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ABSTRACT

SURFACE MODIFICATION OF MULTI -CRYSTALLIN E SILICON IN
PHOTOVOLTAIC CELL BY LASER TEXTURING

Radfar Behrad
Master of SciengeMicro andNanotechnology
SupervisorProf. DrRa ki t Tur an
Co-SupervisorAssist. Prof. DrSelguk Yerci

January 2019127 pages

Surface of crystalline silicon solar cell plays an important role in its performance. It
affects the optical properti estanaehToc h <c an
minimize the reflection from the flat surface, thus, improve light trapping, the
crystalline silicon wafers must be textured. Through the texturing process, roughness
is introduced at the surface, so the incident light has a larger probabilieyiraf
absorbed into the solar cell. Monocrystalline silicon solar cells can typically be
textured using anisotropic alkaline etchants which create randomly distributed
pyramids on the surface. However, most of the texturing methods used for
monocrystallie silicon wafer are not suitable for muttiystalline silicon wafer due

to grains of random rgstallographic orientations. Therefore, isotropic texturing
methods are developed. Laser texturing is an isotropic texturing process which utilizes
a laser to aate pits on the front surface of monocrystalline and rnystalline
silicon wafers. Thena special etching procedure should be applied to remove laser
induced damages and other residues. In the following work, the laser processing
parameters are goirtg be justified experimentally. Later, the post texture cleaning
process is to be optimized bbtain the required surface morphology. In order to

determine the effectiveness of proposed methods, the reflectance and scanning



electron microscopy (SEM) imag of the textured surface are going tetesidered
The aim of the work is findg optimumparameters for laser texturing and also, for

posttexture cleaning to improve the efficiency of mudtystalline silicon solar cell

Keywords:Solar Cell, Crgtalline Silicon, Surface Modification, Laser Texturing
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FOTOVOLTAKK H! CRELERDE ¢OK KRKSTALLK SKL
DOKULAMA KLE Y! ZEY MODKFKKASYONU

Radfar Behrad
Yuksek LisansMikro ve Nanoteknoloji
Tez DanFdbraRe& i t Tur an
Ortak TezDa n é khia n & ¥ ] rSelguk Yerei s |

Ocak 2019127 sayfa
Kristal silisyum génecx h¢cresinin yéze
oynamaktadeér . Yé¢ézey, opti k ©°zellikleri
belirtebiliriz. Dizylzg den yansémayé en aza indirmek
i yilektirmek i-in kristal silisyum gofr e
yéezeyde peréezl ¢l ¢k ortaya -ékmaktadeéer, b

ol aséel ejénénaktmakabdaeil i Mpum g¢nek hegcer
rat gel e dajél mék piramitler yaratan ani zc
edilebilir. Ancak, monokri st al silisyun
y°ntemlerinin - ofikuydnelimlataneleriemédeniyl& gok lgigtallil o gr a

silisyum gof et i -in uygun dejildir. Bu nedenl
gel i ktirilmiktir. Lazer dokul ama, monokr
yézeyinde -ukurl ar anawéntenmidirmBaka sonraj lazer b i r

kaynakl é haesrar kal @ntveel adiej gi der mek i -1in
uygul anmal edeér . Akaj édaki -al ékxkmada, | a z
gerek-elendiril mektedir. D anh, astersem ylzeg , dok

morfolojisini elde etmek icin optimizeddmelidir. Onerilen yontemlerin etkisini

belirl emek i-1n, dokulu y¢zeyin yansét ma
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CHAPTER 1

INTRODUCTION

1.1 Importance of Energy

Every living organism requires energy to live. For all species on the earth, almost
everysources of energy are directly or indirectly related to solar energy. Pldahts wi
green leaves use a specific process to directly produce energy from sunlight which it
is called photosynthesis. These plants consume Carbon Dioxid$ {{G® the air

with leaves and water ¢@) from the ground with roots to generate Oxyges) @dd
Glucose Figure 1.1 (left)) which is the source of energy inside cells. One of the
reactants is Chlorophyll molecules which are a type of the many green pigments of
green leaves. The equation leading to eneegyegtion is mentioned in Eq. 1.1. Later,

pl ants can convert Glucose to Adenosine 7
currency. This molecule is shown Figure 1.1 (right). This discovery awarded
Chemistry Nokel Prize in 1997 to Prof. Paul D. Boyer (University of California, USA)
and Dr. John E. Walker (Cambridge, United Kingdom) for tle&icidation of the
enzymatic mechanism underlying thenthesis ofAdenosinelriphosphateand with

one half to Prof. Jens.Skou (Aarhus University, Denmark) for the first discovery of

an iontransporting enzyme, Na + , K-ATPase€[1].

@O0 @0 wuwy 600 @ (1.1

Figure 1.1. (left) Glucose molecule as a basic form of energy for living species; (right) ATP molecule
as a cell 6s en e ribjugtratedwsing €he Campridde iCrystatiographiaDa Centre
(CCDC)Mercury software.



On the other hands, living specigber than plants cannot convert solar energy into

the consumabliy/peof energy. Thus, some animals consume plants to be ablento gai

energy and some other eat other animals whic
every cell needs the energy to operdthe body extracts energy from Hydrocarbons

and burning them with ©which produce energy and GOrhis process also applies

tothe humands body. Humandés body, |l i ke other s
any activity from breathing to runningoreverh i nki ng. Humanoés body al
energy from the food which s/he eats. The main source of energy for all species to

keep them lave and active is sun which they can get energy directly or indirectly.

Moreover, a human being requires energy not ooyite own body but also for all

other works it does. Humans are masters of tools. Through history, humans made

many different typesf tools to make works easier for them. They built spear to help

them catch animals or sickle to help them gather plarthedbeginning stages, the

energy required for making tools was low. However, with the current expansion of
manufacturing, requireehergy for making tools is enormous. Also, energy is not only

used for making tool s, i heatsg, @odlisgplighting,ed f or ma
and others. For decades, the main source of energy for different purposes was coal

from 4000 years ag@]. Coal got more attention after the industralolution in 18’

[3]. Later, Qil, as another source of energy, was discovaced than 2000 years ago

[4]. These traditional energy sources were the main sources of energy for many years

and they played a significant role in the industrelolution. These energy sources

have three main drawbacks. One of the most important disadvantages of traditional

sourcef energy is that they pollute the environment. Another drawback is that they

produce CQwhich is one of the greenhouse gases.greenhouse effect is a process

which several gases in the atmosphere absorbs reflected solar radiation from the earth

and reemits energy toward the earth in the infrared region. This effect causes global

war ming which affects greeshouseagasehdeswaternvi r on me
vapor, CQ, Methane (CH), Ozone (@). Another drawback of traditional energy

sources is that tlyeare limited. The estimations indicate that maximum of extraction



of oil (peak oil) will occur in 202(Q5] and maximum productioaf coal (peak coal)
will occur in 2030[6]. After these years, oil and coal production decrease is

unavoidable. Thughe depleting time for oil and coal is not far.

Hence, humans have to find new sources of energy which have less environmental
dama@s and also, can be used for a longer time. Renewable energy sources also
known as green energies which are replenishablahye. These energies consist of
solar energy, wind energy, geothermal heat, and hydroelectric power. Among these
solar energy offrs a clean, infinite, and cheap alternative to all others. It has the
potential to cover all energy needs of human beirge direct conversion of solar

energy to electricity can be done using photovoltaic devices also known as Solar Cells.

In 2017, aroud 10.4% of global energy consumption belongs to renewable energy in
which 7.1% of them is due tghotovoltaic technologyrigure 1.2 shows the global
energy productiomt the end of 2017 from the total generated power of 415@GW
[10] which is still developing12].

Global Energy Consumption in Fraction, 2017

All Fuel Types (13.5 Gtoe) Renewable Energy (1.4 Gtoe)

Figure 1.2. Global energy consumption 2017and share of renewable energies and solar energy

1.2 Properties of Solar Energy

The sun is at a distance of 1.496%kilometers fom the earth which receives 1368
W/m2 at the outer space while the total energy released from the sun is 3846x10
per second. The solar energy is radiated in the form deatr@nagnetic wave which

is usually defined by the wavelengthihe power desity of each wavelength per
surface area is called spectral irradiance. The spectral irradiance formula is shown in

Eq.1.2and suis spectral irradiance is shownkigure1.3.
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Figurel.3. Solar spectral irradiance

This spectral irradiance is measufedthe outer space of gh. When the sunlight

enters the atmosphere, molecules can absorb, scattefleot the incoming photons.

Different molecules interact with photons at a specific wavelefggore 1.4 shows

the interactions fodifferent molecules with sunlight at different wavelengths. For

instance, Ozon molecules absorb light in ultraviolet and visible region and water and

Carbon Dioxide molecules absorb light in red and infrared regions.
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Figure 1.4. Absorption of sunlight at different wavelengths from different molecules
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Anot her parameter which affects the inte
mass. Air mass is a distance that lighaiéls to reach the suriaccan be quantified

based on the angle between sun direction and the perpendicular line at earth. This
angle (d) is called Zenith angle. When s
mass is 1 and when the angle of sunlfghin the vertical lines 48.2°, the air mass is

1.5. The air masslustrated inFigurel1.5 and its formulds denoted in EdL.3.

060 — (1.3)
ZENITH
AM = P/P0 = sec 0z /
>
6z - ZENITH ANGLE AM 2.0
/ 60.1
AM15 >
482
¥ ¥

ATMOSPHERE AM 1.0

,'; e
L aEAR'T.H
Figure 1.5. Air mass as a liglds traveling distance to reach the surface
Based on the given information, the sol a

of 1.5 is about 1000.4 W/which is considered as 1 SUN in theeasuremet 6 s

standards. This standard is named as AM1.5 condition.
1.3 Physics of Photovoltaic Devices

In this section, information about different types of materials and their specific
properties are explained. In addition, detailed information about valande
conduction band, Fermi level, and band bending are given.

1.3.1 Materials

It is possible to categorize materials in different ways. Here, materials are categorized
based on their electrical conductivity. Electrical and as well as optical properties of
mateials area strong function of the forbidden energy gap origination from the
discrete nature of atomic energy statégure 1.6 shows a schematics of matéria
classification and its dependence on the energy bapaf the materials.
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Figure 1.6. Material categories based on their electrical conductivity

A short description of these types of materials is given in the following sections.
1.3.1.1 Metals

Metals are the typ of materials having almost free electrons giving rise to high
conductivity in theange of 1dto 105Ycm. Thi s i s due to fact tha
conduction band are overlapping so that electrons from the valence band can easily

participate in the@nduction band very easily.
1.3.1.2 Semiconductors

Semiconductors are another type of materihat have a relatively small band gap
between valence band and conduction band, so that under certain conditions (high
temperature or light illumination) electrons damexcited to the conduction band and
participate in the conduction process. Foranse, silicon, the most widely used
semiconductor, has band gap energy of 1.12 eV which is sufficiently low for electron
excitation and sufficiently high for carrier lifete. For this reason, Si has become the

most important semiconductor in the microéderic and optoelectronic applications.

In optoelectronic applications such as solar cells, electrons in the valence band can
absorb a photon with energy higher than thiedgap and make the electrical transition

to the conduction band. The empty positiohslectrons in the valence band are called
holes which are also considered as electrical charge carriers that can move through the
valence band. The electron transiteomd remaining hole are schematically shown in
Figure 1.7. Presence of a band gap makes also sure that electrons residing in the

conduction band spend some time (life time) there before a recombination takes place.
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Figure 1.7. Electronic transition from \ance band to the conduction band by photon absorption

1.3.1.3 Insulators

Insulators are the type of materials in which their bandgap is so high that the energy
required for electron transition from valence band to conduction band is too high and
electrons canndie provided to the conduction process easily. These materialstare
electrically conductive at normal situations, but they become conductive if severe

situation applies to them like applying a high voltage.
1.3.2 Doping

It is possible to increase the conduityi of semiconductors by doping. The undoped
semiconductors are lbad intrinsic. The doping process is basically adding specific

I mpurity materials to the semiconductor
atoms which introduce extra charge cartietthis way, the number of free carriers in

the conduction band an@lence band can be controlled. For instance, as illustrated in
Figure 1.10, when a Phosphorous atom with 5 valence electrons as added to Si crystal
4 of these electrons are used to makeatent bonds with Si atoms, while the fifth one

is almost free inthe crystal lattice. This free electron which is residing in the
conduction band increases the conduction. Similarly, when a Boron atom with 3
valence electrons are added to Si, one obthas is not occupied, which creates a
free hole in the valence b&n The doped semiconductor which has extra electrons is
called ntype and a doped semiconductor which has fewer electrons is cdilpd p
material. The amount of increase in conductidgpends on the level of doping.

Figurel.8 shows the doping proceks silicon with Boron (a) and Phosphorous (b).



Figure 1.8. Doping process for silicon witfright) Boron and (left) Phosphorous

1.3.3 Junctions

When two different materials attach to each other, their electronic structure at the
junction region undergoes a transition leading to formation of a discontinuity in the
potential profile. Any discontinuityn the potential energy profile has a corresponding
electric field which plays a crucial role in the device operation. In these following

sections, a short description of different junctions is given.
1.3.3.1 Metal-Semiconductor (Ohmic / Schottky Junction)

As merioned in 1.3.1.1, metals do not have bandgap so when they attach to
semiconductor s, their work function aligns
work function isthe required thermodynamic energy to remove an electron from a

metal to the vacuurevel. The schematic of this energy is showrFigure1.9. For

an intrinsic semiconductor, the Fermi level is in the middle of the bandgap. It is closer

to the conduction band for artype material and to valence band forype material.

The different Fermi level positions in the semiconductor are showigure1.10

E,: vacuum energy level

®,,: metal work function

Figure 1.9. Schematic of metal work function which is the energy difference between metal Fermi
level and vacuum level
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Figure 1.10. Different Fermi level position in the doped semiconductor

When a metal is attached to the semiconductor, the Fermi level of semiconductor and
metal should be aligned at equilibrium when there is no particle trdrisigeen two
sides of the junction. In order to meet this fundamental requirement of the

thermodynamics, the valence and conduction band should bend asFboveri.11.

Figure 1.11. (top) Band diagram aligns in a way that their vacuum levels are in the same level
(bottom) Fermi level, valence band, and the conduction band of semiconductor bevalithat
Fermi level of semiconductor become at the same t#veérmi level of metal

Based on the doping type of semiconductor and the difference between the work
functions ofmetal and semiconductor, the junction can be either ohmic or Schottky.
Ohmic contactFigure1.12, happens when-type semiconductor has a higher wor
function than metal or-pype semiconductor has a lower work function than metal. In
contrast, Schottky contadtigure 1.13, happens when-type senicorductor has a
lower work function than metal orfype semiconductdnas a higher work function

than metal. In the Schottky contact, there are barriers called Schottky barrier either for

electrons in ftype semiconductor or holes in théype semicondctorat the junction.



E D _[:_l ____________
B e e e e e e e
i
== V.B \ V.B
n-type h
O -type
metal semiconductor metal g 4

semiconductor

Figure 1.12. Schematic of an ohmic contact for the met@aimiconductor junction. Thetype
semiconductor has a higher work function than metattgpp semiconductor had@awver work
function than metal.
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Figure 1.13. Schematic of Schottky junction for metaemiconductor. The-type semiconductor has
a lower work function than metal ortgpe semiconductor has a higherrwéunction than metal.

1.3.3.2 P-N Junction

When two semicondiors with two different types of doping attach to each other,
some electrons fromtype region diffuses to-type region and recombine with some

of the majority carriers in-pypewhich are holes as shownkingurel1.14 (top). Also,

some holes from-pype move to ftype region and recombine with majority carriers

in ntype whid are electrons. As these minority carriers recombine the majority
carriers at the interface, a transition region called depletion regibmut free charge
carriers is created. When the free carriers are removed by recombination, fixed dopant
atoms becme ionized and create a dipole system at the interface. A corresponding
electric field giving rise to the drift force and a drift electuerent is then developed

as shown irFigurel.14 (middle). At a certain point, drift and diffusion become equal
and this prevents further carrier transportation through depletion region under zero
bias condition as shown Figurel.14 (bottom).
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Figure 1.14. (top) Diffusion of majority carrier (middle) recombination of a minority with majority in
opposite region with increasing drift force (bottom) depletion region formation and remaining ions

Like in the metal semiconductor junction described above, electron and hole transfer
and formation of the dipole system leads to band bending at the interface of two
regions.In n-type semiconductor, Fermi level is closer to the conduction band and in

p-type semicaductor, Fermi level is closer to valence band as shown in Figure 1.15.

Intrinsic n-type p-type
Conduction Band Conduction Band Conduction Band

00090 -0®

Energy

electrons
Donor Level Acceptor Level

0000 0&

Valence Band Valence Band ~ Valence Band

holes

Figure 1.15. In an ntype semiconductor, Fermi level is closer to the conduction band and in the p
type semiconductor, Fermi level is closer to the valence band

In the band bendingonduction band and valence band bermlwaythat Fermi level

in two sides of semiconductor aligns with eather which is shown ifigure1.16.
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Figure 1.16. Band bending in a way that Fermi levels in tesemiconductors align with each other
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1.4. Solar Cells

Solar cells are photovoltaic devices which are mostly fabricated from semiconductors.
In the solar cells, solar radiation provides photons with enough energy to the electrons
for a transition from the valee band to the conduction band, thus electronsragel
through the solar cell and external circuishswn inFigure1.17. In this section, the

working principals of a solar cell and different types of solar cells are introduced.

Load

Sunlight

n-type | p-type
silicon | silicon

Junction

Solar Panel
Diagram

Figure 1.17. Working phenomena of solar cells

1.4.1 Solar Cell Working Principles

Conventionalsolar cells are made from two parts with two different doping types.
These parts can be made from either same material which is called homaojsotar

cell or two different materials which are called heterojunction solar cell. The working
principles ae almost the same for both cases. When incident sunlight hits the solar
cell, photons penetrate inside the solar cell. The photons with engtwr han the
bandgap of material are absorbed by electrons making electronic transitions which
create electramhole pairs. The importance of using two different doping types is to
separate electrehole pair before they recombine with each other. Becatiskbe
electric field generated by ions in the depletion region at the interface, electrons or
holes move towal the region where they are the majority. The holes gendarated

type region move toward{ype region and electrons generated-tgge moveaoward

n-type region. Since minoritgarriers are separated from the remaining majority

12



carriers, they have anall chance for the recombination, so they can travel through an

external circuit and generate an electrical current as shown in Figure 1.18.

Frontelectrode () | ﬁunm

N-type silicon (P +) —=

P-type silicon (B -)

Back electrode (+)

fcurrent

Figure 1.18. Electrorthole pair generation, separation duéotts electric field in the depletion
region, traveling through an external circuit

Inordertoanal yze the solar cell 6s output voldt

circuit show in Figure1.19is usedIn this figure, pnis photogenerated current from
absorbed photonsg Is diode currentvhich comes from pn junction, sRs series
resistance anddRis shunt resistance.

II‘r5'1-d'u|1 # i

g sk

loh C’I) Rahy

Figure 1.19. Equivalent electrial circuit for asolar cell
The FV curve of solar cell in dark is basically that of a diode used in microelectronics.

The L represents diode current and shown in Eq. 1.5. -Rheurves of the solar cell
under illumination and in the dark case sihewn in Figure1.20.

1 (mA)
/
20—
Dark
N
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=20 —

Figure 1.20. I-V curve of a solar cell under illumination and dark condition
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In order tocalculate 1V relation under illumination, following parameters are u3ed:

is temperature in Kelvirks is Boltzmann constanq is electronic charge constant; V

is thermal voltage, and Is reverse saturation curreh addition, ideality factor, n,

is a measure of the quality of the diode. In the ideal case (n=1), recombination is
limited by minority cariers. Nonideal diode has n>1 in which other recombination

methods are also present. So, the total current in a solar cell can be written as
"0 0 0 (1.4)
Where }nis the photogenerated current apéthe dark current of the diode) is

0 0OQOF—— p (1.5)

Where \hdph is the voltage drop across the diode and given by
A AN (1.6)
Where \f as thermal voltage is
o — (1.7)
0 — (1.8)
Ishrepresentshe shunt current. Finally, the terminal current is found as
00 OVQOF— p — (1.9)

The ideal case for working solar cell is the case th& Rero, Rhis high enough to

neglect and ideality factor is one. In this case, Eq. dn%e rewritten as
00 0OQOF p (1.10)

When the current is zero, open circuit voltagec(\¢an be calculated and when a

voltage is zero, short circuit currend¢(lcan ke calculated as Eqg. 1.11 and Eq. 1.12.
O waE— p (1.1

0 0 (1.12)
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The ideal 4V curve appraches a rectangle asosim in Figure1.21. In this case, the
maximum power is ka=1s¢V oc. However, due to effectsRnd Ry, actual 1V curve
deviates from the rectangular shape. The maximum possible powidscaximum

power wint is calculated from the relationshipgg=lmpp*V mpp. The effect of R is

mostly seen because of the defects at the junction interface. Increasing recombination
leads to low Bhwhich decrease open circuit voltage and thus, maximpaourer point.

The ircrease in the contact resistance like metal contact and silicon or resistance of
top and rear metal contacts leads to increase ofith decreases fill factor anet |

and thus, maximum power point. The ratio of actual maximum powast fmideal
maximumpower is called fill factor (Eq. 1.13yhich corresponds to the ratio of the

area of two rectangles shownHigurel.21.
dB — —— (1.13

The R and Rnformulas are introduced in Ed.14and Eq.1.15 Figure 1.21shows
the R, Rsh, Ise; Voo, maximum power, maximum power poimaghically.

which is at \4 point (2.149

which is at §c point (1.15

Max

Power
Isc

Impp

Rs =1/Slop
Vv
Vmpp Voc

Figure 1.21. lllustration of Rs, Rsh, Isc, Voc, amdaximum power and power point of a solar cell
The most important parameter about solar cells is conversion efficiency which is

defined as the ratiof the output electrical power to the input optical power as given

in Eqg. 1.16. It gives how much of thelar power is converted to the electrical power.

S — 88 (1.16)
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The solar power on t hag)isd@00.4Wrwghiccsmeans ace at Al
the solar cells with a size of 15.6cm*15.6cm receives input powgraiP24.3 W.

Another parameter determinieciy t he sol ar <cel |l 6s perfor mance
The external quantum efficiency (EQE) is the number of generated carnerage

incoming photons at eackiavelength. In addition, the internal quantum efficiency

(IQE) is the number of generated ¢ars over the number of absorbed photons at each

wavelength. The relation between IQE and EQE is presented in Eq. 1.17. A typical

EQE curve for Si solar cell is displayedkigure1.22.

"00 O (1.17)
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Figure 1.22. EQE curve indicating number of generated carriers ovenben of incoming photons

The conversionefficiency of different types of solar cellss quite versatile The
maximum achievable efficiency is increasing by advancing in the démmw
However, there is a fundamental and physical limitation for efficiency, which eicall
Shockley Queisser limit[7]. The ShockleyQueisser limit applies to single pn

junction sola cell and consists of different efficiency loss mechanisms:

a) Blackbody radiation
Any material above absolute zero (0° Kelvin -273.15° Celsius) emits
electromagniéic wave which depends on its temperature. This emission is

responsible for around 7% of egg loss in a solar cell.

b) Spectrum losses
The most important losses in an ideal solar cell is related to the mismatch between

solar spectrum and the band gap ofdbeice. Electrons can absorb photons with
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energy above the bandgap, hence, photons witerlemergy are not absorbed and

are lost. On the other hand, when the energy of an incoming photon is higher than
the bandgap, the electron absorbs the amount ofeméich is required for the
electronic transition from valence band to conduction bandrentest of energy

will be converted to heat. This type of the loss is also called thermalization loss.

The abovementioned loss mechanisms depend on bandgap.aXhmeum possible
efficiency versus semiconducéer bandgap is shown irFigure 1.23 which
demonstrates thataximum possible efficiency is 33.7% at the bandgap of 1.34 eV.

Below-bandgap

photons

Usable electric power

Percent of Incident

1 2
Bandgap (eV)

Figure 1.23. Usable part of incident lightersus bandgap of absorbing the material

1.4.2 Different Types of SolarCells

Many different types of solar cellre ntroducedwhich are made from different
materials having different fabrication steps with specific properties and different
efficiency ranges. ThéNational Renewable Energy Laboratory (NREL) of U.S.
Department oEnergypublishes the Best Researw#ll Efficiencies chart. The chart

as of17"" August2018is shown inFigure1.24[8].

Four major groups of solar cells can be identified in this chart. First one is the multi
junction solar cks which gives the highest efficiency values under comaéad light.
Because of very high production cost, in spite of very high efficiency (up to 46 %),
they are used only in satellites for which the cost is not an important issue. The second
class ofsolar cells consists of crystalline St$¢) solar cellsvith an efficiency in the

range of 17%26%. cSi solar cells have more than 95% market share in the
commercial PV market today. Thin film solar cells are the third type of solar cells.

This type ofcells is made on glass or flexible substrate with regitilow cost. There
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are commercially successful examples based on CdTe and CIGS. The fourth cell type
includes all new solar cells with new materials and architecture. These technologies
are eithet the initial stage or not successful commercially soMare explanation

about these solar cell types are given in following section.

Best Research-Cell Efficiencies
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Figure 1.24. National Renewable Energy Laboratory (NREIBest Resarchcell Efficiencies chart
at 17.08.2018

1.4.2.1 Crystalline Si Solar Cells

The most widely used type solar cell is silidmased solar cell because Silicon is very
successfulmaterial for diode fabrication. It is cheap and abundant. In addition,
fabrication steps are relatively simple and settled. The bandgdrohss 1.12 eV,

so it can absorb photons with energy above 1.12 eV, which almost covers the whole
visible spectum. Si solar cells can be made on wafers with either rcoysialline

or multi-crystallinestructure as it is shown Figurel.25. The multicrystdline silicon
contains many different grains with different crystallographic orientations. The
disadvantages of grains boundaries of rariystalline silicon are low electrical and
thermal conductivitiesand relatively weak bonding. Solar cells made frmono
crystalline silicon have higher efficiency, however, matistalline silicon solar cells

have lower production cost.
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Figure 1.25. (right) Monocrysalline and (leftymulti-crystalline silicon solar cell

1.4.2.2 Thin Film Solar Cells

Thin film solar cells which are fabricated using thin films of materials on either glass
or flexible substrates. There are three commercially successful technology based on
amaphous silicon, Céle and Copper Indium Gallium Selenide (CIGS) which are
shown inFigure 1.26. The amorphous Silicon bandgap is betwgdreV to 2.0 eV

[13] so amorphous silicon solar cells can absorb photons with energy higher than
1.5eV. The amorphous silicon solar cell is one of the first fabricated solaft4]ls

and widely used in early devices with baritsolar ells like calculators. However,
tremendous increase in the performance/cost ratieSbsolar cells has pushed the a

Si technology out of market in recent years. In the Giblar cells, the absorber layer

is made from CdTe. The CdTe is a direct bandgaferial with a bandgap of 1.45eV.

The CdTe is a stable material, however, Cd is toxic material and Te is rare material
[15]. The CIGS can be depositesingvariousmethods namingvaporation, printing,
sputtering and electrodeposition. However, handling the composition of CIGS with

four elements is hard 6].
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/
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Figure 1.26. Schematic of (left) Amorphous silicon solar cell, (middle) CdTe solar cell, and (right)
CIGS solar cell
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1.4.2.3 Emerging Photovoltaics

Solar cells consisting of DyBensitized Solar Cells (DSSC), Organic Solar Cells, and
Peovskite Solar Cells and all new type of materials and devices are emerging
technologies illustrated iRigurel.27. The DSSC is easy to fabricate by conventional
roll-printing techniqueslt is semiflexible and smitransparent which offers various
applications while the material is not expensive. Org&uolar Cell is made from
polymers which its fabrication steps are solui@sed processes, so the large volume
fabrication is cheap. The bandgap of polymersangeable by modifying the light
absorbing molecule. In addition, they are light, disposaloié flexible, however, they
have low efficiency and low stability. The Perovskite Solar Cell is made from
perovskite compounds as light absorbing material. Theylaeap and have reached
very high efficiency values in a short time. They also are flexabtelight, however,

their lifetime and toxicity are still under progrd43].
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Figure 1.27. Schematic of (left) Dy«Sensitized Solar Cells (DSSC), (middle) Orgedatar Cells,
and (right) Perovskite Solar Cells

Although many different types of solar cells have been investigated, the PV market is
still dominated by crystalline Silon solar cells. As it is seen Fgure1.28, around
95% of installed solar cell modules are made of crystalline Silicon solafI#]ls

Other, 2.50%
a-Si, 0.30\
=l Thin Film, 4.50%

CdTe,
2.30%

Figure 1.28. Market share of different types of solar celbi@l17
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1.4.3 Solar Cell Fabrication Steps

In this section, fabricatioateps of crystalline silicon solar cells are presented. These
steps apply to both monocrystalline andltmarystalline silicon solar cells. The

general process flow is shownkigurel.29.
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SN
e I

-~ ™~
Float Zone Mono- i Back side
Crystalline =
Snlld State
e m “

Screen Printing

Figure 1.29. Schematic process flow of solar cell fabrication

1.4.3.1 Wafer Preparation

Fabrication steps start with preparing crystalline Silieeafer. There are two main
techniques to fabricate crystalline silicon wafers. In the Czochralski growth technique
shown inFigure 1.30 (left), Silicon with the impurity less thah ppb is melted in
quartz crucible. The single crystalline Silicon seed goes into the molten Silicon and is
pulled out while rotating. The result an ingot of single crystalline Silicon. In this
method, the rate of pullin melt temperature and rotation rate are controlling the size
and quality of single crystallingilicon ingot. In addition, itis possible to add dopants

to the crucible for irsitu doping.

In thefloat zone technique shown in Figure 1.30 (right), thenB&ting coil melts the
Silicon locally and then, reolidifies it. In the liquid phase, Silicon atoms can move
and during the solidification, they tend to become single crystalimthis technique,
dopants and impurities prefer to stay in the liquidggh so, the float zone technique

can be used for refining when RF heating coil passes sewveesl
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Seed

Single Crystal Silicon

Polycrystalline

Quartz Crucible ingot

Water Cooled Chamber Motten silicon
Heat Shield
Carbon Heater RF coil
Graphite Crucible -
Crucible Support

Grown single

Spill Tray u-ysmlln:;a materia

Electrode

<@— Sinale crvstalline seed
Figure 1.30. Schenatic of (left) Czochralski growth system and (right) Float zone growth system

After the growth step, the ingot is anoto many wafers with specific thicknesses using
different techniques like diamorabated wie (Figure 1.31). There are both wafers

with saw damage and saw damage etched commercially available

Feed Wire Silicon Ingot

Used Wire Slurry Deposited
Here via Nozzles

Figure1.31. Diamond coated wire silicon slicing system

After cleaning step, the wafers are inspedtecdny possible damages. Then, they are

being packed and ready to sell.
1.4.3.2 Texturing

Later, wafers must be textured to improve their light absorption. It is pedsib
quantify absorption by absorption coefficient which is the amount of light absorption
for a given wavelength. The reciprocal of the absorption coefficient is the average
distance for a photon to travel inside the material until it is being absofsed.
mentioned in section 1.3.1.2, materials can absorb photons with energy higher than
their bandgap, however, the absorption is not constant for all wavelengths. The
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dependency of absorption coefficient (U)

(k) which is imaginary part of the complex refractive index is shown in Eq. 1.18.

I (1.18)

According to BeeiLambert law in Eq. 1.19, the intensity of absorbed light (I
depends andthebdstartte that light travels in the medium. Thus, photons

with low wavelength can absonear the surface while photons with high wavelength

have higher absorption depth which is in

‘0 Op Q (1.19
The abovementioned absorptiondsrresponding to one surface as showFigure

1.32 (right). However, it is possible to increase absorption by increasing the number
of bouncing of incident light on the surface as showrigure1.32 (left).

hv

Normal

B\ Refracted ray

Figure 1.32. (right) Reflection of incident light from the flat surface (left) reflection of incident light
from thetextured surface which increases the absonpti

In monocrystalline Silicon, the industrial texturing technique is well established using
KOH [18]. The solution is anisotropic which etches (100) plane and stops at (111)
plane which the angle betwettrem is 54.7°. So, the textured surface bd@lrandomly

distributed pyramids with angle 6#.7°as shown irFigure1.33.

Figure 1.33. Pyramids with the angle &4.7°as a result of chemical texturing ngiKOH solution
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In contrast, it is not possible to use anisotropic solutions on-pryktalline Silicon
wafers because of thegsence of different crystal orientation. So, several isotropic
techniques are developed for texturing matiistalline Silion. More information

about texturing on mukerystalline Silicon will be given in next chapters.
1.4.3.3 Doping

The doping is performedhia solidstate diffusion furnace. This process consists of
two stepswvhich are shown ifrigurel.34. In the predeposition step, an initiaglosage

of the dopant is introduced on the surface of the sample. The precursors of dopants are
in gas phase and flown to the chamber which is showangure1.35. In the drivein

step, the sample is heated to the certain temperature, so that dopant atoms can
penetrate inside sample from the surface and form thedaopahg profile.

" Prede’p" N

Drive-in
controlled dose

Silicon constant dose

Figure 1.34. Penetratin depth of doping for two steps of pateposition and drivén

Electric furnace

Quartz tube

-
Nz

i witers 29 @ (}’ Vent

Electric furnace

o2
(For oxide formation)

dopant

source

Figure1.35. Chamber of the solidtate diffusion furnace

1.4.3.4 Anti -Reflection Coating

According b the optic law, the ratio of reflected ligfrom the interface of two
material depends on the refractive indexes of two surfaces. The refractive index of a
material is the ratio of the speed of light in a vacuum (c) over the speed of light inside
the maerial (v) and presented in Eq. 1.20. Equatio21 shows the relation between

reflection and refractive indexes of two materials.
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¢ - (1.20)
Y — (1.21)

Based on Eqg. 1.23, the higher difference between refractive indetves materials
leads to higher reflection from the interface. In order to decrease the reflection from
the interface, it is paible to use an intermediate material between two main materials
which is called the antieflection layer. The refractive indexf the antireflection
coating (ARC) must follow Eq. 1.22 to have an optimum reduction in the reflection.
Since the refractivendex depends on wavelength, the thickness of therefifgiction

coating can be optimized for specific wavelength as show.idi 23.

€ Ve € (1.22

¢ Q - (1.23
The refractive index of air is approximately one for all wemgths. The refractive
index of Silicon isshown inFigure 1.36 while therefractive index of the optimum

material and the refractive index oglSi are also shown in red and green respectively.

SisN4 is widely ised as ARC layer on commercially fabricasetar cells.

Refractive Index
- o w -~ w = ~

200 300 400 500 600 700 800 500 1000 1100 1200 1300 1400 1500

Wavelength (nm)
==5i3Ng ==S| e=Optimum Material

Figure 1.36. Refractive Index of Blue: Silicon, Red: Optimum Material, GreeBNS8i
In order to deposit &4, Plasma Enhanced Chemical Vapor Depon (PECVD)
system is commonly used. In the CVD system, depositing materials precursors are
silane (SiH) and either Nitrogen (N or Ammonia (NH) which all are in the gas
phase. Equation 1.24 and Eq. 1.25 giverdaetions occurred in the chamberthe
PECVD system shown iRigure 1.37, the required energy for reactions to occur is

provided byapplying plasma in the moderate temperature aroundt@gec.
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GYQ ¢ Y@ @O (1.24)

gYQ 160 YO p© (1.25)

+< Electrode

B Wafers

- Electrode
™ Heater
Gas inlet
(SiHg, 0y) i Gas outlet, pump

Figurel1.37. Schematic of PECVD Chamber

1.4.3.5 Metallization

The metallization consists of two part; the freide and backide metallization.
Normally, both steps are done using the scq@émting technique. In the screen
printing technique, a metal paste is applied on the surface using mask and printing

technique. The screeprinting technique is illustrateid Figure1.38.

1 2 3

S

7 N

Q\@@\%

Figure1.38. Steps of the screeprinting technique
The material used for frorside metallization is Silver (Ag) and for baskle
metallization is Aluminum (Al). The frorgide metallization mek for wafers with the
size of15.6 cmx15.6 cm has three or four busbars which are showRiguire 1.39

(left, middle). The baclkside Aluminum is printed at full screeRigurel.39 (right)).

EE

Figure 1.39. Front Surface of the solar cell with (left) three busbars, (middle) four busbars; (right)
back surface of a solarlte
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After metallization steps, annealing is cruc¢@form electrical contacts on front and
back side of the cell for electrical contacts. This annealing called firing and is also
useful for the formation of the back surfded (BSF). When backide Al is heated,

the Al atoms become mobile and can paatetinside gype Silicon bulk from the

rear side. The Al atoms act as an exttgge doping in the Silicon semiconductor.
The region between highly-qgoped and lightly gtloped Silicon acts like a junction,

so electrons are repelled from back side whkietreases the chance of recombination

at the back surfac
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CHAPTER 2
A LITERARURE SURVEY ON SURFACE TEXTURING OF SI WAFE R

2.1 Solar Cells

The photovoltaic effect has been discovered by Alexakdenond Becquerel in 1839
[19] [20]. According to his experiments, two Platinum electrodes with light sensitive
coating like AgCl or AgBr in the solution, which is electrically conductive, can

generate electricity under illuminah like the sun light.

thin light
| membrane

Pt electrodes

/ p 20 | acidic
| r‘ e | o K -
1 B ! ~
| ] ] ’ e

solution
L r ] vif o |
L} ) - " '
S L L L T P |
| i : p J

' , y
I 4 4 y
| e 4
[ 1 }' [y
13 ! p v \
i, blackened box
L

Figure 2.1. Becquerdls discovery of photovoltaic effect

Later, Adams and Day observed photovoltaic effects in solids between Selenium and
Platinum in 187721]. After years of research, the first Silicon based solar cell was
fabricated in Bell Labs in 1954 with the efficiency of 6% by Chapin, Fuller, and
Pearson22].

Various investigations are going on to increase the efficiency of solar cells either by
using new materials and new technologies or introducing new concepts like
concentrated photovoltaic. As reported by M.A. Gri&8), researchers are pushing
thecrystallines i | i c on b a s fecidncystathegphysical énhitf24] @nd teely

have reached more tha&26% efficiency (M=726.6 mV, d=42.62 mA/cm2, and

F.F.=84.28 %) from monocrystalline silicon solar cell at I6H
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2.2 Texturing

Texturing techrques are required to increasiee absorption of incident light
compared to the flat surfaces. The basics of texturing are given in Section 1.4.3.2. Due
to fundamental crystallographic differences between monocrystalline and multi

crystalline silicon waferseach type of wafers has féifent texturing techniques.
2.2.1 Mono Crystalline

Since monocrystalline wafers have surface with single crystallographic orientation,
using anisotropic solutions is sufficient for texturing them. These anisotropic texturing
solutions etch (100) Silicon surfadaster than (111) surface which results in pyramid
textured surface with angle 54.[25]. The mechanism is well ebgined by Seidel et

al. [26]. From many different anisotropic chemical solutions, the most common of

them are explained more in this section.

One solution is Tetramethyl Ammonium Hydroxide (TMAH) whishrivestigated in
Toyota Cental Research and Development Laboratories Inc. by O. Tabat§e{.al
Papet et al. reported that by using a solution containing 2% TMAH and 8% IPA at
80°C for 30 min, the weighted reflection of 13% without ARC and morphology of
Figure 2.2 can be achiade

agn - Det WD Exp ] 10 jim

(
2000x SE 99 1 taille

Figure 2.2. SEM of achieved morphology using TMAH reported by Papet et al.

Another solution is Ethylenediamine Pyrocatechol (EDP) which was investigated by
R. M. Finn et al. in Bell Telephone Laboratorjs].
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Among the anisotropic solutions, the general solution is theuneof KOH and
Isopropyl Alcohol (IPA) which was investigated by D. B. Lee at Semiconductor
Laboratories at 196018]. Another solution mixture of KOH consists of Polyvinyl
Alcohol (PVA) [29]. Ximello Quiebras investigated different mixtures of KOH
solutions and optimized their parameters in his Ph.D. thesis. The results of his
experiments are shawn Table 2.1.The morphologies achieved from KGPVA for

20min at 100C (right) and KOHIPA for 40min at 80C (left) are shown belo\29].

Table2.1. Solar cell performance and optical results achieved by Ximello Quiebras

Weighted
Reﬂgction Voc Jsc F.F.
% mV mA/cm2 % %
PVA 12.6 625.7 37.0 76.8 17.8
IPA 11.5 625.4 36.6 77.1 17.7

Figure 2.3. SEM images of KOHPA (left) and KOH-PVA (right) reported by Ximello Quiebras

In addition to anisotropic solutions, isotropic solutions are also used for texturing

monocrystalline wafers.
2.2.2 Multi Crystalline

Using anisotropic texturing methods are not efficient on the rorysitalline Silicon

wafers. However, there are some invesigns using these texturing methods.

As reported by Es et al. from Middle East Techhig@iversity, using 3.7% KOH with
3.7% IPA at 70 °C for 45 min can lead to achieve weighted reflection around 23% and
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sol ar cel |l 6s ¢3D]fFigeei2d shows the SEM Imaged of &bextured
sample.

Figure 2.4. SEM image of a textured muktrystalline Silicon samip reported by Es et al.

The effects of NaOH alkaline texturing method on the nunitstalline wafers with
different surface orientation is reported by Hylton ef3l]. They have analyzed the
reflection curves and SEM images dferent facet orientations. The reflection curves
of (left) high concentration NaOH as a saw damage etching and (right) low
concentration NaOH as texturing techniqaes presented in Figure 2.5. The SEM

images of these techniques are illustrated in AgpeA.
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Figure 2.5. Reflection curves of (left) high concentration NaOH and (right) low concentration NaOH
repored by Hylton et al.

The comparison between some isotropic and anisotropic texturing methods are
reported by Macdonald et 4B2]. They have used the mixture of HF/HN&s an
isotropic texturing method, Reactive lon Etching (RIE) as dry texturing adeth

masked RIE pyraids, and alkaline anisotropic etching. Unfortunately, no further
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information about the processes is given. Figure 2.6 compares the reflection curves of
fabricated samples (left) without ARC and (right) with ARC.

100 100

90 - a alkaline-etched 90 » alkaline-etched

80 1 * acidic textured 80 = acidic textured
70 4 - as-cut F 701 - as-cut
§ 60 1 x maskless RIE E,: 60 fusaty * maskless RIE
% 50 4 > masked RIE pyramids § 50 -\1'1 p
& 30 % @ 301 ' 2
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Wavelength (nm)
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Figure 2.6. Reflection curves of samples (left) without ARC and (right) with ARC reported by
Macdonald et al.

Figure 2.7 illustrates the SEM images from different morphologies achieved by
Macdonald et al. (top right) acidic texing (top left)alkaline texturing (bottom right)
masked RIE (bottom left) mad&ss RIE.

Figure 2.7. SEM images of (top right) acidic texturing (top left) alkaline texturing (bottom right)
maskedRIE (bottom lefy maskless RIE reported by Macdonald et al.
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2.3 Laser Texturing with Post-Texture Cleaning

Since the anisotropic texturing methods are not functional for{enysitalline Silicon
wafers, the isotropic texturing methods are developed. Otie o$otropic éxturing
methods employs the laser system.

The posttexture cleaning is required after laser texturing, many researchers use two
step postexture cleaning. As reported by Abbott and Cd8&], the two step post
texture cleaning cosists of one anisotropic cleaning using 25% NaOH for 3min at
40°C and one isotropic cleaning using mixture of HF, Nitric Acid and Acetic Acid
(HNA) for 3 min. During the laser texturing process, they have us&wiithed,
Nd:YAG laser with vavelength of 164nm and pulse width of 200ns. The SEM
images shown in Figure 2.8 demonstrate the effects of each step excellently-(left) as
textured, (middle) anisotropic cleaned, and (right) isotropic cleaned. In addition, the

results of the fabricated dble-sided bured contact solar cell are shown in Table 2.2.

Figure 2.8. SEM images (left) atextured, (middle) anisotropic pet&xture cleaned, and (right)
isotropic postexture cleaned reported by Abbattd Cotter

Table2.2. Result ofabricated doublesided buried contact solar cell reported by Abbott and Cotter

Thickness Area Voc Jsc F.F. Efficiency
pm cn? mV ~ mAlcmt % %
Laser 230 7.3 658 373  75.0 18.4
Textured
Planar 260 8 650 31.3 730 14.6
Reference

34



Another laser texturingrocess using two step pdekture cleaning is reported by
Nayak et al.[34]. They have used laser system with wavelength of 800nm, pulse
energy of 0.6mj/pulse, pulse duration of 130fs, and laser putpgeiney of 1kHz. The
sampes were 2cm2cm and postexture cleanings were done using anisotropic
NaOH solution and isotropic HNA solution. The SEM images of (lefifeasired,
(middle) posttexture cleaned, and (right) after metallization are shown inr&ig.9.

In addition, thel-V curve of their best sample indicating the efficiency of 10.3% is

presented in Figure 2.10.
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Figure 2.9. SEM images (left) atextured, (middle) pogexture cleaned, and gtit) after
metallization reported by Nayak et al.
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Figure 2.10. I-V curve of a sample reported blayak et al.
In another work from the same team, lyengar et al. have reported better cell results
which uses the same laser system but in SF6 gas arf8bgntVith this development,

they have reachedo.yof 507 mV, Jd.of 39.2 mA/cn3, F.F. of 72%, and efficiency of
14.12%.

The morphology development through changing the-f@dtire cleaning duration
using NaOH on the textured surface using laser systiéimwavelengthof 800nm,

35



pulse energy of 0.6mj/pulse, pulse duration of 130fs, and laser pulse frequency of
1kHz is presented by Nayak et [@6]. The SEM images of (top left) -dsxtured and

posttexture cleaned using NaOH with durations of (top right) 5sec (bottom left) 10sec

(bottom right) 20 sec are shown in Figure 2.11.

Figure2.11. SEM images of (top left) aextured and pogexture cleaned using NaOH with
durations of (top right) 5sec (bottom left) 10sec (bottom right) 20 sec reported by Nayak et al.

The implementation of déct laser textung (DiLaT) is reported by Zeilke et 4B7].

They have used-Qwitched Nd:YVQ laser system with wavelength of 355 um, laser
pulse frequency of 50 kHz, pulse duration of 30 ns, and pulse energy of 6 pJ/shot. The
samples in the study had dimensions of 2om. After lagr texturing, samles went
through two step pogéexture cleaning using 25% NaOH solution at@3or 3min

and mixture of HF/HN@ The SEM image of the final structure is illustrated in Figure
2.12. In addition to SEM images, comparison between solarpaedimeters and

weighted reflection of final samples is presented in Table 2.3.
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Figure 2.12. SEM image of the final structure reported by Zeilke et al.

Table2.3. Compari®n between solar cell parameter and weighted reflection reported by Zeilke et at.

I\RC\; ilig:ttii(:l Voc Jsc F.F. Efficiency
% mV ~ mAlcnt % %
Planar 15.3 626 35.5 75.3 16.7
DiLaT /3.2 um 7.3 618 39.3 73.6 17.9
DiLaT / 3.8 um 7.6 618 38.2 74.2 175
DiLaT /5.8 um 14.4 620 35 71 154

In addition, usage of nanosecond laser texturing in different mediums is reported by
Parmar and Shin from Perdue Universit$8]. They have usk Ti:Sapphire
femtosecond lasesystem with wavelength of 800nm, pulse energy of 1.0 mJ/pulse,
and pulse width of 100 fs at laser pulse frequency of 1 kHz . They textured &om
samples in two mediums of air and deionized water (DI water). Figure 2,& she

SEM images of textured swles in (left) air and (right) DI water. In addition, the

reflection curves of resultant textured samples are shown in Figure 2.9.
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Figure 2.13. SEM images of textureshmples with femtosecond lasel(lieft) air and (right) DI water
mediums reported by Parmar and Shin
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Figure 2.14. Reflection curves of samples textured with femtosecond laser in air and DI water
mediumsreported by Parmar and Shin

There are some studies which used one-fgodtire cleaning step like the experiment
reported by Dobrzanski et #B9]. In their study, they have useds@itched Nd:YAG

laser system with wavelength of 1064nm, power of 50W, laser pulse frequency of
15kHz, and spaosize of 1Qum. The samples in th&udy were 5cmbcm. The post
texture cleaning process is done using 20% KOH solution 4 8% 10min and
20min. In addition, two different patterns have been investigated. The surface
morphology developments are showrfrigure 2.15 for line groove pati and Figure

2.16 for crisscross pattern while in both figures, (leftrt@xtured and podexture
cleaned for (middle) 10min and (right) 20min are shown.
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Figure 2.15. SEM images of (left) atextured and postexture cleaned for (middid)0min and (right)
20min for line groove pattern reported by Dobrzanski et al.

Figure 2.16. SEM images of (left) atextured and pogexturecleaned for (middle)0min and (right)
20min for crisscross pattern reported by Dobrzanski et al.

The reflection curves of the experiment reported by Dobrzanski et al. are shown in

Figure 2.17 for (I&) line grooves and (right) crissoss pattern. Faily, the solar

cell sé performance and weighted ref
before laser texturization « before laser texturization
60 after laser texturization 60 _  afterlaser texturization
M after laser texturization and 10 min etching M" . after laser texturization and 10 min etching
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Figure 2.17. Reflection curves of (left) line grooves and (right) cigsgss pattern reported by

Dobrzarski et al.
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Table2.4. Solar cell performance and weighted reflection cangon reported by Dobrzanski et al.

PostTexture Weighted

Pattern  Cleaning Voc Jsc F.F.  Efficiency

Reflection
Duration
% mV mA/cnt % %
Planar - 34.1 551 630 0.74 10.2
- 11.6 259 190  0.48 0.9
Line 10min 18.2 537 507  0.62 6.7
Groove
20min 23.6 561 679  0.73 11.1
- 9 214 120 0.39 0.4
CrissCross 4 i 9.1 522 657  0.63 8.6
Pattern
20min 8.3 575 724  0.72 11.9

In the next chapter, a developed isotropic texturing method is proposed. In the
proposed method, laser texturing and gesture cleaimg are investigated and the

improvements are presented.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Introdu ction

As menti oned i n t he sol ar cell 6s wor ki

important factors which determines the efficiency of solar cells is theityatml
absorbincidentlight. Basedors ol ar cel | 6s f abri catof on
the fabrication steps is texturingMoreover the absorption coefficient)() and

formula are explaineth that section

The aim of texturing is to enhantiee absorption of incident light by increasing the
number of bounesof incidentlight off the surfaceFigure3.1 shows the ab@rption

of light with one and two incident light boursgcén generalmore than twdounces
can happen.

Incident light

Reflected light

Incident light Reflected light

Absorbed light

Absorbed light
Absorbed light

Figure 3.1. Effect of &xturing on the surface

For instance, if the absorption thie incident ligh is A% at the flat surface, thehe
reflection is %R=10A. However, the absorption from the textured surface by
considering only two incident light bouegis Awta=A+RA. Thus, the absorption is
increased by %RATherefore, higher absorption can beiaghd by increasing the
number of bounces. Whil e increasing
absorption, it also increases the recombination at the surface. Hence, @temode

surface texturing is required.

41

t

n

St e

S

h e



In this chapter, the isotropic texturing et using laser on the crystalline Silicon
wafer is described. In addition, the ptstture cleaning method is investigated to
clean laser damaged surface. Finally, solarfedltication steps based on proposed

method are explained.
3.2 Laser Texturing

In section 2.2, different types of texturing and their effects on the surfacebeen
described. In this section, we proposed an isotropic texturing technique usinfnlaser.
thisstudy, EO TechnicsSupermarker GF 31danosecond IR las@iith a wavelength

of 1064hm and maximum power &OW is used.Figure 3.2 shows the setupna
different parts of the equipment. The laser setup has galvo scanner mittattse
working distance from the laser to different regioheaferis constant The working
distance of setup is 325.1 miWe have prepared a new stage made from metal to
increase heat transfer from tvaferto decrease the damage on the wafer. Since the
intensity of the laser is high, there are many silicontetlaesiduestherefore we

adcedNitrogen gas flow tahe setup to remove ablated residues from the surface

Figure 3.2. Laser equipment. Stage2KBas, protective Glass, Optical Lens
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The interface of software for usirtge setup is shownn Figure 3.3 (left). In this
software, many differentcions are possible to perform. It is possible to draw
different shapes from lines to arcs and elliptic shapes and also, texts. It is also possible
to hatch the closedapeswith different propertiesin addition, it is possible to merge

or align shapes.
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Figure 3.3. Interface of laser setup software showing Drawing, Magnification, and Alignment
sections (left)Laser and scanner parametgight)

The laser parametsconfiguration pagé shown inFigure3.3 (right). In this figure,

laser parameters are Laser Pulse Frequency [kHz] which is between a@kHz
80kHz, Power [%] whichts maximumvalueis 30W, and Duty Cycle [%] which is

fixed on 50%1In addition, it is possible to change thser scanner motor parameters.
These parameters are Draw Step [LSB] which is the distance while the laser is on and
Step Period|is] which is the time unit of dvastep. Smaller draw step results in more

accurate shape, but longer time will be required.

After drawing the desired shape, it is also possiblehtngethe geometry ofthe
shape.The geometry section is customized for each type of shapé is shownn

Figure3.4 (a) elliptic arc and (b) square.
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Figure 3.4. Geometry options of (lefglliptic arc (right) square

The morphologies that have been used for current study is either parallel lines or
perpendiculalines. The parallel lines are drawn using line and the perpendicular lines
are drawn using hatch feature in a way that the sgaidrawn first and then, its inside

is hatched with different options.

In this study, the laser parameters, laser scanneornpatrameters, and different
morphologies are modified and adjusted to have the optimum surface structure in
terms of weighted feection and open circuit voltage. The results of this optimization
are presented in section 4.1.

3.3 PostTexture Cleaning

In geneal, laser texturing damages thrface. The surface roughness is good for light
trapping purposesHowever, it increases recomhation due to sharp edge$o

enhance surface structure after laser texturing;tpasiire cleaning step is applied.

For thecurrent study, high concentration and high temperature KOH solution has been
used. Although KOH solution is considered as anaarapic solution in section 2.2.1,

with high temperature and high concentration it becomes isotropic solution. To
perform posttexture cleaning, the required amount of KOH is weighted and solved in
water. Then, the solution is heated up to the desiredeatyse using hot plate.

Finally, the samples are dipped into the solution for intended durations. The results of
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this processre expressed by measuring their weighted reflections and taking their

SEM images in section 4.2.
3.4. Solar Cell Fabrication

The sdar fabrication steps arghown inFigure 3.5. In this figure blue blocks are
fabrication steps and yellow blocks are characterization steps between fabrication
steps. The solar cell fabrication steps including doping, ARC deposition,
metallization, and firing are not optimized for the samplesch step is explaga

further in the following section.

Saw Damage Etching

Multi Crystal Si Wafer /RCA? Cleaning

Reflection / SEM Laser Texturing Reflection / SEM

Post-Texture Cleaning / Phosphorous Doping / PECVD Si;N,

Reflection / SEM Reflection

RCA? + HF:HCL Cleaning RCA2 + HF Cleaning Depositing

Back Side Front Side

Al Screen Printing e Sl St Reflection / SEM /1-V / EQE / IQE / TLM / Ry / R,

Figure 3.5. Schematic of solar cell fabrication process in which blue blocks are fabrication steps and
yellow blocks are characterization steps

3.4.1 Wafer Preparation

For current study, both monocrystalline and muahystalline Silicon wafers are used

to perform a comprehensive investigation. Monocrystalline Silicon wafers are bought
from FerroTeccompany with specifications ofdBondoped1-3 Y , andthickness

of 180 um with 15.6x15.6¢cn? area.The mono and multicrystalline Silicon wafers

are bought fronDC wafers company with parametersBafron-doped1-3 Y , andm
thicknessof 200um with area ofl5.6x15.6cn. Both types of wafers are saw damage
removedvia KOH solutionwith 20% concentratiorat 80°C for 4 min

3.4.2 Texturing

Texturing step has been discussed in the section 3.2.
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3.4.3 Doping

The phosphorous doping has been performed using Semco Qtherm solid state
diffusion furnace. The doping precursors B@Ck and Q, the chamber pressure is
400mBar,and the furnaceemperature is 83€&.

3.4.4 ARC Deposition

The Silicon Nitride (SIN4) as an antreflection coating has been deposited using
Semco Qtherm PECVBystem Bown inFigure 3.6. The ARCdeposition has been
done using SiklandNHs gases atemperaturef 380°C and pressuref 1000mTorr.

Figure 3.6. Pictureof Semco Qtherm PECVD / solid state diffusion system

3.4.5 Metalli zation

The front metallization using Silver (Ag) and the rear metallization using Aluminum

(Al) are done by EKRA screen printing systerhich is shown irFigure3.7.

Figure 3.7. Picture of EKRA screen printing system
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After metallization step, the annealing is crucial. This annealing process called firing

and has been donssing BTU Internationaliring systemwhich is shown inFigure
3.8. The firing belt speed i500mm/min at90C°C.

Figure 3.8. Picture of BTU International firing system

3.4.6 Cleaning Step

Between fabrication steps, several cleaning steps are required to remove tdifferen
types of contaminations. Three different cleaning procedures has been performed; i.e.
RCA 1which contains Ammonium Hydroxide (MBH), Hydrogen Peroxide @®-),

and deionizd water (DI water) with ratio of 1:1:5 respectively attB8C to remove
organicsand particles from sample; RCA 2 which contains Hydrogen Peroxide
(H202), Hydrochloric Acid (HCI), and deionized water (DI water) with ratio of 1:1:5
respectively at 746°C toremove metal ionic contaminations, and mixture of HF and
HCI and deionized waté€bl water) at room temperature with ratio of 1:1:10 to stop

the posttexture cleaning process of KOH and remove RCA induced. SiO
3.5. Characterization Methods

The characterizath steps are shown in yellow blocke Figure 3.5. The
characterizations are also performed after laser texturing step antdexiase
cleaning step individually to determine the effects of these steps before fabricating the

solar cell.
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3.5.1 Scanning Electron Microscopy (SEM)

One of the most used claaterization techniques is taking SEM images. The SEM
images are taken from the surface which reveals the surface morphology. In this
technique, electrons are generated ateLalctron gun and aeterated toward
samples by applying voltagel@€tronHigh TensiorEHT). These electrons penetrate
inside the sample and generate secondary electrons which leave the sample and are

captured by the detector. TEeiss Evo HDL5is usedor taking SEM images
3.5.2 Reflection Measurement

During conducting the experimentsyo different reflection setups have been used.
The first setup ishown inFigure 3.10n whichthe associated LabView software just
records the intensity measured by the detector. In thisaihss,calculations must be
done manually. In order to makiee calculations easier, a MATLAB User Interface
(U1) is written which isshown inFigure 3.9 The MATLAB codes for running in

MATLABOGs workspace (withouB. Ul) are presente

4| Ul Figure — [m] >
Select Cemponent [ Reflection v

Reflection
Main Folder Ci\Users\Beh\Deskt| Transmission Select Folder

Quantum Efficiency

Select Background/Callibration Prefix Background
Go Scan

Select Sample Prefix Sample

v'| Dark Select Dark Prefix Dark

v | Background/Calibration Reference Select File
+| Weighted Average Reflection Select File
+| Show Background Show Samples Reflection Column Row

Figure 3.9. MATLAB GUI for reflection/transmission/EQE/IQE calculation
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Figure 3.10. First reflection/transmission/EQE measurement setup

The other reflection is Bentham PVE30d®voltaic EQE (IPCE) and IQE solution.

This setup ishown inFigure3.11 and its softwarés capable to calculate reflection

Figure 3.11. Bentham PVBO0OPhobvoltaic EQE (IPCE) and IQE

In both devices, BaSreference sample is measured first, then, the reflection of
samples is calculatecabed on the reference sampleich is calibrated bycdiibraion.
Equation 3.1 shows t he (fraflectonfrom referemrce c al c L

sample where | ithemeasured intensity.

Y pTT (3.1

In other to have better comparison among reflection curves, the weighted reflection
based on AM 1.5 can be calcdd using Eq. 3.2.

W'Y -* 8 pTT (3.2
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3.5.3 Quantum Efficiency Measurement

To measure the external quantum efficiency, the same setup as the reflection setup is

used However, the measuring step is different. In this measurement, the detector is

directly placed in front of light, so the detector measures the intensity of the incoming

light and calculates photon count. Later, the sample is placed in front ttidthe

current generated from the sample is measured. Then, EQE can be calculated from Eq.

3.2 where | is the measured intensity, DR 1is
constant (6.626x1#J.s), ¢ is the speed of light in the vacuum (3xh&?), and q is

the electronic charge constant (1.6%1Q).

‘00 O

— oY (3.3)

To calculate the internal quantum efficiency, reflection andstréssion and exteal
quantum efficiency must be measured first. Then, IQE can be calculated using Eq.

1.19 which is explained in section 1.4.1
3.5.4 Lifetime Measurement

For measuring the lifetime and impliedVoc (iVoc), Siniastrument WCT 120 is
used.The ample is placed rothe center othe stage andhe setup perform the
measurement. Depending dhe lifetime, transientmode or QuasiSteadyState
Lifetime (QSS)modeis used In the transient mode, life time is high; hence, the
carriers can be generated by a spaite of light and the decay in the carrier density
iIs measured over time. In QSS mode, life time is low; hence, the steady light will
generate carriers to measwarier lifetime.To extract i\ value from the given

figures, the minority carrier densiity considered to be 10
3.5.5 -V Curve Measurement

The LV setup is QukSun 120CAXL flash solar simulator at AM 1.5G conditions.
The setup ishown inFigure3.12 (left) and the corresponding software is shown in
Figure3.12 (right). The masurement givesV curve as well as &Rsh, FF, Vo, Isc

through the software report.
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Figure 3.12. QuickSun120CA-XL for measuring 4V curve(left) and corresponding software (right)

3.5.6 TLM Measurement

The TLM (Transmission Line Measurement) measures the contact resistance of
metallization. For this measurement, samples are ithttihe width of 1cm by laser.
Then, the resistance between ongdinand other figures is measured as function of

length. The schematic of the measuremesh@wvn inFigure3.13.

1 cm

1 2 34 5 6 738 910

Figure 3.13. Schematic of TLM measurement resistance
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Tohave accurate measurement, the resistance is calculated from the slgpmiofe

of contact. Then, these resistances aretqudiogetter to calculate th contact
resistance. It is also possible to calculate the semiconductor resistance. The general
plot of TLM isshown inFigure3.14 and theequationdelow indicate the calculations.

In these egations, metal resistance n{Ris neglected since it is much lower than

metatsemiconductor resistancen(R) and semiconductor resistancedR

Y <Y Y A% (3.4)
YooY — (3.5)
Y -0 Y (3.6)
RS
w
ZRm—sc

0 L 2L 3L 4L 5L 6L 7L 8L oL 10L

Figure 3.14. Resultirg graph from TLM measurement

3.6. Quokka 2 Analysis

Quokka 2 is a simulation tool which can be used for the Free Energy Loss Analysis

(FELA) [25]i [27]. Thefigure of softwares shown inFigure3.15. The generatiofile

contains different sections; some parts are optional and some parts are essential for

simulation. For current analysis, only essential parts are kept in the code which are:

Geometry in whichhe geometry of wilbi$ describegdduld 6 uni t C €
Properties which indicates the parameters of bulk like doping type, resistivity,

lifetime, and etc.;Front and Rear boundaries which determine the doping

parameters of front and rear like shesistance, junction depth, reverse saturation

current, and etc.$Generation which shows the generation profile in Z direction;

External Circuit whichis aboutparameterfike Rsand Rn The complete generation

fileds code for QuaokppendX. anal ysis is decl are
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) Quokka_GUI

Quokka v2.2.5
messages

Current settings file:
..ojectiM Y WY38-2018-07-20 - Thesiz\
Quokka\Guokka2-5-55K80P-4minkOH.m

simulation finished

Select different settings file
Vv, =607 mV

J, =331 mAlem?
Display Geometry Start Simulation FF=741%
n=149%

overwrite resuft fies Abort

|:| sweep: save spatial data

Go to the Quokka resources on PVLighthouse.com.au

Figure 3.15. Figure of Quokk& simulation software

In order to extract the generation profile for Quokka 2 analysis, OPAL 2 simulation
tool [28] is used. In this online simulation tool, the surface layers and morphology are
defined. Later, the measured reflection and IQE ofpdas can be loaded. Then, the
software generates the reflection, transmission, and absorption curves. It is also
possibe to find the thickness of layers by fitting the generated curves with
experimental measuremenigure 3.16 shows the input parameters of OP2land
Figure3.17 shows the generated optical curvEmally, the generation profile of the

fitted curves can bedownloaded as spreadsheet file.

Inputs
Surface morphology Incident illumination Light trapping model
Regular v Spectrum | AM1.5g [Gue?Q ¥ Z=4+In[n2+(1-n2)e %" v
Upright hillocks v Zenith angle, 8 0 ©° Substrate width, W 160 pum
Charact. angle, @ 48 °
Planar fraction 25.46 %
Distributed planar v
Layer t(nm) Optim. Material + Add Film 2 : Flip layers — Visit RI library
Superstrate Air vi[] v
x Film 1 14.34 Al203 ¥ | ALD on glass [Kum09] v
Substrate Si ¥ | Crystalline, 295 K, Green—Schinke [Sch15] v

Figure 3.16. Input parameters of OPAR simulation tool
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Outputs

Reflections Unique paths Fraction Photon current mA/cm? Fraction
1 reflection 1 25.0% Incident Jine 43.85 100.0%
2 reflections 2 69.4% Reflected Jg 7.91 18.0%
3 reflections 4 5.6%  Absorbed in films Ja 0.00 0.0%
4+ reflections 1 0.1% Absorbed in substrate Je 35.94 82.0%
Total 8 100.0%
| —— Reflection —— Absorption - Transmission Spectrum
1 C T T T T T T T T T _2 o
- -
TRkl ;_\/"f 15 &
g = ] —_—
- 06 E ] E
E I = 5. _‘é
= 0.4_— - E
é 02 :_ Eﬁ% ) y —_0.5 §
C o o
- il w
0 . . . . : . . s . 0
300 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

Plot vs degith: Simulated vs experimental reflection:
b - = Over /A range 350 to 1000 nm
Pt RMSE of fit 8.070E-3

Figure 3.17. Output of OPAL 2 simulation tool

In the next chapter results of proposed laser texturing moaed postexture

cleaning process will beemonstrated.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Laser Texturing

In the laser texturing, the shape, depthd spacing between lasavlated spots are
the critical parameters and must be optimized by adjushedaser parameter. The
speed of laser texturing (S) does not depenthelaserpulsés frequency andt only

depends othelaser scanner motor panatersandis formulaedas shown in Eq. 4.1.

8

3iijo p 1t T(4.1)

The overlap between laser spots depends on laser pulse frequency, laser scanner motor

parametersand laser spot size. The schematithefoverlap is shown ifrigure 4.1

andits calcuation formula isgiven.

Spot Size

Figure 4.1. Overlap between laser spots

X (4.2)

| OAOTI AB—— pmm (4.3
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Based orthe overlap, different morphologies can &ehieved [Eigure 4.2: negative

overlap which leads to separated spots and positive overlap which indinates

Separated Spots O O Q

[.ine Grooves

grooves.

Figure 4.2. Different achievablenorphologies depending on overlap

In this section, the effects tielaser parameters on the surface morphology and the

optical characteristics ahesurface are investigated.
4.1.1 Unifor mity Across the Wafer

One of the important factors in determining th#come of the proposed methods is
the abilityto usethe method orfull-scalewafers. In order to investigate this factor,
two different sets are premat In Set 1, a fulkize wafer $ divided into 64 samples
of 14cmx 14cm and textured. In Set 2, alfglzewafer is textured at once. Laser
parameters of these textarwafersare mentioned ifable4.1 Figure4.3 shows the
optical and SEM irages of selected samples from $etnd Figure 4.4 showsthe
optical and SEM image aheselected samples from Set 2

Table4.1. Laser parameters used for checkihg uniformity across the wafer

Draw  Step Line

Frequency Power Pattern Step Period Spacing lteration
kHz % LSB us pm #
Set 1 55 g0 C"SS o5 120 100
Cross
Set 2 55 80 Line 21 16 100 3
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Figure 4.3. Optical and SEM images of a wafer divided iBtbsamples and textured with laser
parameters Set 1

Figure 4.4. Optical and SEM images of the textured wafer with laser parameters »f Set

The M images indicate that the texturing across the wafer is unifthas, it is
possible to use this technique on the-fitle wafer. However, we decided to work on
smaller samples since its texturing is faster and more cost efficient at research scale.
The SEMimages of Set 1 with a bigger size are presented in App&ndix

4.1.2 Effects of Draw Step and Step Period

Changing the laser scanner motor parametexsdraw step and step period is the
main factor which determines the final surface morphology. By gihgnthe
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mentioned parameters, separated pits or line groves stsicaurde achieved. The
common laser parameters for this study@esented imable 4.2and the changing

parameters and their resulting speed and overlap are presentddant.3

Table 4.2. Common parameters for investigating the effects of draw step and step period

Line .
Frequency Power Pattern ing Iteration

Spacin
kHz % pm #
Common o, g, 80 Line 100
Parameter 1
Common )
Paramedr 2 CP2 50 100 Line 100 1

Table4.3. Changing parameters and their resulting speed and overlap

Draw Step Common

) Speed Overla
Step Period Parameters P P

LSB s mm/s %
Set1l 7 3 CP1,CP2 6408 -60
Set 2 20 9 CP1,CP2 6103 -52
Set3 51 23 CP1,CP2 6090 -52
Set 4 81 37 CP1,CP2 6012 -50
Set5 150 65 CP1,CP2 6338 -58

Forthe abovementionedparameters, draw step and step period are selected ia such
waythatalmostthesame overlap and speagk achiged Figure 4.5showsthe optical
image of each set.
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Set2/CP2/ Set3/CP2 WSet4/CP2

Figure 4.5. Optical image ofextured wafer for investigating the effects of draw step and step period

Since the opticaimage above shows no favorablkesult in terraof reflection, other
sets with common parametersTaible 4.4and changing parametersTdble 4.5are
textured.

Table4.4. Common parameters for investigating the effects of draw steptapgeriod

Line .
Frequency Power Pattern i Iteration

Spacing
kHz % pm #
common ) 34 80 Line 100
Parameter 1
common ., 34 100  Line 100 1

Parameter 2
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Table4.5. Changing parameters and thegsulting speed and overlap

Draw Step Common

Step Period Parameter Speed  Overlap

LSB s mm/s %
Setl 21 16 CP1,CP2 3604 -50
Set2 50 38 CP1,CP2 3613 -50
Set3 80 61 CP1,CP2 3602 -50
Set4 150 114 CP1,CP2 3613 -50

The optical image of this s&s shown inFigure 4.6which shows the more favorable
effects onthe samples. In order to investigdiather, the SEM images of sets with
CP2 are taken and shownRigure 4.7 In addition, reflection curves of these sets are
shown inFigure4.8Figure4.8.

Set1/CP2 Set2/CP2 Set3/CP2 Set4/CP2

Figure 4.6. Optical image of textured sample for investigating the effects of draw step and step period

Figure 4.7. SEM images of textured wafer itovestigate the effects of draw step and step periddl CP
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Figure 4.8. Reflection curves of all sets with @P

These experiments are conducted to achieve sepdaiaer spots. As it is seentime
figures, since these structures are really shallowth@ckeflection curves do not show
notable improvemesteither the number dielaser scasmust be increased to obtain
deeper structuregvhich will be discusseth the next sectiaror another morphology

regardingthelaser scanner motor parameter must be used.

To obtain different morphologs draw step and step period are selected to have
positive overlapTable 4.6shows the common parameters dradble 4.7shows the

changing parameters.

Table4.6. Common parameters of effects of draw step and step period

Line :
Frequency Power Pattern ing Iteration

Spacin
kHz % pm #
Common 30 100  Line 100
Parameter
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Table4.7. Changing parameters of effects of draw step and step period

Draw  Step
. I
Step Period Speed  Overlap
LSB HS mm/s %
Setl 21 16 3604 -50
Set2 25 120 572 +76

Figure 4.9. SEM images of Set and Se@
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Figure 4.10. Reflection curves of Sdtand Se®

The figures above indicate ththelaser scanner motor parameters have notable effects
ontheresuting surface morphologies. These parameters determine the final shape of
thes ampl e ds dhesepamatec |asfspots tathe line grooves. In addition,

these parameters haadéugeimpact on the overall speed of texturing
4.1.3 Effects of Pattern and Laser Line Spacing

By changing the pattern and laser line spacing, different morphologies as shown in the

figures below can be achieved. The texturing purpose is to increase the absorption by
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introducing roughness at the surface; therefore, one criteridexfrring is reducing
the flat surface (untextured) area which can be optimized by changing the laser

frequency, the laser scanner motor parameters, the pattern, and the laser line spacing.

The common laser parameters for determining the effects of paitteraser line
spacing are shown in Tab#e8 and the specific parameters are shown in Tal9e
Note that these experiments are done on unpolished wafers without the saw damage

etching pocess.

Table4.8. Common laser parameters for determining the effect of pattern and laser line spacing

Draw  Step .
Frequency Power Step Period Iteration
kHz % LSB [V #
Common ~py 3 100 21 16
Parameters 1
Common ~p, 55 100 25 120 1

Parameters 2

Table4.9. Changing parameter of pattern and line spacing

Line Common
Pattern .
Spacing Parameters
Hm
Set 1 Line 100 CP1
Set 2 Line 150 CP1
Set 3 Line 200 CP1
Set4 CMSS g CP2
Cross
sets  SMSS  4n0 CP2
Cross
sag  CMSS  op CP2
Cross
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The top view SEM images from QRreshown in Figuret.11and the top view and

crosssectionview SEM images from CPareshown in Figuret.12

7

e
e ———

Figure 4.12 Top view and crossection view SEM images from textursdmples with crissross
pattern and CP2

4.1.4 Effectsof Laser Pulse Frequency

In this setion, the effects of the laser pulse frequency on the surface morphology and
reflection are investigated. To determine these effects, all parameters are kept constant
ard only the laser pulse frequency is changed. Tall® ghows the constant
parametersf laser texturing and Tableld shows the selected laser pulse frequency.
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Table4.10. Common laseparameters for determining the effects of laser pulse frequency on surface

morphology and reflection

Draw Step Line

Power Pattern ) ) Iteration
Step Period Spacing
% LSB Hs pm #
Common .
CP1 100 Line 25 120 100 1
Parametel
Common Criss
CP2 100 25 120 150 3
Parametel Cross

Table4.11. Frequency changein determining the effects of laser pulse frequency on surface

morphology and reflection

Frequency

~ kHz
Setl 30
Set 2 55
Set 3 80

Figure4.13 shows the SEM image of the surface morphologies obtained from laser
texturing with the parameters offle 4.2 and Table4.3. In addition, Figuret.14

shows the reflection of the samples.

Figure 4.13. SBEM images of effects of the laser pulse frequency of CP
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Figure 4.14. Reflection curves of effects of the laser pulse frequency af CP

Figure 4.15. SEM images of effects of the laser pulse frequency & CP

According to the figures above, increasihg frequencymakes the texturing more

intense and increases the spot size.
4.1.5 Effects ofLaserPower

In order tofind out the effe of changinghe power on the samplethe samples are
textured withthecommon laser parameters of Tablg2andthespecifc laser powers
of Table 413.
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