.
The boundary conditions for the attributes were:

I € [1,10 nm type = log
lo € [1,10° nm type = log
Oy, € [0,1]J/cm?® type = lin.

The type value states, if new attributes are drawn uniformly on a linear or
logarithmic scale. The surface threshold fluence was limited to a maximum of
et = 1J/em?, because in experiments, ablation could already be observed well
below that value. The starting population contained np,, = 10* individuals. For
each individual, virtual textures depths hi(v) for each set of setup parameters were
calculated using SINT and the Ablate module. The evaluation of the fitness of
the individuals was based on the difference in depth of measured and modeled
textures. The fitness was calculated by averaging over all N = 30 measured
textures weighted by the inverse of the individual measurement uncertainties:

(5.26)

The selection of the fittest individual was then carried out by selecting the g = 2000
individuals with the smallest fitness value. In each generation A = 1000 individuals
were selected for modification. Modification was carried out according to the
probabilities py = p+ = 0.5 and g« = g+ = 0.5. A total of ng, = 100 generations
were evaluated. Please refer to Sec. 5.9 for a detailed description of the algorithm
and its parameters.

Result of Optimization The developing of the average fitness as well as the
minimum (which in this case is the best) fitness within the population is depicted
in Fig. .I9] After approximately 60 generations the population has settled on
individuals with attributes resulting in a fitness of f ~ 11.6. Although thereafter
the individuals were still mutated with a mutation probability of py = 0.5, neither
the minimum fitness nor the average fitness changed within in the course of the
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Figure 5.19 Evolution of population in genetic optimization algorithm:
Throughout the course of generations, the minimal (here:
best) fitness detected within the population lessens. The
mean fitness of the population also evolves towards a min-
imum. Albeit a high mutation probability of p1+ = 0.5 no
further fitness improvement in any of the individuals in the
population was detected after 60 generations.

following 50 generations. This suggests that the individuals of the final population
scatter close to the global minimum. Furthermore, multiple runs of the same
evolution have shown similar results.

The all-time best evaluated individual throughout the course of the evolution had
the following attributes:

e heat diffusion length It = 305 nm
e optical penetration depth [, = 181 nm
e threshold fluence @y, = 0.683 J/cm?

Reliability of Optimization Results

Heat Diffusion Length In laser processing literature [5[79] a common estimation
for the magnitude of the heat diffusion length is made by introducing the laser
pulse duration T, as characteristic diffusion time (see Eq. . Consequently, the
expected heat diffusion length can be estimated by laser and material properties:

KT
It =2¢/Dty, =2,/—2. 5.27
T Tp pCp ( )

Using this approximation and literature values for undoped, crystalline ZnO at
room temperature [33], a heat diffusion length of it = 612nm can be estimated.
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The result of the optimization (It = 305 nm) is on the same order of magnitude but
suggests less heat diffusion. However, considering the high temperatures during
the laser process, a decreased heat diffusion is also expected. It can be assumed
that with the rising temperature, also the phonon density in the material rises.
Consequently, phonon-phonon interaction becomes more prominent. Similarly, the
amount of free charge carriers rises and leads to an increase of electron-phonon
interactions. Both of these scattering mechanisms diminish the thermal diffusivity
of the ZnO:Al and thus lead to a reduction of the heat diffusion length for higher
temperatures. Considering the high temperatures during the laser process as well
as the use of doped, non-crystalline ZnO:Al, a smaller heat diffusion length than
the theoretical estimation has to be expected. Consequently, the result of the
optimization is in good agreement with these expectations.

Optical Penetration Depth Similarly, the optical penetration depth can be
estimated by measuring the absorption coefficient and Eq. Using data mea-
sured at IEK-5 by photothermal deflection spectroscopy (PDS) measurements at
a typical front contact ZnO:Al layer, at room temperature the optical penetration
depth calculates to I, = 950 nm. However, due to the transient creation of large
numbers of free charge carriers during the laser illumination, it is expected that
the ZnO:Al becomes less transparent during the laser process. A rigorous theoret-
ical calculation of the transient change of the dielectric function of ZnO taking
into account Drude model and Kerr effect was carried out by Dufft et al. [29].
Summarizing, the transient augmentation of the free charge carrier density leads
to a greater extinction coefficient n” and hence, a greater absorption coefficient «.
It is assumed that because of the much greater free charge carrier densities, this
effect overcompensates the opposed band filling effect known as Burstein-Moss
shift [88]. Consequently, the optical penetration depth is expected to be shorter
during the laser process than when measured in standard laboratory conditions.

Threshold Fluence To obtain an estimation for the expected threshold fluence,
measurements according to the Liu-method (see Sec. can be used. Extrapo-
lating the linear fit of the acquired data to the x-intercept, the pulse energy E,, at
which visible ablation starts to occur can be extracted. From this pulse energy
a peak fluence ®5* in the center of the beam can be calculated according to Eq.
A corresponding measurement with a single beam (no interference effects) of
the laser used for the experiments, yielded a fluence of <I>Sk = 0.37J/em? at which
visible ablation in the center of the spot starts to occur. For the comparably
large laser spots on the order of some hundred micrometers (rs > Ir), lateral
heat diffusion can be neglected (®&f(x,y, It) = ®o(z,y)). Calculating the effective
threshold fluence ®¢ by inserting the determined material properties I, I, and
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Figure 5.20 Validation of optimization results (Texture depths for various
spatial periodicities and laser powers): After the optimiza-
tion of the characteristic material properties I, I and Py,
the diminishing of texture depths for small periodicities is
reproduced by the model. Furthermore, the trend of deeper
textures with higher laser powers within one spatial peri-
odicity is reproduced. The smaller texture depths at the
highest powers in the experiment are assumed to be due to
measurement errors.

Oy, in Eq. , yields an expected threshold fluence of ®¢f = 0.34 J/cm?. Con-
sidering that only slightly ablated surfaces cannot be detected with the optical
microscope and hence the empirical fluence (CIDSk = 0.37J/cm?) is expected to
be slightly higher than the modeled fluence (®¢f = 0.34 J/cm?), the model and
experiment are in good agreement.

Comparison of Model and Experiment

To validate the results of the optimization, the calculated and measured texture
depths are compared (see Fig. , The calculated depths were obtained by the
Ablation module with the optimized values for I1, I, and ®4,. It can be observed
that while the calculation does not perfectly match the measurements in all data
points, the general trend is replicated. For smaller spatial periodicities the texture
depth lessens and vanishes. This trend can be observed in measurement and
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Figure 5.21 Direct and virtual laser interference patterning (illustration):
Schematic outline of VLIP model and components.

simulation. Furthermore, it can be observed that within a set of textures of the
same periodicity, the texture depth generally augments for higher laser powers.
However, in the measured data this is not true for the highest power value in
most of the periodicities. This deviation is assumed to be due to measurement
artifacts.

In high-power treatments large amounts of particles were detected on the sample
surface (see Sec. . These particles can lead to systematical errors in the
AFM measurements. On the one hand, the sample is covered with a layer of
particles so the actual underlying surface topography is difficult to detect. On
the other hand, the particles can be picked up by the AFM tip and adhere to the
tip during the measurement. This can cause a change in the tip vibrational reso-
nance characteristics which again can cause a measurement error. Consequently,
AFM measurements on particle covered surfaces have to be treated with caution.
Moreover, it was not possible to remove the particles by a cleaning step without
altering the underlying topography.

Summarizing it can be stated, however, that apart from these effects the general
trends are well reproduced and there is a good match in between measurement
and simulation.
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5.4.3 Virtual Laser Interference Patterning (VLIP)

After the determination of the relevant characteristic properties of ZnO:Al in the
given setup, the Ablate module can be used to model the ablation process in the
DLIP setup. It is combined with the SINT model to form a complete model of
Virtual Laser Interference Patterning (VLIP). Starting with the setup parameters
of the experimental setup, a fluence distribution on the sample can be calculated
by the SINT model. This fluence distribution is then used as input in the Ablate
module to simulate a surface topography of the sample after the laser process
(also see Fig. . In the following section VLIP is used to calculate a variety
of textures. The geometry and texture depth of these virtual textures was then
compared to real textures obtained from experimental DLIP. Hence, the VLIP
model can be validated and its predictive power can be judged.

Texture Geometry A variety of dent-like textures were created with the DLIP
setup and characterized by AFM and SEM. With the same sets of setup parameters,
virtual textures were calculated using VLIP. A visual comparison of the virtual
and real textures is depicted in Fig. [:22] As already observed for the fluence
distributions, the spatial periodicities are very well reproduced in the virtual
textures and are in very good agreement with the periodicities of the real textures.
Furthermore, it can be observed that both, the virtual and real textures similarly
diminish towards smaller periodicities. The critical periodicity for an almost
complete vanishing is also well reproduced by VLIP. The comparison of a height
profile of an exemplary texture as depicted in Fig. [5.22] (c) revels the differences
in between virtual and real textures. Whereas the general shape and periodicity
of the profiles matches, the detailed fine structure differs. The bulging of molten
and resolidificated material on the rim of the dent and in between adjacent dents
cannot be reproduced by the model. Furthermore, the general surface roughness
and inhomogeneities of the material as well as resettled debris and particles cannot
be predicted by VLIP. The shape and steepness of the dent flanks, however, can
be reproduced.

Texture Depths A comparison of calculated and measured texture depths of
the dent-like textures is depicted in Fig. [:23] Given the restrictions of the
somewhat difficult and potentially inexact AFM measurements (see above), the
predicted texture depths are in good agreement with the measured ones. The
critical periodicity for vanishing texture depths is represented by the model. For
larger periodicities, it can be observed that real and virtual texture depths depend
on the laser power. Although this trend can already be observed for textures with
a periodicity of A > 1pm in the measured data, it is only reproduced for textures
with a periodicity of A > 1.25um by the model. However, this could be due to
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Figure 5.22 Comparison of model and experiment - general geometry and
exemplary height profile: (a) SEM images of variety of dent-
like DLIP-textures. (b) Corresponding textures simulated by
VLIP. (c) Exemplary height profile extracted from simulation
and AFM measurement. The general topography of the
DLIP textures is reproduced by the model.

systematical errors in the measurement. In general, the texture depths are well
reproduced by the VLIP model.

Conclusion The VLIP model is capable of reproducing the main topographical
properties of the DLIP textures. The main geometry, lattice type, spatial peri-
odicities, texture depth and coarse height profile are well reproduced. However,
topographical features due to melting effects like bulges or particle formation
cannot be reproduced by the model. Consequently, the detailed fine structure
of measurement and simulation differs. Nevertheless, VLIP provides a good
estimation of the expected surface topography.
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Figure 5.23 Comparison of model and experiment - texture depths: Sim-
ilar to the line-like textures used for the determination of
material properties (Fig. , the texture depths of the
dent-like textures are well reproduced by the model. Due to
debris and particle resettlement on the surface, the resulting
data is prone to a high measurement uncertainty and some
textures could not be characterized at all.

5.5 Summary

Experiment On the experimental side, a highly flexible setup for three-beam
direct laser interference patterning was designed and constructed. By a total of nine
independent setup parameters, the beam properties of each of the partial beams
can individually be adjusted. Each of these beam properties such as electrical
field amplitude or orientation of polarization influences the intensity distribution
in the interference volume. Consequently, a large variety of adjustable fluence
distributions can be created on the sample’s surface by according variation of the
setup parameters. By means of direct laser ablation, these fluence distributions can
then be transferred to adjustable surface textures on the ZnO:Al sample. With a
single laser pulse, an area of A; ~ 0.8 mm? can be textured with micrometer-sized
features. All of the producible textures are strictly periodic with a continuously
adjustable periodicity and visibly diffract incident light.
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Model On the modeling side, a comprehensive model for "virtual laser interfer-
ence patterning” (VLIP) was developed. Starting from the adjustable parameters
of the experimental setup, the model mimics the experiment by virtually prop-
agating the laser beams and changing their properties according to the setup
parameters. The intensity distribution in the interference volume is calculated
by superposition of the electrical fields of the partial beams. The energy intake
in the material is calculated under consideration of the optical properties and an
initial temperature distribution within the material is calculated. The subsequent
three-dimensional heat diffusion is modeled by convolution of the initial tempera-
ture distribution with the heat kernel. Finally, the resulting topography of the
sample’s surface is estimated from the temperature distribution after the heat
diffusion.

The experiment and the model are found in good agreement. Consequently, the
VLIP model can be used to predict the expected surface topography for a given
set of setup parameters.



6 Application in Solar Cells

To demonstrate the applicability of DLIP in the manufacturing of solar cells, thin-
film silicon a-Si:H/pc-Si:H tandem solar cells are built on selected DLIP-textured
ZnO:Al layers. In order to be able to use the textured layers in the manufacturing
of solar cells, the texture has to be applied to areas larger than single laser spots.
The covering of such macroscopic areas is done by applying multiple laser spots
adjacent to each other — the so called ”stitching” of laser spots.

In the first section of this chapter, the texture distribution within a single laser
spot as well as the macroscopic texturing by stitching of laser spots along with its
inherent limitations of homogeneity is described. The macroscopically textured
samples are then characterized for their optical and electrical properties. In the
second section the deposition of thin-film silicon a-Si:H/pc-Si:H tandem solar cells
on the textured layers is described. Finally, these solar cells are characterized
and their characteristic properties such as quantum efficiency and J-V curves are
discussed.

6.1 Macroscopic Texturing

Experimental Procedure Three series of DLIP-textured substrates were pro-
duced. Each series contained five different textures. Furthermore, untextured as
well as texture-etched ZnO:Al substrates were used as references. The applied
texture on all DLIP-textured substrates was the hexagonal dent-like texture of
the same general shape as depicted in Fig. p.11 Within each series, the spatial
periodicity of the hexagonal lattice Ay g = A was variedﬂ. The produced spatial
periodicities were A = 2pm, 1.75 pm, 1.51m, 1.25 pm and 1pm. In two of the
series, the laser was used at maximum power output (approx. P, ~ 140 mW at
sample). In the other series less laser power was used (P, &~ 110 mW). Because of
the redeposited particles and debris, one of the series produced with maximum
power was cleaned in 0.5 % HCI for ¢ = 1s. The other two series were not cleaned
after the laser treatment. Unfortunately, the cleaning with HCI led to an undesired
crack formation due to the changed etch behavior of the previously laser-treated
areas.

LFor reasons of simplicity the index "A,B” is omitted hereafter.
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Figure 6.1 Overview of DLIP textures incorporated in solar cells (SEM
images): (a) Debris and particles can be observed on the
surfaces of the high-power textures of series 1. (b) Series 2
shows less particles and debris due to less excess laser power
(see Sec. [5.3.3). (c) To remove the debris, the substrates were
cleaned in 0.5% HCI for ¢t = 1s which led to an undesired
crack formation in areas of previously laser-treated ZnO:Al.
All presented textures were measured in the center of the laser
spots.

In brief, the series were:
e Series 1: High Power, no cleaning
e Series 2: Low Power, no cleaning
e Series 3: High Power, 1s HCI cleaning
SEM images of the textures are depicted in Fig. [6-1]

6.1.1 Stitching of Laser Spots

The preceding chapters have focused on microscopically textured areas within
one laser spot (A; &~ 0.8 mm?). However, in order to properly characterize the
textured ZnO:Al for electrical and optical properties and for its application in the
construction of solar cells, larger areas of at least Ay =~ 1cm? need to be textured.
For a potential industrial application in the production of solar modules, even
areas of Ay, ~ 1m? are required. Since the maximum pulse energy is limited by
the laser system and only single pulse process can be used, the laser spot cannot
be enlarged arbitrarily. Consequently, macroscopic texturing needs to be done by
stitching numerous small laser spots to large areas.
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Figure 6.2 Variation of surface topography within one laser spot (SEM
images): Due to the Gaussian-shaped intensity distribution
of the laser beam, the energy intake in the material varies
within the laser spot. Consequently, also the produced texture
varies along the cross section of the laser spot. The spatial
periodicities, however, remain constant throughout the whole
spot.

Texture Variations within Laser Spot Apart from concentrating on the mi-
croscopic textured area within one laser spot, all preceding investigations even
only focused on the texture within the very center of the laser spot. This was
reasonable, because the very center of the laser spot can be easily determined, so
comparative measurements of different textures in various laser spots could be
conducted. Furthermore, due to the Gaussian-shaped fluence distribution within
the laser beam (see Sec. 2.2.1), the lateral fluence variation is minimal at the
center of the pulse allowing more accurate measurements. However, the texture
within the pulse varies.

So far, it was assumed that the spatial average of the microscopic periodic surface
fluence distribution (due to the interference) ®{**" is equal to the peak surface
fluence within the macroscopic, Gaussian-shaped fluence distribution (due to the



118 6 Application in Solar Cells

laser beam properties)ﬂ oprean = ®P* However, moving away from the center,
the spatially averaged surface fluence ®{***" lessens. At a distance of the beam
radius w from the center, it has dropped to &7 = 1/62<I>8k. Outside the area
defined as the beam area A;, = mw? (see Sec. 2.2.1]) it is even smaller, but remains
nonzero.

Consequently, the texture within the observable laser spot also varies. In Fig. [6.2]
various textures observed along the radius of a laser spot are depicted. The texture
depth as well as the fine structure of the textures varies just as would be expected
for textures created with different laser powers (compare Fig. . Even on the
outside rim of the visible laser spot where r = r¥® a minor texture remains. Only
further out at rs, where even the maximum fluence of the interference pattern
falls beneath the threshold fluence ®*(r > r,) < & the surface remains

untreatedﬂ

Macroscopic Texture Variations For the texturing of macroscopic areas by
stitching laser spots this means that there will always be variations in the texture.
It is not possible to perfectly homogeneously texture large areas by stitching.
By positioning the centers of the laser spots in a hexagonal lattice, the largest
area of the surface can be covered by laser spots (compare closest packing of
circles [23,98]). The distance in between the centers of neighboring laser spots dj
defines the spatial overlap of the adjacent spots and thus, the area of untextured
as well as double textured regions. For close stitching (ds < 2ry) the amount of
untextured area lessen, but the area covered with unpredictable double textures
augments. Since the exact geometry of double textures of the same periodicity
cannot be predicted due to setup instability, a double texturing was avoided.

For dy > 2r¢ no double texture exists but areas in between the laser spots remain
untextured. Even for perfect stitching with dy = 2r, approximately 9% of the
total surface area remains untextured (compare Fig. [6.3] (a)). The other 91 % are
covered with a range of textures ranging from the very shallow texture induced
by the threshold fluence @ to the deepest texture induced by the peak fluence
<I>8k‘ The distribution and the frequency of the different types of textures can
be calculated according to the Gaussian fluence distribution. However, it has to
be kept in mind that the frequency of occurrence of shallow textures which are
located towards the outside of the beam spot is much higher than the frequency
of the deep textures in the center of the spot.

2To avoid confusion, the maxima and minima of the microscopic, periodic fluence distribution
are referred to as ®{'** and @g‘i“. <I>8k always refers to the peak value of the Gaussian-shaped
distribution.

3Please note that O and CI)gk denote different quantities.
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Figure 6.3 Stitching of laser spots: (a) Illustration of fluence distribution
on sample surface using a perfect hexagonal lattice with
Gaussian laser spots at a distance of ds = 2rs. (b) OM
image of spot stitching pattern as used for the construction
of solar cells. Due to the beam pointing and pulse-to-pulse
instabilities of the laser, the size and shape of the spots as
well as their positioning strongly varies.

Experimental Issues For the manufacturing of the samples used for charac-
terization and the deposition of solar cells, the laser spots where stitched in a
hexagonal lattice with a spot distance of ds = 2rY®. The visible spot radius r®
was determined by examination under the optical microscope and estimating
the visible radius of the laser spotﬁ. The visible spot radius r¥® was determined
independently for each set of setup parameters, and thus, type of texture.

The pointing instability of the laser beam lead to strong irregularities in the
positioning of the laser spots in the nominal hexagonal pattern. Furthermore,
the pulse-to-pulse instability of the laser system lead to varying spot sizes. Both
effects can be observed in Fig. [6.3(b). For these reasons as well as the general
variation of the macroscopic texture as described in the preceding paragraphs, the
manufactured macroscopically DLIP-textured ZnO:Al samples do not represent
the best textures achievable by DLIP patterning. They are merely used as a proof
of concept for the DLIP-patterning process in the production of thin-film silicon
solar cells.

4In general rYis # rg
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Figure 6.4 Light diffraction of DLIP textures (superposed, colored pho-
tographs of diffraction pattern of series 1): The strictly peri-
odic textures refract the light of a monochromatic light source
(A, = 405 nm) into discrete angles. For smaller spatial periods
of the texture (see legend), the light is diffracted into larger
angles.

6.1.2 Electo-Optical Characterization

In order to be able to throughly characterize the macroscopically textured sub-
strates without taking the risk of a contamination of the substrates, each texture
was created on two substrates. One substrate was used directly for the construc-
tion of solar cells whereas the other substrate was used for the characterization.
The textured areas on the characterization substrate were A = 20mm x 20 mm
and each texture was created directly after the corresponding texture for the
solar cell was created without a change of the experimental setup. After the
characterization of the textures on the characterization substrate, the substrate
was cleaned similarly to the substrates used for the solar cells (0.5% HCI for
t = 1s). After the cleaning, each texture was characterized again. Fig. shows
SEM images of the reference textures of series 1, 2 and 3.

Diffraction The periodic textures diffract monochromatic laser light into discrete
directions. To visualize the diffraction pattern, the diffracted light of the textures
of series 1 was photographed at a ground glass screen behind the sample. The
photographs were artificially colored and superposed to be able to compare the
diffraction abilities of different textures (see Fig. [6.4). The discrete diffraction
pattern underlines the strict periodic nature of the texture even on macroscopic
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areas of single millimeters. Further, it can be observed that the textures with
smaller periods diffract into larger angles.

Spectral Transmittance To spectrally quantify the amount of transmitted light,
the substrates were characterized in a spectrometer. Since the amount of diffusely
transmitted light (haze value) does not necessarily correlate with the light trapping
abilities of a texture [53,[89], the haze value is not evaluated. Also reflectance
measurements in air only have very limited significance, because texture-driven
light in-coupling effects are less pronounced at the ZnO:Al-air interface than
at the ZnO:Al-a-Si:H interface in a solar cell. Furthermore, the ZnO:Al layer
is used as the front contact of the solar cell so it is of minor relevance if the
non-transmitted light is absorbed or reflected.

Consequently, all further investigations solely concentrate on the total transmit-
tance of the ZnO:Al layer. However, even these measurements have to be treated
with caution since the less reflective ZnO:Al-air interface in the measurement can
lead to a higher measured transmittance as would be expected in the compound of
a solar cell (see Sec. . Nevertheless, the spectral transmittance can be used to
obtain a general idea of the transparency of the ZnO:Al layers. The measured total
transmittances of the textures used for the solar cell manufacturing are depicted
in Fig. [6.5 A spectrally averaged transmittance TT,,, was calculated for the
short (A = 350nm to 600 nm) as well as the long wavelength region (A = 600 nm
to 1100nm) and is presented in Tab. [6.1}

As a first observation it can be stated that within each single series, the textures
with different spatial periods all show similar transmittance. Compared with
the etched reference, it can be observed that the total transmittance of the
series 1 textures is generally lower than the etched reference. The broadband
reduction is assumed to be due to debris resettling on the sample surface during
the laser treatment with high powers (as can be observed in Fig. (a)). This
is underlined by the fact that series 2 (Fig. [6.5(b)) textures in general reveal a
higher transmittance than series 1. Due to the lower powers used in series 2, there
is a lower excess energy intake and less debris and particles (also compare Fig. [6.1
(a) and (b)). A comparison of the uncleaned textures of series 1 with the same
but cleaned textures of series 3 reveals a broadband gain in transmittance after
the cleaning (see Fig. [6.5). This further underlines the assumption that debris
is the cause for the loss in transmittance. After the cleaning it can be observed
that in the wavelength region from A = 500 nm to 900 nm, some DLIP-textures of
series 3 reveal an even higher transmittance than the standard etched texture. In
the longer wavelength region (A > 900 nm) both clean and unclean textures show
a reduced transmittance when compared to the standard etched reference. This is
assumed to be due to the larger effective layer thickness in the DLIP-textured
ZnQO:Al layers.
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Figure 6.5 Total transmittance of DLIP textured ZnO:Al layers used
in solar cells: The broadband reduction of transmittance of
series 1 compared to the etched reference is assumed to be due
to debris and redeposited particles. Due to less debris series 2
reveals better transmittance than series 1. After cleaning the
samples and removing the debris (series 3), the transmittance
is improved for all wavelengths. The lower transmittance of
all DLIP textures in the long wavelength region is attributed
to the higher effective layer thickness of the DLIP-textured
ZmQO:Al layer compared to the etched reference.
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Series A TTtep TTbot ot

avg avg avg
[am] %] [%]  [%]
etched 75.87 83.24 80.75
cleaned 77.34 8224 80.58
flat 77.21  82.00 80.35
1 2 74.78 80.48 78.54
1 1.75 73.92 79.66 77.72
1 1.5 7296 79.84 7751
1 1.25 72.14 7952 77.02
1 1 72.40 79.01 76.75
2 2 76.05 80.61 79.05
2 1.75 78.88 8224 81.05
2 1.5 7521 80.67 78.80
2 1.25 74.47 80.50 78.44
2 1 73.45 80.09 77.82
3 2 74.58 83.39 80.40
3 1.75 74.04 8243 79.59
3 1.5 7115 82.01 78.36
3 1.25 71.06 81.70 78.09
3 1 70.52 80.48 77.10

Table 6.1 Spectrally averaged total transmittances extracted from mea-
surements as depicted in Fig. [6.5] The averaged transmittance
for the top cell TT;\?g was averaged over the wavelength re-

gion from A = 350nm to 600 nm, TTL% over A = 600 nm to

avg

1100 nm and TT%! over A = 350nm to 1100 nm.

avg

Sheet Resistance After the texturing, the sheet resistance Rp of the ZnO:Al
layers was slightly augmented. Typically, it changed from Ry = 3.5 in the
untextured layer to Rp =~ 4.5 in the DLIP-textured layer. After the cleaning
step in HCI it again augmented by ARy & 0.5 to typically Rg ~ 5. The slight
increase in resistance is attributed to the decrease in effective layer thickness of
the ZnO:Al layer after the DLIP process as well as after the cleaning process.

6.2 Solar Cells

On the macroscopic DLIP-textured substrates, thin-film silicon a-Si:H/pe-Si:H
tandem solar cells were deposited by a standard deposition process. After the
deposition, the solar cells were characterized to investigate quantum efficiency
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Figure 6.6 Schematic sketch of deposited thin-film silicon a-Si:H/pc-Si:H
tandem solar cell (illustrations): (a) Layer stack and estimated
layer thicknesses (proportions are not in scale). The p- and
n-layers have an approximate thickness of d = 40 nm each. (b)
Layout of textured areas and solar cells on substrate: Each of
the red dashed rectangles of size Appp = 40 mm x 25 mm was
patterned with a different DLIP texture. For each texture,
three Agc = 10mm x 10 mm cells were evaluated.

100mm

and J-V characteristics of the cells. In the following section, the deposition of the
layer stack and the results of the characterization are presented and discussed.

6.2.1 Deposition of Tandem Solar Cells

All cells were deposited in a large area deposition tool at IEK-5 in the same
deposition. The layer stack was deposited according to a slightly altered recipe for
standard a-Si:H/pc-Si:H tandem solar cells. The layer thicknesses were slightly
reduced in order to be able to better investigate light trapping effects. The
deposited layer stack with the approximate layer thicknesses is depicted in Fig. [6.6]
(a). After the deposition of the a-Si:H and pc-Si:H layers, a thin layer of ZnO:Al
was sputtered on the substrate to enhance reflection and finally, a silver back
contact was deposited thermally. Prior to the silver deposition, the substrates were
masked and a standard IEK-5 cell design was applied. After the deposition, each
DLIP-textured areas was incorporated in 3 solar cells with an area of Agc = 1cm?
each (see substrate layout in Fig. (b)). To be able to access the front contact,
the substrates were scratched at an additionally deposited silver strip in between
the cells, so this strip was in electrical contact with the front ZnO:Al layer.
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6.2.2 Characterization of Solar Cells

For all but one of the DLIP textures at least one fully functional solar cell could be
determined. In order to minimize measurement errors due to detection of photo
current which was generated in an area larger than the actual solar cell, the best
solar cells for each texture were electrically isolated. This was done by removing the
absorber layer in the circumference of the deposited back contact by laser ablation.
Afterwards these solar cells were characterized by spectral response measurements,
sun simulator and spectrometer to obtain spectral quantum efficiencies, J-V curves
and solar cell reflectance (see Sec. .1.1)).

External Quantum Efficiency (EQE) In order to investigate the spectral light
trapping properties of the solar cells, the external quantum efficiency (EQE) of
the cells was determined. The EQEs of the cells within series 1, 2 and 3 are
depicted in Fig. [6.7 The short-circuit current densities calculated from the EQE
measurements as well as the maximal texture depths of the various DLIP textures
are presented in Tab. [6.2]

Similar to the transmittances, it can be observed that the EQEs of textures within
a single series are somewhat similar. Nevertheless a slight trend with a maximum
at approx A & 1.5um or A & 1.75 pm can be observed in all series. However, this
trend can also be due to experimental variations and is not considered pronounced
enough to be stress-able.

Focusing on the top cell and the short wavelength region (A = 350 nm to 600 nm),
light trapping effects of the textures are negligible. Almost all of the light that
passes through the top cell without being absorbed is absorbed in the thicker
bottom cell, so light trapping is of very little importance. In this region, it can
be observed that the cells of series 1 show lower EQEs and JP than series 2,
which is assumed to be due to the lower transmittance of series 1 (see Sec. [6.1.2).
Furthermore, both series 1 and 2 reveal lower EQEs than the standard etched
reference. This loss is attributed to better light in-coupling of the etched reference
due to the smaller feature sizes of the etch texture. Series 3 shows the best EQEs
and JP of all DLIP textures. Due to the short etching step in the cleaning
of the substrates for series 3, the DLIP texture is superposed with a texture of
small cracks (also see Fig. (c)). The small feature sizes of the cracks (better
in-coupling) along with the better transmittance due to the removal of debris are
assumed to be the reason for the gain in the top cell quantum efficiency (also see
next paragraph about solar cell reflectance).

In the bottom cell and long wavelength region (A = 600nm to 1100nm), light
trapping plays a more significant role. Here, series 1 cells have a similar if not
slightly better EQE than the cells of series 2. It is assumed that the deeper
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External quantum efficiency of solar cells: Comparing series

1 and 2, the cells of series 2 show a higher EQE in the top
cell and similar or slightly lower EQE in the bottom cell (also
compare short-circuit current densities in Tab. . Series
3 shows the highest EQE compared to the other DLIP cells,
but does not reach the level of the standard etched reference.
Within each series, a slight trend favoring the A ~ 1.5 um
and A =~ 1.75 pm periodicities can be observed.
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Series A hpax Jtop Jbot Jaum
[mm] [nm] [mA/cm? [mA/cm?]  [mA/cm?]
etched 10.80 12.56 23.36
cleaned 10.05 8.76 18.81
flat 9.92 7.7 17.09
1 2 295 9.42 10.10 19.52
1 1.75 285 9.71 10.48 20.19
1 1.5 275 9.87 10.66 20.53
1 1.25 250 9.46 10.35 19.81
1 1 170
2 2 175 10.13 10.20 20.33
2 1.75 230 10.21 10.46 20.67
2 1.5 220 10.11 10.30 20.41
2 1.25 175 10.16 9.82 19.98
2 1 130 10.13 9.66 19.79
3 2 295 10.40 11.16 21.56
3 1.75 285 10.37 11.52 21.89
3 1.5 275 10.25 11.86 22.11
3 1.25 250 10.59 11.20 21.79
3 1 170 10.49 10.97 21.46

Table 6.2 Overview of short-circuit current densities of solar cells: The
texture’s spatial periodicity A obtained by SEM measurements,
the approximate maximum texture depth hpyax obtained by
AFM measurements, the short-circuit current density of top
and bottom cell calculated from EQE measurements (JP and
JPO respectively) as well as their sum JSU™ = JIOP 4 jbot are
specified.

textures of series 1 lead to better light trapping which is reflected in a greater
EQE of the bottom cell and thus, a greater J2°. The gain due to the improved
light trapping partially even overcompensates the generally lower transmittance
of series 1 (see Sec. [6.1.2). Series 3 shows the possible potential of the DLIP
textures. Assuming that the change of texture due to the cleaning does not have
a large effect on the light trapping (the size of the cracks is comparably small
to the wavelength of the light), the gain of EQE and JP° in series 3 is mainly
attributed to the better transmittance of the cleaned substrate. However, the
DLIP textures of series 3 still show lower EQEs than the etched reference.

Nevertheless, it has to be kept in mind, that the covering of the substrate with
the texture is very inhomogeneous (see Sec. [6.1.1). Parts of the substrate
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remain untextured and in others only a very shallow texture exist. An optimized
experimental setup and laser process can lead to a higher homogeneity of the
texture on the substrate as well as to less debris on the samples surface.

Reflectance Fig. [0.8 shows the spectra of total reflectance of cells in series 1 to
3. The measurements of the reflectance of the solar cells help to better understand
the optical properties of the textured layers. Losses in quantum efficiency can
be further investigated and parasitic absorption or reflection due to insufficient
light in-coupling can be distinguished. Furthermore, the reflectance in the long
wavelength region can be used to obtain a measure for the light trapping efficiency
of a solar cell. All reflectance measurements of the DLIP-textured cells show
interference effects throughout the whole spectrum. However, since the exact
position of the maxima and minima is a result of many overlaying interference
and modal effects, they are not further employed for interpretation.

In the short wavelength region, the solar cells of series 1 and 2 both show higher
reflectance than the etched reference. This underlines the assumption that insuf-
ficient light in-coupling of the DLIP textures is the reason for the loss of EQE
in the short wavelength region when compared to the etched reference. The
reduction of reflectance when compared to the flat reference, however, indicate
an improved light in-coupling due to the laser texturing. The cells of series 3 in
the short wavelength region reveal a reflectance similar to the etched reference. It
can be assumed that the crack formation due to the cleaning step leads to better
in-coupling abilities. The persisting loss of EQE in the very short wavelength
region (when compared to the etched reference) is attributed to a higher parasitic
absorption in the ZnO:Al layer of the DLIP-textured substrate. This loss of
transmission is also reflected in the transmission measurements of the ZnO:Al

layers (see Fig. and Tab. [6.1)).

In the long wavelength region, the reflectance of all DLIP cells is significantly
lower than the flat reference, which suggests improved light trapping properties
due to the laser texturing. However, the etched reference reveals an even lower
reflectance which is also reflected in the higher EQE in the bottom cell (see Fig.
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Figure 6.8 Reflectance of solar cells: All DLIP textures show lower re-
flectance than the flat reference. Compared to the etched
reference, series 1 and 2 show higher reflectance in the whole
wavelength region. The reflectance of series 3 is generally
lower than the ones of series 1 and 2. In the short wavelength
region it is similar to the etched reference.
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J-V Characteristics In order to proof the functionality of the created solar cells,
the J-V characteristics of the layer stack under standard illumination with the
solar spectrum (AM1.5) was determined (See Sec. R.I.1)). The J-V curves for
series 1, 2 and 3 are depicted in Fig. [6.9] The determined cell parameters are
presented in Tab. [6-3] It can be observed that while the short-circuit current
density Jy. is similar for the cells in series 1 and 2, the open-circuit voltage V.
is slightly higher in series 2. This could be attributed to a better layer growth
on the slightly less textured low-power series 2. Series 3 on the other hand has a
strongly deteriorated V,.. Some cells show a V,. more than AU = 100 mV worse
than that of the flat as well as cleaned reference cells. Again, no significant trend
within the cells of a series could be determined.

Series A Ve Jse FF n
nm] [mV] [mA/em? % %o
etched 1390 11.74 70.23 11.46
cleaned 1390 9.65 77.41 10.39
flat 1416 7.65 81.63 8.84
1 2 1386 10.30 68.29 9.75

1.75 1387 10.52 69.34 10.12
1.5 1378 10.69 68.87 10.15
1.25 1390 10.46 68.48  9.96

2 362 10.64 62.25 2.40
1.75 1392 10.97 68.96 10.54
1.5 1401 10.72 69.84 10.49
1.25 1392 10.47 70.85 10.33

1 1402 10.17 71.94 10.26

2 1242 11.40 59.80 8.66
1.75 1293 11.39 60.26 8.88
1.5 1308 11.14 61.55 8.97
1.25 1242 11.50 59.80 8.55

1 1256 11.34 60.33  8.59

W W W WW|INNDNDNDN| - =

Table 6.3 Overview of cell parameters: Open-circuit voltage V., short-
circuit current density Jg, fill factor FF and solar cell efficiency
7 measured with sun simulator. Due to the mismatching of
some of the cells, the values of fill factor and solar cell efficiency
only have limited significance.
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Figure 6.9 J-V characteristics of solar cells under illumination with
AM1.5: While the short-circuit current Js. density is sim-
ilar for cells of series 1 and 2, the open-circuit voltage Vi is
slightly higher in cells of series 2. Series 3 shows the highest
Jsc but a deteriorated V.. An overview of the measured cell
parameters can be found in Tab. @
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6.3 Conclusion

Fully functional solar cells can be deposited on DLIP-textured substrates without
growth or adhesion problems. In general, the cells show better light trapping
abilities than the flat reference cells but worse light trapping abilities than the
standard etched reference cells. However, neither the texturing process nor the
layer stack of the solar cell were optimized for efficiency. Consequently, the results
must not be taken as a benchmark for the potential of the process but merely
demonstrate the applicability of DLIP textures in thin-film silicon solar cells.

Effects of Periodicity Taking the short-circuit current densities of the bottom
cell as a measure for the light trapping abilities of the cells, within each of the
three series, a slight trend with a maximum in the region of A = 1.5um and
A = 1.75pm is observed. An explanation for such a trend could be that, on the
one hand, smaller texture periodicities lead to diffraction of the incoming light in
larger angles and hence, improve light trapping. On the other hand, due to the
heat diffusion within the ZnO:Al during the laser process, the DLIP texture is less
pronounced for smaller periodicities (see Sec. . This again leads to lower
light intensity in the diffracted beam paths. Accepting the measurement data,
the best trade-off in between these two effects is in the region of A = 1.5 um to
1.75nm. However, these trends are very marginal and can also be purely due to
experimental variations during the stitching of the laser spots (see Sec. [6.1.1)).

Effects of Depth Investigating the impact of the texture depth, it is assumed
that the deeper textures of series 1 lead to better light trapping abilities than
the ones of series 2. In the long wavelength region, the better light trapping even
slightly overcompensates the loss of EQE due to the generally lower transmittance
of series 1. However, due to the more difficult growth of silicon on the deeper
textures, also the V. slightly lessens.

Effects of Cleaning In order to further explore the potential of the light trapping
abilities of the deeper textures, the substrates of series 3 were cleaned to regain
transmittance. The cleaning of the substrates (0.5% HCI for ¢t = 1s) revealed
undesired effects on the topography of the ZnO:Al layer. In areas of previously
melted and resolidificated ZnO:Al, strong crack formation occurred during the
cleaning process. These cracks are assumed to negatively affect the growth of the
a-Si:H p-layer which is the first layer deposited onto the ZnO:Al (see Fig. [6.6] (a)).
The potentially malfunctioning a-Si:H p-layer then impedes the formation of a
sufficiently large electric field in the top cell. As a consequence, the V. of the
whole device decreases. Nevertheless, the cleaning of the substrates led to the
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desired regain of transmittance of the ZnO:Al layer (Fig. [6.5)) and thus, to an
increased solar cell EQE (Fig. [6.7).

Potential of DLIP process Assuming that the crack formation only marginally
influences the light trapping abilities, the cells of series 3 can be used to obtain
an estimation for the potential of the DLIP process. The measured EQEs are
higher than any of the ones of the uncleaned DLIP textures. However, even
the highest short-circuit current densities within all DLIP textures do not fully
reach the level of the ones of standard etched cells. It has to be kept in mind,
however, that due to the experimental restraints the substrates were covered very
inhomogeneously (see Sec. . A more sophisticated experimental setup with
a tailored laser process could produce a more homogeneous coverage of textures
and reduce debris formation at the same time. Both of these effect could further
improve the quantum efficiency of deposited solar cells.

Finally, it has to be emphasized that the cells constructed in the framework of
this thesis were deposited according to standard recipes for cells optimized for
the standard etch texture. No optimization of the layer thicknesses or the general
deposition process for cells on DLIP textures was carried out. Furthermore, with
the given experimental DLIP setup and the Gaussian shaped laser beam, the
substrates could only be covered inconsistently and inhomogeneously. Conse-
quently, the cells cannot be interpreted as a benchmark for the DLIP process.
They merely serve as a proof of concept that DLIP patterning can be introduced
in the manufacturing process of thin-film silicon solar cells and fully functional
solar cells can be created.
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The preceding chapter demonstrated that DLIP-textured ZnO:Al layers can be
used for the production of thin-film silicon solar cells. However, it remains unclear
how the different textures influence the performance of the solar cell, which of
the numerous textures promises the best performance, and what is the potential
of the DLIP process when loosening the constraints of the current experimental
setup.

The following section introduces the light trapping efficiency LT E as a measure for
the light trapping ability of a given texture when implemented in a solar cell. To
validate the light trapping efficiency, the results of the solar cell characterization
are compared with the calculated LT'F of the textures used for construction of
the cells. By means of the light trapping efficiency, it is then investigated how
the different setup parameters, and thus texture geometries, influence the light
trapping ability of the texture. In the third section, a global optimization is used
to determine the set of setup parameters which is capable of producing the texture
with the best light trapping abilities within the limits of the existing experimental
setup. Finally, an outlook of the potential of the process is provided by also taking
into account multi-pulse processes and short laser pulses durations.

7.1 Light Trapping Efficiency

Motivation To judge the effectiveness of a given texture when used for light
trapping, different methods can be applied. A simple method is to compare the
measured amount of diffusely scattered light to the amount of totally transmitted.
However, this so called haze value (see Sec. has revealed to only have very
limited predictive power for the efficiency of a solar cell built upon the texture
[53,189). Another approach is the rigorous solving of the Maxwell equations for
the given geometry by finite-difference time-domain (FDTD) methods. However,
such simulations pose a very high demand on computing power and, at the time
being, cannot be used to predict the scattering abilities of the numerous possible
textures. The phase model and the derived light trapping efficiency (Sec. ,
on the other hand, offer a good compromise in between required computing
power and reliability of results. It can be determined without measurements,
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only requires limited computing power and has shown to correlate with solar cell
efficiency [12].

7.1.1 Calculation of LTE and LTE.; (PyLTE)

PyLTE The light trapping efficiency LTE was determined according to the
phase model (see Sec. . In the wavelength range from Aqg = 600nm to
An = 900 nm and steps of AXN = 10nm the LTE was calculated according to Eq.
BI1 The calculations were carried out numerically and were implemented in
a module named PyLTE. PyLTE can be integrated in the existing simulation
framework to allow an integrated calculation of the LTE value starting from the
setup parameters (compare Fig. in Introduction). The processing timesﬂ to
calculate a light trapping efficiency for a given set of setup parameters were on the
order of t,. ~ 0.6s for unit grids and %}, ~ 25s for non-unit grids, depending
on the grid size an resolution. If not otherwise stated, all calculations were carried
out on unit grids.

Effective Light Trapping Efficiency By the phase model, a LTFE value can
be assigned to a given texture. However, when using DLIP, the texture on the
substrates varies due to the stitching of the laser spots as well as the inherently
inhomogeneous fluence distribution within a Gaussian laser beam (see Sec. [6.1.1).
Consequently, no strictly defined LTE can be determined for the macroscopic
texture distribution which is used for the building of a solar cell. To adapt the light
trapping efficiency for the use with DLIP, the concept of an effective light trapping
efficiency LT E.g was derived. The LT E.g aims to represent the distribution of
different textures in a distribution of different corresponding LT E and calculates
a weighted average of these LT E according to their areal fraction on the substrate
(also see Fig. . The total fluence range from the maximum <I>8k to a given
minimum <I>(()N) is divided into N equidistant parts <1>§f). All of these values with
odd indices 2i + 1 are weighted with the area of a ring Ay resulting from the
difference of the circular areas corresponding to the radii ry and ry.9 of the
adjacent even <I>(()2i> and <I>52i+2).

In detail, the effective light trapping efficiency LT E.g is calculated by

1 X ;
LTEa(®Y, N) =091 - — - S LTE®F) - Agyy (7.1)
TrN i—1
with
Aj=mrly —mrdy. (7.2)

ton a standard laptop PC (Intel i5-2520M CPU, Win7 64bit OS)
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(a)

Figure 7.1 Effective light trapping efficiency (illustrations): The effective
light trapping efficiency LT Fog takes into account the texture
distribution within a Gaussian laser spot (a) and the stitching
of laser pulses. By weighting the textures according to their
areal fraction A; (b), an averaged light trapping efficiency is
calculated for macroscopic areas in dependence of the laser
spot distance dg in a hexagonal lattice.

The factor 0.91 accounts for the approximate 9% of the total area that remains
untextured in a perfect hexagonal stitching (see Sec. [6.1.1)).

The sampling radii r; are defined by
o(r) = B, (7.3)
whereas the sampling points <I>éi> are defined by
) = e and @Y — @) = Ad = const Vi, (7.4)

as well as the total amount of sampling points IV and the outer limit @E]N).

The local light trapping efficiency LTE (<I>(()i)) is calculated from the given setup
parameters and an adapted total laser power P, so that the local fluence spatially
averaged within the interference pattern results in ®f**" = oY),

7.1.2 Comparison with Solar Cells

In order to investigate the predictive power of LT F.g, it was compared to the

results of the solar cell characterization. The short-circuit current density of the

bottom cell j2°* can be used as a measure for the light trapping abilities of a
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Figure 7.2 Comparison of measured solar cell performance and calculated
light trapping efficiency: The specific light trapping efficiency
LT Egp. is in good agreement with the corresponding short-
circuit current densities of the bottom cells j2°%. The values
of LT Enax and LT Eyy, show the potential influence of the
stitching procedure. The scale for the light trapping efficien-
cies was calibrated according to reference measurements with
flat and etched textures. Within each series, the spatial pe-
riodicities from left to right are A = 2um, 1.75um, 1.5 pm,
1.251um and 1 pm.

solar cell and also directly correlates with the solar cell efficiency 7 [12] (see Sec.
9.1.3).

Maximal, Minimal and Specific Light Trapping Efficiency Fig. [(.2] shows a
comparison of j2°* and different types of light trapping efficiencies which take into
account different types of laser pulse stitching. The light trapping efficiencies were
calculated from a set of setup parameters by means of VLIP and PyLTE. The
scale for the light trapping efficiencies was calibrated by calculating the LTE of a
standard etched as well as a flat reference texture and setting these values equal
to the corresponding experimental results (reference-section in Fig. . For the
DLIP-textures three types of light trapping efficiencies values were calculated:
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e The maximal light trapping efficiency LT E,,.y is the light trapping efficiency
calculated for the texture at the center of the laser spot where & = ®F*:

LT By = LT E(®EY). (7.5)

e The minimal light trapping efficiency LT E.;, is the effective light trapping
efficiency calculated for a hexagonal stitching with a spot distance dy = r®

whereas 7! is the spot radius at the position where the fluence ®; has
dropped to the threshold level for ablation ®gf:

LTEp = LTEg(9)Y = @ N = 100). (7.6)

e The specific light trapping efficiency LT Eg,. is calculated for the very
specific experimental setup and stitching like it was used for the production
of the solar cell&ﬂ It is the effective light trapping efficiency calculated for
a hexagonal stitching with a spot distance ds = 77, whereas 77 is the
visible spot radius as determined with the optical microscope during the
manufacturing of the solar cells (see Sec. . Consequently, the stitching
is different for each texture due to the individual r¥®. The specific light
trapping efficiency is calculated by

LTE.p. = LTE(®0 = ®(r¥®), N = 100). (7.7)

S

7.1.3 Discussion

Specific light trapping efficiency  The specific light trapping efficiency LT Egp,
in general shows good agreement with the measured j2°t. For all of the cells of
series 1 (high power), measurement and simulation are very well matched. The
slight deviation of the cell with the smallest spatial periodicity is assumed to be
due to the large amount of debris and particles at these periodicities and high
powers (see Sec. [5.3.3). The cells of series 2 (low power) are underestimated
for large spatial periodicities and overestimated for small periodicities. The
underestimation is assumed to be due to the bulges and other detailed topography
which is not reproduced by the ablation model (also see corresponding textures in
Fig. (b)). These small features also have an influence on the light scattering
and could improve the light trapping abilities of the real texture. These features
are not represented in the virtual textures used for the calculation of LT Eg,. and
thus, the measured jb° is higher than expected. The overestimation at smaller
periodicities, on the other hand, is assumed to be due to the vanishing of the
small features and the increase of debris during the laser process. However, the

2Experimental instabilities and variations were not taken into account for the calculations.
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calculation of LT Eg,. strongly depends on the assumed stitching process. Due to
the high instabilities of the experimental setup and the inhomogeneous stitching
(also see Fig. the deviations of simulation and experiment could also purely
be due to experimental issues.

Minimal and Maximal light trapping efficiency To further highlight the strong
influence of the stitching process, the quantities LT Ey,.x and LT E;, are plotted
in Fig. [(.2] Both quantities are calculated from the same set of setup parameters
and merely show the influence of the stitching process. Although they do not
strictly represent maxima and minima values, they can be interpreted as such.

The quantity LT E,;, is calculated by assuming that the laser spots are positioned
at a distance so no double texture exists. The spot distance is chosen to be
ds = 2r(®¢), so the texture of one laser spot is completely vanished (®, = ®¢f)
until the texture induced by the adjacent spot begins. However, practically a
large area towards the outside of the laser spot does not actively contribute to the
light scattering — albeit showing a shallow texture. So, while such a stitching has
a well defined spot distance dg, it is not very suited for practical use. Nevertheless,
it can be used to define a minimum for the effective LTE.

The quantity LT Ep .y, on the other hand, represents the light trapping efficiency
in the very center of the laser spot. Covering of macroscopic areas with that
texture is not possible without double textures. However, by using a different
experimental setup with a smaller spot radius steeper flanks in the Gaussian beam
profile can be achieved. A tighter stitching would then improve the areal fraction
of the deeper textures (like the ones in the center of the Gaussian). Summarizing,
it can be stated that although the homogeneous covering of large areas with the
single texture corresponding to LT Fy,.x cannot be achieved, LT E ., can be used
to obtain a picture for the potential of a given texture. Consequently, LT E,.x is
used as a measure for the light trapping abilities of a given texture in the following
sections.

7.1.4 Conclusion

To adapt the concept of the light trapping efficiency LTFE to laser textured
surfaces, the quantities LT Feg, LT Egpe and LT B,y were developed. However, all
of these are mere applications of the underlying, generic light trapping efficiency
LTE.

The effective light trapping efficiency LT E.g takes into account the inhomogeneous
fluence distribution in a Gaussian laser beam as well as stitching effects induced



7.2 Influence of Setup Parameters on Light Trapping Efficiency 141

by macroscopic texturing. Consequently, LT E.g strongly depends on the assumed
beam profile and stitching parameters.

The specific light trapping efficiency LT Eqp, is a special case of an effective light
trapping efficiency. It is the LT E.g calculated according to the exact beam
profile and stitching parameters used for the manufacturing of the solar cells and
thus, represents the actually expected light trapping efficiency for this specific
experimental setup. Accordingly, it can be used for an experimental verification
of the predictions of PyLTE. Calculated LT Ey,. and experimental data from
the characterization of the DLIP solar cells (Chap. @ are in good agreement.
Consequently, it can be assumed that the concept of the light trapping efficiency
can also be applied on DLIP textures and the estimations by PyLTE offer a
reliable measure for the light trapping potential.

The LT E,.x represents the light trapping efficiency of a given texture without
taking into account the macroscopic texture variations induced by a specific beam
profile and pulse stitching. Consequently, to obtain a picture of the potential of a
given texture, the LT Fy .« can be used as a scale.

However, it has to be kept in mind that the light trapping efficiency is based on a
very rough model of the light trapping within a solar cell and cannot perfectly
reflect the potential of a given texture. Accordingly, the LT E values stated in
the following sections should not be overrated. Nevertheless, the light trapping
efficiency offers a good measure for an estimation of the light trapping potential.

7.2 Influence of Setup Parameters on Light
Trapping Efficiency

In the following section, the influence of the various setup parameters and their
corresponding texture properties on the light trapping behavior of the textured
layer are investigated. To obtain a feeling for the influence of certain parameters,
parameter scans are evaluated. Different pairs of setup parameters are varied while
leaving the other parameters unchanged. For each set of parameters, the light
trapping efficiency LT Fy.x is used as a measure for the potential light trapping
abilities. The trends of altering light trapping efficiency due to a change in setup
parameters are evaluated and discussed. All light trapping efficiency values stated
in this chapter are LT E,.x values, however due to their functionality as indicator
for light trapping abilities as well as reasons of simplicity, they are simply referred
to as LTE.
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Figure 7.3 Light trapping efficiency LT E in dependence of laser power P,
and spatial periodicity A for line-like textures ((a) Overview,
(b) Detail): From the maximum at around Agpt ~ 950 nm,
the light trapping efficiency decreases towards smaller period-
icities due to the decreasing texture depth. Larger A lead to
smaller diffraction angles and also decrease the LT'E. Up to
a periodicity dependent threshold power Py, (A), more power
leads to higher LTE. Beyond Py, the LTFE is not further
increased by augmenting laser power. Highest LTE were
achieved around Agpt ~ 950nm and ngt ~ 130mW. The
inset shows an exemplary texture for quick comparison.

7.2.1 Periodicity and Total Power

The variation of the z-position of the beam interference point zy,; and the Q-switch
delay time Tq results in a variation of the spatial periodicity A of the texture
and the total laser power Pp,. Both of which have an influence on the texture
depth h. For the two typical textures of line-like and hexagonal dent-like pattern,
parameter scans of P;, and A were conducted.

The total laser power of the experimental setup used for the experiments within
this thesis is limited to P = 150 mW. However, this is a fairly soft limitation
which could be loosened by simple alterations of the setup. By a redesign of
the beam shaping unit, the use of fewer mirrors or stronger focusing of the
laser beam, the setup would loose flexibility but gain the capability to produce
higher fluences. To investigate if such alterations can be advantageous, the laser
power is not limited to P = 150mW in the following parameter scans. The
assumed maximum of P"™ = 10 W corresponds to a fluence of ®§**" ~ 40 J/cm?
which is not industrial feasible but can be achieved by current laser systems and
corresponding focusing.
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Figure 7.4 Light trapping efficiency LT'E in dependence of laser power P,
and spatial periodicity A for dent-like textures ((a) Overview,
(b) Detail): Similar to Fig. a threshold laser power Py, (A)
can be observed and the light trapping efficiency decreases
towards small and large values of A. However, generally LT E
values are higher and the maximum is shifted to larger A and
Pp,. Highest LTE were achieved around Agpt ~ 1700 nm and
P(‘;lpt ~ 230mW. The cross marks the parameter set used as a
reference for the following parameter scans. The inset shows
an exemplary texture for quick comparison.

The spatial periodicity of the line-like textures is limited to a minimum of Al ; =

178 nm due to the geometry of the interfering beams in a two-beam setup (see Eq.
. For the dent-like texture, the periodicity is limited to Ad, = 205nm for
similar reasons. The parameter scans were limited accordingly. The results for
scans over great and small parameter ranges are depicted in Fig. and [7-4]

Spatial Periodicity Concerning the spatial periodicity A, two contrary trends
can be observed for both of the textures. On the one hand, in the region of large
periodicities, the light trapping efficiency lessens with increasing periodicity. On
the other hand, for small periodicities, the light trapping efficiency lessens with
decreasing periodicity. The first trend is assumed to be due to the less efficient
light scattering of feature sizes dga; > A. However, this trend is suppressed in the
region of small periodicities. Here, the texture depth strongly diminishes with
decreasing A due to heat diffusion. Consequently, also the scattering abilities
of the texture decrease and the light trapping efficiency lessens. Accepting the
data, the best trade-off in between the two trends is at Af,, ~ 950 nm for line-like
textures and Agpt ~ 1700 nm for dent-like textures.
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Total Power Concerning the total applied laser power, it can be observed that
for small powers the light trapping efficiency increases with increasing laser power.
This is assumed to be due to the increase of laser fluence in the maxima of
the interference pattern and the resulting deepening of the texture. However,
for powers larger than a periodicity dependent threshold value Py,(A), the light
trapping efficiency seizes to increase and remains constant. This somewhat non-
intuitive trend can be explained by the observation that also the texture depths
remain constant for powers P, > P;n(A). Here, also the minima in the fluence
distributions carry enough energy to ablate material. As the ratio of maximal and
minimal fluence in a given interference pattern is constant and does not depend
on the total laser power, also the texture depth remains constant (see Eq.
and Eq. [.18). The texture depth can only be increased by increasing powers
as long as the fluence in the minima of the given interference pattern remains
below the ablation threshold. If the laser power is increased further, there is a
constant, homogeneous energy intake in all of the material. Such energy intake
is not desired, since it mainly leads to greater debris and particle generation
(see Sec. . For the optimal spatial periodicities within the scan range Aqgp,
threshold powers of P}, = P} (Al,,) = 130mW and Pg, = P4 (AS,) = 230 mW

pt opt opt
were determined.

To investigate the influence of the other setup parameters, a reference set of
setup parameters was chosen (see cross mark in Fig. [7.4). Starting from this set,
other pairs of parameters are varied while leaving the other seven parameters
constant.

7.2.2 Partial Beam Power

By changing the orientation of the half-wave plates W01 and W02, the partial
beam powers PIEJ) in the three beam paths can be adjusted. W01 controls the
ratio of powers PIEQ) and PIEIS) = PIEI) + Pég), whereas W02 controls the ratio of
P]EI) and PL(?’). The variation of the partial beam powers is especially interesting,
because it induces a strong variation of interference pattern. The extreme cases
of no interference and two-beam interference also lay within the scan range. The
result of the parameter scan is depicted in Fig. [7.5 A large texture variety and
diverse corresponding light trapping efficiencies can be observed. In the black
areas all of the laser power is concentrated in one single partial beam only and no
interference takes place at all. In the surrounding blue areas of very low LTFE,
the other beams begin to carry some energy and slight interference effects can be
observed (top inset). If two partial beams carry a similar amount of laser power
and the power of the third beam can be neglected, the resulting texture is of
line-like character (middle inset). These type of textures lead to light trapping
efficiencies on the order of LTFE ~ 0.35. The highest light trapping efficiency
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Figure 7.5 Light trapping efficiency LTE in dependence of partial beam
powers (parameter scan and virtual textures): Depending on
the orientation of the wave plates W01 and W02, the total
beam power is distributed to the partial beams. Constellations
leading to similar powers in all three beams result in dent-like
textures (top inset). A distribution in mainly two beams only
leads to line-like textures with lower LTE (middle inset). If
only one partial beam carries most of the total power, the
interference effects vanish resulting in a flat texture and very
low LTE (bottom inset). The reference parameter set is
marked with a cross.

within the parameter range (LT E = 0.44) was obtained by the dent like textures
of three equally strong partial beams, similar to the reference parameter set (cross
mark in Fig. and bottom inset).

7.2.3 Partial Beam Polarizations

By changing the orientation of the half-wave plates W12, W22 and W32, the orien-
tation of the linear polarization of the partial beams is controlled. By individually
adjusting the polarizations of the partial beams, the pairwise interference of the
corresponding beams can be controlled (see Sec. . Polarization adjustments
can be used to obtain fairly high contrast checkerboard-like pattern (see Fig. @)
In Fig. [7.0] a variation of the polarizations of beam 1 and 2 can be observed. The
polarization of beam 3 is fixed at W32 = 45° without further limiting the variety
of possible textures. The changes of light trapping efficiency that can be induced
by the polarization variation are not as drastic as with the partial beam powers.
Again, the dent-like texture with equally aligned polarization of all three partial
beams reveals the highest light trapping efficiencies of LTE ~ 0.44 (see top inset).
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Figure 7.6 Light trapping efficiency LT E in dependence of partial beam
polarizations (parameter scan and virtual textures): The
orientation of the half-wave plates W12 and W22 control
the polarization of partial beam 1 and 2. By individually
adjusting the polarizations, the pairwise interference can be
controlled and various textures can be created (middle and
bottom inset). However, the dent-like texture (top inset)
achieves the highest LT E values. The reference parameter
set is marked with a cross.

The checkerboard-like pattern (bottom inset) do not reach such high levels. By
slightly favoring the interference of a pair of beams (here : beam 1 and 2), the
light trapping efficiency also diminishes (see middle inset) when compared to the
equally aligned polarizations.

7.2.4 Angle of Incidence

Fig. [7.7] depicts a parameter scan in which the position of the interference point
was altered. By changing the x and y-position of the interference point x,
Ying, the texture can be stretched so it loses its hexagonal character. However,
the changes that can be induced by the comparably small maximum offset of
|gihax| — |ymax| — 100 mm are very small (compare insets). Consequently, also the
light trapping efficiency is almost equal for all of the textures within the parameter
range. Due to the non-rectangular unit cells of the textures, the calculations of the
light trapping efficiency needed to be carried out on non-unit grids. Accordingly,
the presented data is affected by artifacts originating from the non-periodic
boundary conditions in the Fourier transformation needed for the calculation of
the LTFE. The variation of the LT E within the ranges of the parameter scan
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Figure 7.7 Light trapping efficiency LTE in dependence of interference
point shift (parameter scan and virtual textures): By chang-
ing the x- and y-coordinates of the interference point iy
and yint, the angles of incidence of the partial beams are
varied. The slight variations achievable within the limits of
the experimental setup only translated to small changes in
the textures (see insets). The variation of the resulting light
trapping efficiency is marginal (note the different color bar).
The reference parameter set is marked with a cross.

is on the order of the assumed error produced by these artifacts, so no definite
statement on the significance of the variations can be made. Nevertheless, it can
be concluded that within the scan range, the influence of ziy, ¥ine on the light
trapping efficiency is marginal.

7.2.5 Conclusion

In parameter scans of laser power and periodicity, a periodicity dependent maxi-
mum beneficial laser power Py, (A) can be observed. Laser powers above Py, (A)
do not further contribute to a gain in LT'E. The highest LT E values for line- and
dent-like texture could be determined at spatial periodicities of ALpt ~ 950 nm
and Ag‘pt ~ 1700 nm respectively. In all of the parameter scans, dent-like tex-
ture types revealed to be favorable to other types of texture, such as line-like
or checkerboard-like textures. While they can be produced with different sets
of setup parameters, they all correspond to equal partial beam powers, equally
aligned polarizations, equally spaced azimuth, and equal polar angle of incidence.
The resulting textures show similar values of LT FE which are the highest within
the scan ranges (LTE = 0.44).
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7.3 Global Optimization of Setup Parameters

In the preceding section, the influence of single pairs of setup parameters on
the light trapping efficiency was investigated. This section aims to find a global
optimum of all setup parameters for a given experimental setup. Three different
experimental setups were investigated:

e (a) The exact experimental setup used in the framework of this thesis.

e (b) The same experimental setup as (a) but with a maximum laser power of
P =1W which could be achieved by a redesign of the setup.

e (c) A notional simplified setup with perfect rotational symmetry as could
be used for industrial application.

The higher maximum laser power P™** in (b) was used, because it is assumed
that by an improved redesign of the experimental setupﬂ higher laser powers
could be achieved at the sample. Experimental setup (c) assumes a setup with
perfect rotational symmetry, equal beam powers in all three partial beams and
maximal aligned polarizations of the beams at the sample. Such a setup yields
perfect hexagonal dent-like textures and could be implemented in a more simple
experimental setup for the use in industry. To simulate such a setup, the setup
parameters were restricted accordingly.

Optimization Procedure The genetic optimization algorithm as introduced in
Sec. 33| was applied to maximize the light trapping efficiency LT E by variation
of all of the nine setup parameters. Each individual contained all nine setup
parameters as attributes.

The fitness of each individual was evaluated by calculating the light trapping
efficiency according to its setup parameters using VLIP and PyLTE. The grid
used for the calculations was non-unit with dimensions Zax = Ymax = 10 pm and
256 x 256 pixels. The starting population consisted of n,., = 5000 individuals,
whereas the first selection of the fittest individual was carried out by selecting the
1 = 2000 individuals with the highest fitness value. In each generation A = 1000
individuals were selected for modification. Modification was carried out according
to the probabilities p, = p+ = 0.5 and ¢« = ¢+ = 0.5. A total of ng., = 200
generations were evaluated. Please refer to Sec. B3 for a detailed description of
the algorithm and its parameters.

3Due to the inhomogeneous beam profile and the introduced beam shaping unit only about
5% of the output laser power reach the sample (see Sec. [5.1.2)). By a redesign of the setup
this could possibly be improved (also compare Sec. [7.2.1]).
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The boundary conditions of the attributes were chosen to resemble the limits of
the given experimental setuyﬂ:

Zing € [—100, 100] mm type = lin
Yt € [—100, 100] mm type = lin
Zint € [50, 2500] mm type = lin
W12 e [0,90]° type = lin
W22 e [0,90]° type = lin
W32 € [0,90]° type = lin
W01 e [0,90]° type = lin
W02 e [0,90]° type = lin
P, € [0,150/1000] mW type = lin

Results of Optimization The resulting sets of setup parameter for each of the
experimental setups under investigation are displayed in Tab. [T}, the correspond-
ing textures and their light trapping efficiencies are depicted in Fig. . For
each of the optimization results also the experimentally optimal laser power was
determined. Since all total laser powers above the threshold power P, > Py,
lead to the exact same light trapping efficiency (see Sec. or Fig. , the
optimization algorithm converges in any value P;, > Py,. However, experimentally,
the best laser power is around P, = Py, for each given set of setup parameters.
Higher powers do not lead to a further deepening of the texture but merely deposit
excess energy into the material leading to debris and particles (see Sec. (.3.3). To
determine P, for the resulting sets of setup parameters, parameter scans of P,
were conducted leaving the other setup parameters constant. The result of the
scans is depicted in Fig. [7.9

For the existing setup and a maximal laser power at the sample of P =
150 mW (experimental setup (a)), the texture corresponding to the resulting setup
parameters is depicted in Fig. a). It has a spatial periodicity of A® = 1.20 pm
and a texture depth of h = 208 nm. In appearance it is very close to a dent-like
texture, but shows a small break in symmetry and a preferred direction. The light
trapping efficiency of the texture calculates to LT E = 0.426.

“For experimental setup (a), the total laser power was limited to P/"®* = 150 mW, for (b) and
(c) to P"® = 1000mW. For setup (c), the setup parameters were further restricted to only
produce the assumed beam properties.

5The evolution of the average and maximum fitness within the population for each generation
draws a similar picture as depicted in Fig. @ and is not displayed for reasons of brevity.
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Figure 7.8 Textures corresponding to optimized sets of setup parameters
and their values of LTE (simulations): (a) For the existing
setup, the lowest light trapping efficiency is scored. (b) By
allowing higher laser power, a slightly higher light trapping ef-
ficiency is achieved. (c¢) By limiting the experimental setup to
a strongly simplified version, only slightly worse light trapping
efficiencies can be achieved.

Loosening the constraints of the experimental setup and assuming P =1W
(experimental setup (b)), a different set of setup parameters is favored by the
algorithm. The corresponding texture has a spatial periodicity of A®) = 1.59 pm
and a texture depth of » = 309nm (Fig. (b)). Apart from the different
periodicity and texture depth, in appearance it is very close to the resulting
texture for setup (a). The light trapping efficiency of the texture calculates to
LTE =0.453

For a potential industrial application, the simplicity of the experimental setup
is relevant. In order to determine the best achievable textures for a setup with
rotational symmetry (@i = yine = 0), equal laser powers in the partial beams
(PIEI) = PIEQ) = I@) and maximal aligned polarization of the beams at the
sample (Y = y® = y®)  the setup parameter were constraint accordingly.
The resulting texture of the optimization is depicted in Fig. [7.§(c). It has a
spatial periodicity of A = 1.811m and a depth of h = 360 nm. Its light trapping
efficiency calculates to LT E = 0.444.

setup  Ting Yt  Zme W12 W22 W32 W01 W02 P, Py | LTE

(a) -8 26 710 62 69 22 41 10 146 146 | 0.426
(b) -91 76 948 71 75 24 88 55 539 214 | 0.453
(c) 0 0 1092 88 2 45 81 10 623 260 | 0.444

Table 7.1 Optimized sets of setup parameters for experimental setups (a),
(b) and (c). The threshold laser power Py, did not direct result
from the optimization but was determined by a parameter scan

of P, (see Fig.
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Figure 7.9 Determination of experimentally favored threshold laser power
P;n. Laser powers P, > Py, do not further increase LTFE,
but lead to particle formation. The threshold laser powers for
each optimized set of setup parameters are determined by a
parameter scan of Pp,.

Conclusion Accepting the results of the optimization algorithm, the best achiev-
able textures for the given experimental setup are slightly altered dent-like textures.
Depending on the available maximum laser power, the best achievable textures
have spatial periodicities of A® = 1.20ym and A = 1.59 pm for P = 150 mW
and P = 1 W respectively. The expected light trapping efficiencies calculate to
LTE® =0.426 and LTE® = 0.453, showing only a small gain for higher powers.
In comparison to the light trapping efficiency of a standard wet chemical etched
texture of LT E,o = 0.37, this promises an improvement of solar cell efficiencies
by incorporation of optimized DLIP textures. However, a direct comparison with
a non-laser processes has to be treated with caution, since stitching effects are
not accounted for in the calculations.

It has further been observed that restricting the experimental setup to rotational
symmetry as well as equal powers and polarizations in the partial beams, does not
strongly limit the maximal achievable light trapping efficiency (LT E(©) = 0.444).
Consequently, a much more simple setup with a lower degree of flexibility could
be designed for industrial application without heavily sacrificing functionality.

7.4 Outlook

After determining the theoretically best achievable light trapping efficiency with
the existing experimental setup and single pulse processing, this section provides
an outlook on further potential of the DLIP process by means of parameter scans
of selected parameters.
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By removing the constraints of the existing experimental setup, the amount of
texture defining parameters drastically increases — especially when taking into
account multi-pulse processing. On the one hand VLIP and PyLTE offer a
possibility to determine the influence of each of these parameters on light trapping
efficiency and could be used for a global optimization taking into account all
of them. On the other hand, a global optimization would require very high
computational power and eventually only suggest one perfect solution. It does
not offer much insight about the reasons leading to the result or about other
alternatives. For these reasons, the following section only focuses on two additional
parameter variations and investigates how the light trapping efficiency is affected.

In the first subsection, multi-pulse processing by two consecutive treatments with
rotated line-like textures are presented. As the line-like textures only require
a much simpler two-beam interference setup, they yield the potential of simple
industrial applicability. Hence, it is investigated if the achievable light trapping
efficiencies of such a setup can be improved by multi-pulse processing. The second
subsection investigated how a laser system with a shorter pulse duration could
affect the textures and the achievable light trapping efficiency. It is assumed that
by shortening the pulse duration, much deeper textures with smaller periodicities
can be created and the light trapping efficiencies can be enhanced significantly.

7.4.1 Two Pulse Processing

Due to the mechanical instability of the experimental setup and beam pointing
instability of the laser system, no multi-pulse processes were further investigated
experimentally in the framework of this thesis. However, assuming independent
ablation behavior of the multiple processes, the resulting topography can be
estimated by simple superposition of the resulting topographies of the single
processes. Consequently, an overall resulting topography can be estimated by
the VLIP model and can be investigated for its light trapping abilities. An
experimental proof of concept of such a texture can be observed in Fig. 13
However, it remains unclear if the simple superposition of virtual textures is a
valid assumption.

Parameter Scans To investigate the potential of such multi-pulse processes,
the LTE was calculated for a variety of topographies resulting from two-pulse
processes with crossed line-textures. In the first process, a virtual line-like texture
(like depicted in Fig. (a) middle) was created. It was assumed that after
the first treatment the sample was rotated by an angle § around the z-axis. The
second line-like texture was then superposed with the first texture to obtain the
final topography. The final topographies were then evaluated with PyLTE.
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Figure 7.10 Light trapping efficiency LT E of two crossed line-like tex-
tures in dependence of rotation B and spatial periodici-
ties A2 (a) With the periodicity of first process con-
stant at A = 950nm the highest LTE was achieved for
angles p > 45°. (b) Varying A = A® in the same
amount reveals similar results with the highest LTE at
AM = A® = 950nm for B > 40°. The achieved LTE
values exceeded the highest values obtained for single-pulse
processing. The inset shows an exemplary texture for quick
comparison.

Fig. [7.10] shows the result of a variation of rotation angles 3 and spatial peri-
odicities A and A® of the first and second line-like texture respectively. In
the beginning of Sec. [[.2.1] it was shown that a line-like texture with a spatial
periodicity of A} ~ 950nm and a laser power of P}, = 130 nm shows promising
results (Fig. . Consequently, for the first parameter scan, the setup parameters
for the first process were set constant at AL = Al,pt and PIEI) = Pcl)pt. The laser
power of the second process was equally constant (PI(}) = ngt)ﬁ. The spatial
periodicity of the second process A® as well as the sample rotation in between the
processes 3 were varied (Fig. (a)). It can be observed that sample rotations
of p > 35° are required to possibly obtain a higher light trapping efficiency as
could be obtained by single pulse treatments (compare Fig. @ However, for
angles p > 60° and spatial periodicities A® > 800nm, all double textures show
a higher potential than the single texture. The highest values (LT E = 0.49) are
reached for spatial periodicities A ~ Agpt =950nm and 3 > 60°.

In the second parameter scan (Fig. [7.10] (b)), the power of both processes was held
constant at P]En = P]En = P(lpt. As one parameter, the rotation angle 3 was varied

and as the other parameter the spatial periodicities of both processes A = A
were varied equally. Again, the most promising textures (LTE = 0.49) have

6All other setup parameters were equally held constant.
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Figure 7.11 Light trapping efficiency LTE of two crossed line-like tex-
tures in dependence of spatial periodicities A and A®:
The independent variation of the spatial periodicities does
not lead to higher light trapping efficiencies. The highest
LTE values were achieved for A = A The inset shows
an exemplary texture for quick comparison.

spatial periodicities AM) ~ A® ~ Al | = 950 nm and a rotation angle f > 45°
and hardly show any variations within that range.

To analyze the influence of an independent variation of A and A® | the spa-
tial periodicities were varied independently for selected angles of rotation. An
exemplary result of this parameter scan for 3 = 42°, 63° and 87° is depicted
in Fig. [[11} Again, it can be observed that by double-texturing higher light
trapping efficiencies could be reached than with single textures, as long as one
of the textures in the double texture has a spatial periodicity around Af)pt. If
both textures have that optimal periodicity, the highest light trapping efficiencies
of LTE = 0.49 were reached. For sufficiently large rotation angles f > 45°, no
strong influence of the same could be detected.

7.4.2 Short Laser Pulse Durations

By employing laser systems with shorter pulse durations T,, the heat diffusion
length I+ can be reduced (see Eq. . With a shorter heat diffusion length, it is
assumed that smaller feature sizes can be created because the energy deposition is
better confined locally. To investigate the potential of the use of a laser system with
shorter pulse durations, similar parameter scans as in Sec. [7.2.1] were conducted,
but shorter pulse durations were assumed and It was adapted accordingly.

For the parameter scans of total laser power P, and spatial periodicity A, dent-like
textures were used because they reveal the highest potential of the single-process
textures. The results for an assumed pulse duration of T, = 500 ps are depicted in
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Figure 7.12 Light trapping efficiency LT E in dependence of laser power
Py, and spatial periodicity A for dent-like textures at an
assumed pulse duration of T, = 500ps((a) Overview, (b)
Detail): By reducing the pulse duration, the heat diffusion
length is reduced and deeper textures can be created also at
smaller spatial periodicities. For periodicities A 2 3um the
LTE is similar to the corresponding T, = 5ns values in Fig.
[4 For smaller periodicities much higher light trapping
efficiencies up to LTE ~ 0.8 can be reached. The inset
shows an exemplary texture for quick comparison.

Fig. Concerning the laser power, similar trends as for longer pulse duration
can be observed. From a periodicity-dependent threshold power Pg(A) to higher
powers, the light trapping efficiency does not improve. Also, similar to longer
pulse durations, there are two maxima along the periodicity axis once exceeding
the threshold power. The first is at A &~ 540nm, the second at A =~ 810nm.
However, they are shifted to smaller periodicities. Due to the shorter heat
diffusion length, textures with these spatial periodicities are deeper than the
corresponding textures achieved with longer pulse durations (see Fig. [7.4]). The
texture depths are h = 280 nm and A = 370nm at A = 540nm and A = 810 nm
respectively. The deeper textures lead to better light scattering and higher light
trapping efficiency. For periodicities A 2 3pm the LT E values are about equal to
the ones obtained by longer pulse durationsﬂ For smaller periodicities, the light
trapping efficiency strongly improves and values up to LT E = 0.77 are reached in
the mentioned maxima.

For even shorter pulse durations of T, = 10 ps, this trend continues (Fig. [7.13)).
Periodicities A 2 1 pm lead to similar light trapping efficiencies as with T, = 500 ps,
but shorter periodicities reach even higher levels. The highest light trapping
efficiencies (LTE = 0.93) are reached around A ~ 360 nm with a corresponding

"Please note the different color scales in Fig. and Fig.
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Figure 7.13 Light trapping efficiency LTE in dependence of laser power
Py, and spatial periodicity A for dent-like textures at an
assumed pulse duration of T, = 10ps((a) Overview, (b)
Detail): Further reducing the pulse duration to T, = 10ps
leads to even higher achievable light trapping efficiencies for
A < 1pm. The inset shows an exemplary texture for quick
comparison.

texture depth of h = 390nm. However, it has to be kept in mind, that these
estimations are based on a simple ablation model only validated for pulse durations
in the nanosecond regime. It remains to be determined, if the model can also be
applied for laser pulse durations as short as T, = 10 ps (see Sec. ,

7.4.3 Conclusion

It can be concluded that using the same laser, higher light trapping efficiencies can
be obtain by using multi-pulse processing instead of single shots. Furthermore, the
presumed line-like textures can be created with a much simpler experimental setup
which further underlines the potential of industrial applicability. By exchanging
the laser system with a system with shorter pulse durations, the simulations show
that very high light trapping efficiencies up to LTE = 0.93 can be obtained.
Nevertheless, the stated values are maximal values and it is not assured that the
VLIP model produces reliable texture estimations for double textures and shorter
laser pulses. Furthermore, it remains to be determined if solar cells can be grown
on the potentially steep textures (Amax &~ 400 nm, Ay, = 350 nm).
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7.5 Summary

The light trapping efficiency calculated by the phase model is a reliable measure to
estimate the light trapping abilities of a given texture. To also take into account the
Gaussian beam profile as well as stitching effects of the macroscopic patterning,
the concept of an effective light trapping efficiency LT E.z was developed. A
comparison of experimental data with calculated values of LT E.g reveal good
agreement in between model and experiment (Fig. [72). The maximal achievable
light trapping efficiency — independent of the exact experimental setup and the
stitching process — is represented by LT Ep.x. Consequently, LT E,, .« can be used
to obtain an estimation for the light trapping potential of a given DLIP texture.

Selected parameter scans in regions of assumed high LT E were conducted. Total
laser powers exceeding a certain P, do not further improve the light trapping
efficiency of the texture. It is assumed that to avoid particle generation, the
experimental optimum is at P, = F;y,. In all of the parameter scans, the dent-like
texture type revealed to be the most promising textures. The highest values
were reached in a region of spatial periodicities around A ~ 1.7 um and texture
depths of h &~ 340 nm corresponding to average total laser powers of P, &~ 230 mW.
Highest LTFE for line-like textures were determined to be at A =~ 950 nm and
h ~ 130 nm corresponding to P, = 130 mW.

To discover the best achievable texture within the restrictions of the given ex-
perimental setup, a global optimization was computed for all of the nine setup
parameters. The results show a favoring of slightly altered dent-like texture types
(Fig. with A = 1.2pm and h ~ 208 nm. Allowing higher maximum laser
powers leads to a slight increase of light trapping efficiency. An assumed restriction
of the experimental setup to a more simple layout, leads to only slightly decreased
light trapping efficiency. Consequently, a more simple layout of the experiment
could be used for an industrial application.

In order to explore the potential of other experimental setups, two-pulse processing
and shorter pulse durations were investigated. By crossing two line-like textures
by subsequent processing, higher values of LT E can be achieved than with single
pulse processing. This underlines the industrial applicability of DLIP with a simple
two-beam setup. Assuming a shorter pulse duration of the laser system, the heat
diffusion length is also reduced and steeper features can be created. Depending on
the assumed pulse duration, very high values of LT E can be achieved. However,
it is not assured that the VLIP model delivers reliable results for pulse duration
in the picosecond regime and if solar cells can be grown on such steep textures.
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Summary

In order to find a flexible, more controllable alternative to the wet chemical etching
of the ZnO:Al front contact, five groups of laser-based processes were evaluated.
Apart from the demand to be able to produce textures with feature sizes in
the right order of magnitude, the main focus was on flexibility and industrial
applicability. While laser-induced chemical etching did not reveal promising
results, direct writing by scanner systems as well as refocusing the laser light
by particle lens arrays are of very limited industrial relevance. Creating laser-
induced periodical surface structures by ultra-short laser pulses, however, proved
to be a simple method to produce small feature sizes. Nevertheless, it lacks
flexibility. Only direct laser interference patterning (DLIP) offers a high degree of
flexibility concerning the variety of textures while being applicable in an industrial
environment.

To further investigate DLIP, a highly flexible experimental setup for three-beam
interference was designed and implemented. With a single laser pulse, hundreds
of thousands, strictly periodic, micrometer-scale features could be created. By
adjusting any of nine independent setup parameters, the size and shape of these
features could be adjusted. Accordingly, a large variety of textures could be
produced. Various textures were realized in layers of ZnO:Al. The characterization
of these layers revealed a slight decrease in transmittance whereas the electrical
properties of the layers remained nearly unchanged.

Parallel to the experiment, a model was developed which mimics the propagation
of the laser beams through the setup, takes into account the modifications by the
setup parameters, and calculates the resulting laser intensity distribution on the
sample. By a further modeling of the energy intake, heat diffusion and ablation
process, an expected topography of the sample’s surface could be predicted from
a given intensity distribution. A comparison of such estimated virtual textures
with experimentally realized textures revealed good agreement. Consequently, the
model offers a quick and easy way to estimate the expected ZnO:Al texture for a
given set of setup parameters.

The applicability of DLIP processing in the manufacturing of solar cells was
proven by incorporating selected DLIP-textured ZnO:Al layers in solar cells. The
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layers were textured macroscopically by stitching of laser pulses and thin-film
silicon tandem solar cells were deposited on the DLIP textures. The solar cells
were fully functional and showed an improved light trapping when compared to
flat reference cells. Nevertheless, the reference cells built on wet chemical etched
ZnO:Al layers showed better light trapping abilities than the DLIP cells. However,
neither the layout of the solar cell, the process parameters, choice of DLIP texture,
nor the stitching of the laser spots were optimized for high efficiency solar cells.
Consequently, the results may not be interpreted as a benchmark for the potential
of the process, but merely prove the applicability of DLIP in the production of
thin-film silicon solar cells.

An estimation of the potential of DLIP processing was conducted by utilizing
the concept of a theoretical light trapping efficiency LTFE. This scalar LTFE is
a measure of the light trapping abilities of a given texture when incorporated
in a solar cell and correlates with experimentally measured solar cell efficiencies.
The concept of the light trapping efficiency was expanded to incorporate effects
resulting from the stitching of laser pulses and the inherent texture distribution
within a Gaussian laser spot. The prediction of the light trapping abilities was
verified by a comparison of measured cell characteristics of DLIP solar cells and
corresponding LT'FE calculations.

By means of the light trapping efficiency LT E, the influence of the various texture
properties on the light trapping abilities was investigated. A "best achievable”
texture within the limits of the given experimental setup was determined by an
optimization algorithm. Furthermore, it was revealed that hexagonal dent-like
textures offer very good light trapping abilities close to the best achievable values of
LTE resulting from the optimization. Such dent-like textures are created by equal
angle of incidence, equal power and aligned polarization which can be realized with
a much more simple experimental setup. According to the simulations, even higher
light trapping efficiencies can be reached by two-pulse processing and crossing of
two line-like textures. Last but not least, DLIP texturing by laser systems with
shorter laser pulses is assumed to be able to produce much smaller feature sizes
with higher aspect ratios yielding very high light trapping efficiencies.

Outlook

Utilizing the existing setup, the experimental realization of double line-like textures
needs to be further investigated and the created textures need to be compared to
modeled predictions. If VLIP and PyLTE are found to make valid predictions for
these types of textures, a simple two-beam interference setup will suffice to reach
better light trapping efficiencies than achievable by wet chemical etching.



161

The redesign of the setup could further improve the achievable textures and
hence, solar cell efficiencies. By simplifying the setup and limiting the variety of
producible textures to line- and dent-like textures, the scattering performance of
the resulting front contacts is not strongly limited. However, the gained stability
could allow phase constant multi-pulse processing to further deepen the textures.
Furthermore, such a simplified setup can easily be incorporated in an industrial
environment.

In order to achieve even better light scattering abilities of ZnO:Al front contacts,
DLIP processing with shorter pulses durations needs to be investigated. High
power subnanosecond laser systems are currently available for industrial application
and could significantly improve light trapping efficiencies far beyond the ones of
current state-of-the-art textures.

In addition to this, to fully exploit the potential of DLIP texturing, the layer
stack of the solar cell has to be adapted to incorporate the DLIP textures more
efficiently. DLIP offers the possibility to texture other TCO materials which can
also be utilized as front contacts but cannot be textured by wet chemical etching.
Moreover, due to the capability to directly texture different kinds of materials
without the need of extra resist layers or exerting strong influence on adjacent
layers, DLIP can also be used to texture back contacts, intermediate reflectors,
etc. By independently adjusting the textures of different layers, completely new
light trapping schemes could be developed.

For a further validation of the ablation model, experimental studies on materials
with different thermal and optical characteristics (e.g. metals, plastics or ¢-Si)
need to be conducted. If such validations are performed successfully, the whole
toolbox of texturing by DLIP, prediction by VLIP and optimization by PyLTE
can be used to also improve light trapping in other types of solar cells. Flexible
cells on PET carriers or liquid phase crystallized thin-film silicon solar cells, for
example, currently still lack a good light trapping scheme. DLIP, VLIP and
PyLTE now offer the possibility to develop such a light trapping scheme and
hence, to further improve the energy conversion efficiencies of such cells.

Finally, the texturing by DLIP is not limited to the application in solar cells.
Due to its capability to rapidly texture large areas with adjustable feature sizes
and shapes, it can be used for many kinds of surface functionalization. Possible
applications range from light out-coupling in light emitting devices, over changing
the tribological or hydrophobic properties of surfaces, to decorative enhancements
due to the shimmering of textured areas and the creation of counterfeit-proof
security features. In addition, the potentially simple setup, the scalability to large
areas and the capability to texture non-planar surfaces make DLIP texturing very
suitable for industrial application.
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A Appendix

Simplifying 3D Convolution Integral

The three dimensional convolution of the heat kernel H and the temperature
distribution AT is expressed by

AT'(z,y,2,t) = H(z,y,2,t) * AT(2,y, 2) (A1)
= ///OO Hx -2 y—vy, z—2 ) AT (2 v/, 2")dx'dy d=’ (A.2)
with
H(z,y,z,t) = ¥ei4‘1;|t2 (A.3)
T (47 Dt)3/2
AT(z,y,2) = i@o(l’., y)e**. (A4)
PCp
Inserting yields
(o ;Irz R

AT (z,y,z,t) = 477Dt —— e /// e73r Oy, y)e da'dy' dz (A.5)

1) (22 )2 y71/2
:ﬁ/ e e I e = . (M)
cp(4m -

The integrals on the right of Equation [A-f] can be expressed by the convolution of
the two dimensional heat kernel H® (z,y,t) and ®¢(z,y):

(@—a")?+(y—y)?

1 0 y—1
H® (z,y,t) * Doz, y) = Dt /[w e ot Dy(a',y')dz'dy’ (A7)
Furthermore the first integral in Equation [AZf can be solved by solving the

expression
[eS] _ _ 2
/ exp (1) exp <M> dr = (A.8)

—o0 as
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Substituting y = ay — x yields

- /O;oo exp (a1(az — y)) exp (gf) dy. (A.9)

as

expanding yields

/ " exp (‘ia?“?s — amazy —y° + jaja3 + “1“2“3> dy (A.10)
—o0 as
2 ajag 2
S +
= exp <a14a3 + a1a2> / exp (—(Qy)> dy (A.11)
J—o00 as

With the substitution z = “L*2 4y the integral in Equation can be evaluated.
So finally

oo _ _ 2 2
/ exp (arx) exp <M> dx = exp (aljs + a1a2> -y/mas (A.12)
—o0 as
Inserting Equation [A-12] with the substitutions
=7, ai=a ay =2z, a3=4Dt (A.13)
and Equation [A77 into Equation [A] yields

AT (z,y, z,t) = p&em“zem -HP(z,y,t) % Oy, 7). (A.14)
%

Consequently, the convolution of the three dimensional heat kernel H(z,y, z,t)
and the temperature distribution within the material AT(z,y, z) can be simplified
to a convolution of the two dimensional heat kernel H®(z,y,t) and the fluence
on the surface of the sample ®g(z,y).
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