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ABSTRACT

SURFACE TEXTURING STUDY WITH ALUMINUM INDUCED
TEXTURING METHOD ON SODA-LIME GLASS SUBSTRATES FOR THIN
FILM SOLAR CELLS

UNAL, Mustafa
MS, Micro and Nanotechnology Department
Supervisor: Prof. Dr. Rasit Turan

Co-Supervisor: Assoc. Prof. Dr. Emrah Unalan

July 2017, 164 pages

It is essential to employ an effective light trapping scheme to decrease the cost
of produced solar electricity further in thin film solar cell technologies. There are
several methods that can be used for light trapping and aluminum induced texturing
(AIT) is one of them. The aim of this thesis study is to obtain highly effective light
trapping interface via texturing of glass surface by AIT process. The resultant texture
is affected by several parameters such as Al thickness, annealing time and temperature,
etching conditions like etchant type, duration etc. In order to obtain high scattering
interfaces, different parameters were optimized and studies focusing on understanding
of the texturing mechanism has been conducted. In this thesis, it is observed that 50%
of the transmitted light can be scattered through textured surface that formed by
conventional AIT process. The scattering value can be increased nearly 80% for 400
nm wavelength with newly developed solution that is based on NaOH. In addition, an
attempt has been made to model the reaction mechanism during the optimization of
the annealing process. The composition of the glass predominantly affecting the
resultant texture is also observed. Additionally, results indicate that combination of



AIT textures with macro surface structures can result with enhancement in the
scattering of transmitted light by nearly 90% for 400 nm wavelength. Following the
optimization studies of AIT, the effect of the texturing on the performance of thin film
solar cells has been tested by deposition for a-Si:H thin films and a-Si:H solar cells.

Key Words: Aluminum Induced Texturing, Light Trapping, Thin Film Solar Cells,
Annealing Optimization, HF-free Processing
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0z

INCE FiLM GUNES GOZELERI ICIN SODA-KIREC CAM ALTLIKLARIN
ALUMINYUM ILE YUZEYININ DESENLEMESI

UNAL, Mustafa
Yiiksek Lisans, Mikro ve Nanoteknoloji Boliimii
Tez Yoneticisi: Prof. Dr. Ragit Turan

Ortak Tez Yoneticisi: Assoc. Prof. Dr. Emrah Unalan

Temmuz 2017, 164 sayfa

Ince film giines gozesi teknolojileri ile iiretilen elektrigin maliyetinin
azaltilmasi icin etkili bir 151k hapsetme senaryosunun uygulanmasi énemlidir. Isik
hapsetme icin kullanilabilecek bir¢cok yontem bulunmaktadir ve aliiminyum ile
desenleme (AIT) yontemi bunlardan biridir. Bu tez ¢aligmasinin amaci cam ylizeyinin
AIT islemi ile desenlemesiyle oldukga etkili 15181 hapsedici ara yiizey elde edilmesidir.
Olusan desen Al kalinlig, tavlama sicakligi ve siiresi, asindiricilar, siire gibi asindirma
kosullarina bagl olarak degigsmektedir. Isig1 yiiksek oranda sacici ara yiizeylerin elde
edilmesi i¢in bircok farkli parametre optimize edilmistir ve desenleme
mekanizmasinin anlasilmasi i¢in ¢calismalar yapilmistir. Bu tez ¢alismasinda, 400 nm
dalga boyuna sahip 1s1kta, camdan gecen 15181n %50’sinin bilinen AIT yontemi ile
desenlemis ylizeyden sactirilabildigi gozlemlenmistir. Bu deger, NaOH iceren yeni
soliisyon ile yapilan AIT islemiyle %80’e yaklasmustir. Ayrica tavlama siirecinin
modellemesi ile ilgili ¢aligmalar yliriitilmiistiir. Bunula birlikte, camin igeriginin
olusan deseni biiyiikk oranda etkiledigi de gdzlemlenmistir. Ilaveten, AIT ile
olusturulan desenlerin makro boyutlu yilizey yapilari ile birlestirilmesi ile 400 nm dalga

boyunda camdan gegen 15181n yaklasin %90’ 1mnin sagtirilabilmistir. AIT metodunun

vii



optimizasyonuna ek olarak, desenin ince film giines gézelerinin performansi iizerine

etkisi, a-Si:H ince film ve a-Si:H giines gozesi iiretimi ile test edilmistir.

Anahtar Kelimeler: Aliiminyum ile Desenleme, Isik Yonetimi, Ince Film Giines
Hiicreleri, Tavlama Optimizasyonu, HF ’siz Islem
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CHAPTER |

INTRODUCTION

The use of alternative energy sources becomes crucial due to increasing energy
demand in the world and dependence on limited energy sources like oil and coal, which
are also harmful to the environment. Solar energy becomes more and more popular
over the years among other renewable energy sources like wind, biofuel, wave,
geothermal, etc. due to the availability of energy source in any part of the world with
almost infinite amount. Solar energy owes its popularity to the possibility of
applications on roofs, farms and as big power plants along with the increase in
efficiencies and decrease in the price of solar electricity. With 75 GW annual
installation, which is 48% notable growth rate in 2016, and nearly 300 GW total
installed capacity, photovoltaics has started to turn into a traditional source of energy
[1], [2]. Today, c-Si wafer based solar cells are leading the market with efficiencies
reaching to 25.3% for non-concentrated incident light [3]. In addition, thin film based
solar energy technologies like a-Si:H, CdTe, CIGS, etc. following crystalline Si with
only 8% market share [4].

Thin film solar cells offer easy production methods with lesser material usage,
which naturally causes the decrease in the cost of produced solar electricity. However,
due to having low efficiencies like maximum 14.0% for a-Si:H [5] or usage of toxic
or rare materials like Cd, Te, Ge, etc., the market share of thin film stays lower even
though this technology has become cost-competitive against Si wafer based

technologies [6].



Further decrease in the cost of produced solar electricity or increase in the
efficiency of thin film solar modules could be achieved by a successful light
management scheme. By increasing the optical path length inside the thin absorber
layer, the absorption can be enhanced and the efficiency could be increased or the
thickness can be decreased so that the material usage also decreases, especially for the
case of CdTe and CIGS. Adding textured, rough interfaces to the device leads to
scattering of the light by this interface. Scattered light travels inside the absorber layer
with a longer path, which increases the absorption probability. As a result, absorber
layer can be made thinner without any decrease in the efficiency or the efficiency can

even be boosted up.

1.1. History of PV Technology

Series observation of photon induced electrical current in 19th century [7],
explanation of photoelectric effect by A. Einstein in 1905 [8] and the discovery of
single crystalline Si production method by Jan Czochralski in 1918 [9] has formed the
foundation of the PV technology. The first p-n junction solar cell was described by
Russel Ohl from Bell Laboratories, which was based on slowly solidified silicon melt
on crystalline silicon substrate [10]. Then, Chapin, Fuller and Pearson of Bell
Laboratories reported 6% efficiency for p-n junction solar cell in 1954. Within the next

20 years, solar cells have met the energy demand of space missions [11].

1980’s was the era of commercialization of solar cell technology. Studies were
made to decrease the production cost and to increase the efficiency, which resulted
with efficiencies over 20% for non-concentrator silicon solar cells [12]. Due to the
rising interest on photovoltaics, and the awareness about the pollution effect of fossil
fuels, in the late 1990’s, the PV production increased about 20%, resulting in a
reduction in the production costs. Different solar cell technologies were studied in that
time, such as gallium arsenide (GaAs), cadmium telluride (CdTe), dye sensitized and
organic solar cells as an alternative to Si wafer based solar cells. The progress of the

photovoltaic technology can be seen in the Figure 1.



Today, annually 75 GW was installed worldwide in 2016, in which only China
made 34 GW installation, and total installed capacity reached to 300 GW. Following
China, top five contributors are USA with 13 GW installation, Japan with 8.6 GW,
Europe with 6.5 GW and India with 5 GW [1]. The annual installed capacity share of
Turkey in the 75 GW is only 571 MW as reported by Turkey Energy Institute. By this
addition, the cumulative installation of Turkey has passed 800 MW and the total share

of solar energy in the energy production has become 1% [13], [14].

Si wafer based solar panels produce 93% of total solar electricity [4]. This is
because of the maturity of the Si technology as a semiconductor material [15]. In

addition, different approaches can be used to produce solar electricity.
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1.2. Basics of PV Technology

1.2.1. Solar Irradiation

Sun is a major energy source sustaining the life on the earth. The emission
spectra of sun, i.e. solar radiation spectrum has maximum intensity in the visible
region. At the sea level, some of this intensity is lost due to the absorption by particles
and molecules in the atmosphere like O2, CO2, H20 etc., which results in a spectrum

given in the Figure 2(a).
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Figure 2. (a) Solar irradiance spectrum on Earth and [16] and (b) Schematic
representation of AM 1.0 and AM1.5 with direct and global radiation [17].

Different locations on the earth causes a change in the optical path of the
sunlight. The change in the optical path length alters the solar spectrum because the
interaction of light with air will not be the same. As a result, solar cell efficiencies will
differ for various locations, which makes efficiency measurements unrealistic. To
overcome this difficulty, air mass (AM) concept is used as described and shown in
Figure 2(b). For space applications, for example, “AM 0” is used, in which there is no
atmospheric interaction. However, “AM 1” and “AM 1.5” defines solar spectrum on

the surface of the earth for sun position in the vertical direction and with and angle



48.2°, which is also called as “zenith angle” [17]. In addition, sunlight coming to the
surface has two component: direct radiation and diffuse radiation. Diffuse radiation is
formed due to scattering of the light by particles in the atmosphere and it should be
considered during the measurements to obtain realistic test conditions. For this reason,
direct and global radiation should be specified. For example, AM 1.5D refers only
direct radiation while AM 1.5G refers global radiation which is formed by diffuse and

direct component of the sun radiation.

Standard test conditions for solar cells and modules are defined as irradiance
intensity 1 KW/m? with standard AM 1.5 spectrum and 25 °C cell or module

temperature [18].

1.2.2. Light — Matter Interaction

Semiconductors have the ability to absorb the light and convert it into electrical
energy due to the existing forbidden energy regions, which are called as band-gap (EQ).
Insulators also have forbidden energy regions but it is too large to absorb visible and
infrared region while metals have no forbidden energy states where electrons are
floating free. The electron energy diagram of metals, semiconductors and insulators

are illustrated in Figure 3.
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Figure 3. Electron energy states in conductors, semiconductors and insulators [19].



In semiconductors, states filled by electrons at absolute zero are called as
valance band while empty states are called as conduction band due to the fact that
conduction happens in semiconductors due to the existing electron in conduction band.
When light interact with a semiconductor, if it has an energy equal or greater than the
band gap of the semiconductor, an electron from valance band is exited to the
conduction band. There is an empty state in the valance band, which is called as hole.
By the proper device structure, this electron and hole pair can be extracted from the

semiconductor and current can be obtained [20].

The electrical properties of semiconductors can be manipulated by adding
foreign atoms to the material. In the Si case, addition of boron to the crystal system
makes Si p-type where some of the energy states in the valance band are empty. On
the other hand, phosphorus addition increases the number of electrons in the
conduction band and makes Si n-type. This change in electronic structure make
harvesting energy from semiconductors possible by forming a junction with p-type and

n-type semiconductors [20].

In Figure 4, electronic properties of the p-n junction are given. By the
formation of p-n junction, holes and electron cancel each other at the interface,
negative and positive ions that lost their electrons and holes during recombination are
exposed. The region where electron and holes cancels each other is called as depletion
region and these exposed ions form an internal electric field [20].

When a photon falls onto the junction, if it has an enough energy, which is
equal or more than the band-gap of the semiconductor, an electron-hole pair is created.
By the build-in electric field, electron is drifted to the n-type region while hole is
drifted to the p-type region. In addition, electron-hole pairs are created near to the
depletion region can be separated by diffusion. The distance where electron-hole pairs

can be separated by diffusion is called as diffusion length [20].



n-doped

er conc
llog scale

ll Voltage j 1" built-in
/ ' voltage

Figure 4. Charge distribution, electric field strength and built-in voltage across the p-n
junction [21].

If the energy of the photon is higher than the band-gap, the excess energy is
converted into phonon by relaxation to the band edges. In addition, some of the excited
electrons could recombine with holes or be trapped in defects of the material, creating

material specific conversion efficiency limits as given in Figure 5.
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1.2.3. Solar Cell Parameters

A solar cell is basically a diode, which reacts with the illumination. The
electronic structure of solar cell is given Figure 6(a). Therefore, for characterization,
I-V measurement is done. Without an illumination, there is reverse saturation current,
which appears due to thermal excitation of electrons on the structure. The current on

dark condition is described by the equation given below.

av
I = Iy(ekT — 1) (Eq. 1)

where | is the net current, lo is reverse saturation current, q is the charge of the electron,
V is the bias voltage, T is the temperature of the cell in K and k is the Boltzman

constant.

I-V curve of the solar cell without illumination is given in Figure 6(b). After
the illumination, reverse current is formed and I-V curve shifts to the negative side of
the current axis [Figure 6(b)] and the current can be expressed as in Eq. 2 where I is

light induced current.

qv
I = IO (ekT - 1) - IL (Eq 2)[23]
i
(@) (b)
series resistance ﬂr&nt
Rs dark Vac
I ! :;gsuqrsltance Voltage
T
it
|

Figure 6. (a) Electronic configuration and (b) I-V curve of a solar cell [24].



For the characterization of a solar cell, 4™ quadrant of I-V curve is used and for
simplicity, it is folded into 1% quadrant.

Due to several loss mechanisms such as reflection, recombination and
thermalization, not all of the given energy can be converted into electrical energy as
mentioned before. To calculate the conversion efficiency, the power generated is
divided by the power falls onto the solar cell. The power of given light is known thanks
to the standard test conditions. The output power, however, can be obtained from I-V
curve of the cell. Current and corresponding voltage value gives the power. By
multiplication of each value, maximum power can be found. Then, the efficiency ()
can be calculated by Eq. 3.

Pout Pmpp Vmpp X Impp
Cell Efficiency (n) = = = 3)[28]
p; Piigne Piignt (Ea. 3)

where Pin is the power given to the cell, Pout is the power taken from the cell, Pmpp iS
the maximum power point can be obtained from the cell, Piigt is the power of the given
light, Vimpp is the voltage at maximum power point and Impp is the current obtained at

maximum power point.

Under illumination, the population of charges are increased on each side of p-
n junction if the device is not shorted. This situation results with a potential difference,
which is called open circuit voltage (Voc). Voc can be extracted from the 1-V curve of
the device. It is the voltage where I-V curve cuts the voltage axis as given in Figure

6(b). Voc can be expressed and calculated by the equation:
kT /I,
Voe =—1In (— + 1) (Eq. 4)
q Iy

The current measured when the device is shorted is called as short circuit
current (lsc). Isc can be found from I-V curve, from where this curve cuts through

current axis as shown in Figure 6(b).
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The 1-V curve gives important electronic information about the cell. One of
these is the Fill Factor (FF). FF is the measure of the “squarenes” of I-V curve, which
gives the ratio of maximum obtainable power and maximum power in the case of

perfect square. FF can be calculated by given formula below.

FF = Vmpp X Impp

— Eq. 52
Ve X Iy (Eq.5)

by extracting Vmpp X Impp from Eqg. 5, the efficiency equation given in Eqg. 3 can be

rewritten as:

FF XV, X I,
n:

Piight (Eq. 6)

Maximum efficiency can be obtained by decreasing the series resistance (Rs)
that is the resistivity between metal-semiconductor contacts and increasing the shunt
resistance (Rsh) that is the resistivity between p and n type regions so that the diffusion
of charge carrier is limited. Shunt and series resistance can be found in I-V curve by
taking the first derivative. At V=V, series resistance and at V=0, shunt resistance is
obtained. Relative equations to obtain these resistances are given in Eq. 7 and Eq. 8

correspondingly.

1
Series Resistance (Ry) = ar (Eq. 7)27
W V=Voc
] 1
Shunt Resistance (Ry,) = a5 (Eq. 8)27

av/ly—

The efficiency of a solar cell can also be found without I-V measurement.

Quantum efficiency (Q.E.) defines the number of electrons produced by a single
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photon, which is 1.0 in an ideal solar cell. Quantum efficiency measurements gives
spectral response data of the solar cell. Considering the difference in the energy
between produced electron and input photon, by integration over the spectrum,
efficiency can be calculated. External quantum efficiency (EQE) gives the ratio of the
number of electrons collected from a solar cell and input light. On the other hand,
internal quantum efficiency (IQE) defines extracted electron from a solar cell divided
by absorbed photon. In IQE, optical losses are also considered and that is the reason
why it is higher than the EQE. By a simple conversion, IQE can be extracted from

EQE as given in Eq. 9.

EQE

IQE =
¢ 1 — Reflection — Transmission

(Eq. 9)1

1.3. Solar Cell Technologies

1.3.1. Si Wafer Based Solar Cells

First p-n junction solar cells made by melting doped Si on top of each other as
shown in Figure 7 at 1941 [10]. Within a short time, efficiency of Si solar cells
managed to reach to 10%. Today, Si wafer based solar cells still dominates the solar
energy market with more than 90% market share [29]. Si wafers can be produced by
different methods. Czochralski growth [30] results with pure and single crystal while
directional solidification system (DSS) [31] produces cheaper wafers that are multi
crystalline. In addition to these, for crystal production with higher purity, float-zone
method [32] is usually preferred. Several modifications are made to decrease the cost
of the wafer such as quasi-mono wafer production by DSS and continuous Czochralski

growth.
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top contact (+)

p-type

rear contanct (-)
n-type

grown junction

Figure 7. Silicon solar cell reported in 1941 formed by slowly solidified Si [10].

Most of the wafers used in solar cells are multi-crystalline Si wafers, which has
market share of 60% in Si wafer based technology. However, it is expected that the
mono crystalline Si wafers will increase its share in the upcoming years because of
emerging solar cell concepts that make use of mono-crystalline wafers. In addition,
float-zone (FZ) wafers will also gain popularity in efforts of making high performance

solar cells [29]. Figure 8 shows the industrial multi and mono crystalline Si solar cells.

Multi crystalline Mono crystalline
Si solar cell Si solar cell

Figure 8. Full size (a) multi and (b) mono crystalline solar cells [33]

In the standard solar cells, metallization is done by Al coating on the backside
of the wafer and Al creates back surface field (BSF) by diffusion into Si wafer and by
doping it. The BSF helps the separation of electron-hole pairs [34] and this standard
structure gives around 18-19% efficiency [35]. Improving the cell structure by
decreasing the losses resulted with 26.6% record efficiency obtained by heterojunction

of a-Si and crystalline wafer (HIT) [36]. In addition to HIT solar cells, there are
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different alternatives to enhance the efficiency of Si wafer based solar cells. Taking
the junction and contacts all to the back side of the wafer (interdigitated back contact
solar cells — IBC [37] ), improving passivation at the back side (passivated emitter and
rear contact — PERC/PERL [35]), making contacts from the back side by physical holes
on the wafer (emitter wrap through — EWT [38] and metal wrap through — MWT [39])

are some of these alternatives.

1.3.2. a-Si:H Thin Film Solar Cell

Si wafer based solar cells require 180-200 pum thickness due to handling issues
and low absorption coefficient at near band-gap energies. It is found out that a-Si have
higher absorption coefficient but the band-gap of a-Si is smaller than that of c-Si (1.5
eV for a-Si:H and 1.1 eV for c-Si). Apart from the band-gap, high density of defects
also decreases the efficiency. As a result, a-Si is needed to be hydrogenated to
passivate defect states. In a-Si:H thin film solar cells, only a fraction of a Si is used (1-
2 um) as an advantage to decrease the cost of solar electricity. In addition, the cells
can be manufactured on different substrates like glass, Al foil, PET, etc. in module
size. In Figure 9, an example of a-S:H solar module produced on flexible substrate can

be seen.

Figure 9. a-Si:H solar module on flexible substrate [40]
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In a-Si:H solar cells, an intrinsic region is used in between p and n type regions.
Doping of a-Si:H increases the recombination on a-Si:H solar cells. The doped regions
are fabricated thin enough to minimize recombination and intrictic layer is added so
that the internal electric field between p and n regions can be extended in amorphous
Si. A schematic diagram of an a-Si:H solar cell is given in Figure 10. The contact from
the p-type region is taken by depositing transparent conductive oxide (TCO) between

glass and a-Si:H. Bottom contact is, however can be made by Al or Ag.

textured substrate Grms

/\/

back contact

Glass

—

d (nm) 900 10 _ 300 20 80 300

Figure 10. Schematic representation of a-Si:H solar cell [41].

The first obtained efficiency value for a-Si:H was around 2.4% [42] for AM
1.0 and today, it is possible to obtain 14% efficiency by making triple junction a-Si:H
solar cell [36]. a-Si:H solar cell have shown the possibility of obtaining remarkable

efficiencies by using small amount of material and making large area productions.
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1.3.3. CdTe and CIGS Solar Cells

Cadmium telluride (CdTe) thin film solar cell holds 60% share in the produced
electricity from thin film solar cells [4]. CdTe solar cell concept was presented in 1972
with p-CdTe/n-CdS configuration as an alternative for n-CdTe/p-Cu,Te because the
latter have device instabilities like diffusion of Cu [43]. CdS was used as an window
layer having around 2.5 eV band gap while CdTe have nearly 1.5 eV band gap [44] as
shown in Figure 11. CdTe solar cells offer minimum energy payback time that is 1.0
year [45].

Glass

TCO 0.5-1um
Cds 100 nm
CdTe 2-8um
Back contact

Figure 11. Cross-sectional SEM image of the CdTe solar cell alongside with the
schematic representation [43].

Another common type thin film solar cell, which produces around 26% of
electricity provided by thin film technologies, is copper indium gallium diselenide
(CIGS) solar cell structure [4]. CIGS solar cells have the structure given in the Figure
12. CIGS absorber layer is sandwiched in between Mo and a buffer layer that is
commonly CdS. Copper indium diselenide is the initial structure for this technology
which has a band-gap around 1.0 eV. Addition of Ga to the structure, changes the
bandgap in between 1.1 eV to 1.4 eV [46].
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i-ZnO/n-ZnO  0.25-1 um
Buffer 50 nm

Cu(In,Ga)(S,Se), 1-3um

Mo 0.5-1um

Glass, metal, polymer

Figure 12. Cross-sectional SEM image of the CIGS solar cell alongside with the
schematic representation [43].

1.3.4. Dye Sensitized, Organic and Perovskite Solar Cells

It is also possible to obtain light induced current by organic structures or the
combination of organic and inorganic structures. These type of solar cells can be
produced in ambient atmosphere and by spin coating, which makes these type of solar

cells cheap and attractive for researchers.

The recreation of excited chlrophyll molecule in ZnO electrode at 1972 by
Helmut Tributsch showed that it is possible to inject exited electron to a wide band
gap semiconductor [47]. ZnO was a single crystalline layer in this structure.
Employment of nanoporous TiO> for dye sensitized solar cells (DSSCs), which is also
called as Gritzel cell, has increased the efficiency of this technology up to 7% in 1991
[48]. Today, efficiencies of DSSCs can reach up to 11.9% [36].

The working principle and structure of DSSC is different from conventional p-
n junction. Instead of having a valance and conduction band, there are LUMO and
HUMO levels. The exited electron from HUMO to LUMO level is injected to the wide
bandgap semiconductor that is in nanoporous scructure. The electron is transported
within this material and then taken out from the device. The vacancy that is left behind
is filled by an electron from electrolyte by 3I" to I3~ conversion [49]. The schematic

diagram of DSSCs and working principle is summarized in Figure 13.
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w Electrolyte

& Counter Electrode

Figure 13. Operation principle and schematic representation of dye sensitized solar
cells [50].

Organic solar cells, on the other hand, have planar structure and the absorber
organic molecule or polymer is sandwiched between two different electrodes. The
separation of electron-hole pairs is done by electric field induced due to asymmetric

ionization energy of electrodes as shown in Figure 14 [51].

Vacuum
level

Figure 14. Working principle of organic solar cells [51].
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The efforts to increase the efficiency of DSSCs and organic solar cells lead to
discovery of perovskite solar cells. Perovskite is a mineral having ABXs structure.
Perovskites used for production of solar cells are hybrid materials having both organic
and inorganic components. Perovskite solar cells are manufactured in planar form.
First solar cell applications had 10.9% efficiency in 2012 [52]. Nowadays, the
efficiency of perovskite solar cells has reached 22.1% [36]. However, there is still

exists instability problem in this technology.

Thin film technologies, which are summarized above, can compete with the c-
Si wafer based solar cells. However, it is essential to decrease the cost of produced
solar electricity further to increase the market share of these technologies. This
decrease in the cost of solar electricity is possible by employment of an effective light
trapping scheme that enhances the efficiency. In the following chapters, different light
trapping methods will be discussed. This thesis focuses on one of these light trapping
schemes, which is aluminum induced texturing (AIT) method. AIT process was
optimized and developed in order to increase the scattering behavior of the glass

substrate and thus, to enhance the efficiency of thin film solar cell technologies.
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CHAPTER II

LIGHT MANAGEMENT IN SOLAR CELLS

When light passes through an interface, some fraction of the light intensity is
lost, which is proportional with the refractive index difference between 2 mediums.
This lost is called as reflection. This radiation loss corresponds to approximately 40%
for Si/air interface [53]. Moreover, the absorption property of a solar cell changes over
the spectrum as given in Figure 15. Increasing the wavelength causes decrease in the
absorption coefficient that can be described as in Eg. 10.

a=— (Eg. 10)B3

where a is the absorption coefficient, k is the extinction coefficient and A is the
wavelength of the incident light. The absorption coefficient of a semiconductor

determines the optimal thickness of it according to Beer-Lambert law given below.

O = Pye* (Eq. 11)

where @ is the initial intensity, ® is the final intensity and | is the thickness of the
absorber material. As shown in Figure 15, absorption coefficient decreases near the
band-gap, which causes some portion of the light to be transmitted from the
semiconductor, especially in semiconductors with indirect bandgap such as c-Si solar

cells.
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Figure 15. Absorption coefficient of different semiconductor materials used in solar
cells at 300 K over solar spectrum [54].

It is possible to decrease the optical losses by employing light trapping
methods. An effective light trapping scheme can increase the optical path length in the
absorber layer by the factor of 4n?, which is called as Yablonovitch limit [55]. For
silicon, it means 74 reflections in the material before light escapes for the case of
air/silicon interfaces. Several different approaches are employed to increase the optical
path length. Anti-reflective coating (ARC), textured interfaces and nanoparticles are

main techniques to be used as a light trapping method.

2.1. Anti-Reflective Coatings (ARC)

High differences in the reflective indexes of two medium results with high
reflection. Anti-reflective coatings provide high transmittance by adding intermediate

reflective index thin film materials between two mediums. For example, for c-Si
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wafers, SiNy is employed as ARC layer with n=2.2 [56] while refractive index of c-Si
is 4.3. With this construction, reflection can be minimized as low as 0% for certain

wavelengths as seen in Figure 16.

3ok Bare silicon

g 20k
c
=]
E | Silicon under glass
&
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Silicon under glass with optima
antireflection coating of n=2.3
0 1 i 1 1 1 1 1
0.4 0.6 0.8 1.0
Wavelength (pm)

Figure 16. Comparison of reflections from c-Si solar cells for bare silicon, silicon under
glass and silicon under glass with anti-reflective coating of n=2.3 [57].

In addition to refractive index, the thickness is also important. If there is a phase
difference between the reflection with odd multiples of /4 from the front and the back
surface of ARC, two reflections cancels each other and no reflection occurs. In other

words, the thickness should be an odd multiple of A/4 to obtain zero reflection [58].

There exist several ways in addition to thin layer coating to obtain anti-
reflection phenomenon. A homogenous film can be coated on the surface as in the case
of SiNy anti-reflective films or inhomogeneous films can be employed, which is a film

having transition in the reflective index through the thickness of the film.
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2.1.1. Homogenous Anti-Reflective Coating

Homogenous ARCs are formed with a thin film having the thickness with the
requirement of d=A/4 for the wavelength A, where zero reflection is desired. In
addition, reflective index of narc should be \/@ where ns is the refractive index of
the subjected medium and n is the refractive index of the surrounding. ARC can be a
continuous, patterned or multiple films as presented in Figure 17 with refractive index

profiles.

Figure 17. Schematic representation and refractive index profile of different type of
homogeneous anti-reflective coatings. (a) continuous thin film, (b) patterned thin film
and (c) multiple layer [59].

Unlike the continuous thin film ARCs, patterned ARCs have refractive indicies
that depend on the pattern. In addition, the film can also be the same material as the
substrate. Throughout the thickness of the film, there are empty regions in nanometer
scale. Due to the fact that the size of these regions are smaller than the wavelength,
light acts like the film that is one continuous film. This film has a refractive index in
between the substrate and the surrounding, air, directly related with the fraction of the
air in the film [59].

The anti-reflection efficiency of ARC can be improved by using multiple
layers. Each layer offers smooth transition from air to substrate. For example, it is

possible to coat double SiNy layer with different refractive indices. Another example
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is the usage of SiNy, SiO2 layers in order to decrease the reflection more than the one-
layer case. In this case, total reflectance can be lowered to 0.044 for SiNx-SiO> double
layer (Nnitrite=2.67, Onitrite=49NM, Noxide=1.55 and doxice=94nm) whereas total reflectance
is 0.104 for single SiNx layer for the case of n=1.95 and d=81 nm [60].

2.1.2. Inhomogeneous Anti-Reflective Coatings

Inhomogeneous anti-reflective coatings have the property that the refractive
index changes throughout the thickness. The refractive index decreases gradually from
sample to the air, which acts as infinite number of thin films with different refractive
indices. The thickness of the film is not crucial due to the fact that refractive index
profile of multiple homogenous anti-refractive layers are obtained in one single layer,
which reduces the reflection from multiple interfaces [59].

Figure 18. Schematic representation and refractive index profile of different type of
inhomogeneous anti-reflective coatings. (a) continuous thin film, (b) structured thin
film and (c) complex [59].

In-homogeneously patterned films have different air/material ratio along the
thickness. As a result, a gradually decreasing refractive index is obtained. On the
periodically pyramid structured surface [Figure 18(b)], the change in the refractive
index have line profile. However, by using different patterns, it is possible to obtain

parabolic, cubic and quantic index profiles [58]. Textured surfaces can act as
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inhomogeneous patterned films if the dimensions of the structure are smaller than or

comparable to the wavelength of the light.

2.1.3. Anti-Refractive Layer

The anti-refractive layer is formed from the base material through chemical
etch processing. Due to not having a physical interface, these type of layers are more
resistant to external corrosive factors like wind, rain, temperature, etc. The anti-
refractive layer technique can be applicable to glasses due to having different
composites. By selective etching, porous layer can be produced on the substrate and
this layer has the same profile as inhomogeneous continuous thin film anti-refractive
coating. There are two different reported methods to form anti-refractive layer on the

glass.

Xiong et al. [61] suggest that KOH etching for couple hours at 95 °C followed
by rinsing by DI water can form porous layer on the glass due to ion-exchange
mechanism during KOH etching. In KOH etching, high concentration of OH" replaces
with glass modifier cations such as Na*, K*, Ca?* etc. in the glass. This ion-exchange
process open voids on the surface of the glass to enable water to penetrate into the
glass. Thus, corrosion by water enlarges these voids and forms a porous layer as shown
in Figure 19(a) and Figure 19(b). This porous layer can increase the transmittance of
soda-lime glass from 90% to 97% [Figure 19(b)].
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Figure 19. (a) and (b) Etched surface of soda-lime glass having different components
for 12 hours and (b) change in the transmittance with the increase in the etching time
[61].

For an effective AR layer, the glass composition is also crucial as reported by
Xiong et al. [61] because cations in the glass are the basis of this process.

It is also possible to obtain AR layer by HF etching. However, it requires to
suppression of the reaction between HF and SiO». Etching glass with HF:K:SiFs
results with a porous layer formation. Si** cations in the solution suppresses the
reaction with SiO> in the glass. As a result, other components are removed from the
glass [62]. The resultant surface structure is given in Figure 20(a). This layer increases
transmittance to 98.2% from 95.7% for the light having 598 nm wavelength as shown
in Figure 20(b).
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Figure 20. HF:K,SiFs etching of the glass. (a) cross sectional SEM image of porous
layer and (b) transmittance of processed glass compared with standard glass [63].

These type of glasses having anti-refractive layer are compatible with c-Si
wafer based technologies to be used as a module glass.

2.2. Back Reflectors

Back reflectors increase the optical path length by simple reflection process.
For thin film solar cells, addition of transparent conductive oxide layer before
metallization of back surface increases the reflection. The schematic presentation of a
solar cell having back reflector is given in Figure 21. For thin film Si solar cells,
ZnO:Al is coated in front and back surface of absorber layer. ZnO:Al has lower
refractive index than Si (nzno:ai=2.0 [64] and nsio;~3.5 [65]), which results with higher
reflection into the absorber layer. By this method, it is possible to obtain 10%

enhancement in solar cell conversion efficiency [66].
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Figure 21. Scattering mechanism in thin film solar cell having TCO at the back surface
as a back reflector[67].

Furthermore, white paint can also be used as a back reflector. Pigmented white
paint, coated by simple spray paint scatters and reflect the light as shown in Figure 22.
With this simple method, Jsc can be enhanced up to 20% [68].
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Figure 22. Schematic representation of the scattering effect of PDR [68].

2.3. Plasmonic Metal Nanoparticles

Another approach for effective light trapping scheme is the implementation of
plasmonic metal nanoparticles to manipulate the light with structures having sub-
wavelength dimensions [69], [70]. Free electron in the metal can interact with E-field
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of the light and polarization of the surface occurs [Figure 23(a)]. If this interaction
occurs with metallic nanoparticles with dimensions smaller than wavelength of the

light, plasmons are formed as shown in Figure 23(b) [69]-[71].
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Figure 23. (a) propagating plasmon and (b) localized surface plasmon [71].

Plasmonic nanoparticles can absorb light having specific wavelength values
which is called as localized surface plasmon resonance (LSPR). LSPR depends on
nanoparticle size as well as the wavelength of the light. Metallic nanoparticles can act
as scattering structures even though they have sub-wavelength dimensions. Due to this
effect, it can be used in the front surface as a scattering interface or as a back surface
reflector. In addition to scattering behavior, due to the interaction with light,
propagating E-field is formed around the metallic nanoparticles. Implementation of
metallic nanoparticles into the junction, E-field can be enhanced and thus, the charge
separation efficiency can be enhanced [70] [72]. Different usage of plasmonic metal

nanoparticles are given in Figure 24,
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Figure 24. Plasmonic nanoparticles in solar cell structure. (a) nanoparticles on top of a
solar cell, (b) embedded nanoparticles inside solar cell structure and (c) nanoparticles
placed at back reflector side [70].

Some examples are given in Figure 25(a) for Ag nanoparticles on glass, a-Si:H and
SiNx. It is reported that overall short circuit current of thin film solar cell increases
from 13.1 mA/cm? for flat cell to 15.1 mA/cm? for plasmonic solar cell. The fill factor
(FF) of this structure increase from 60.3% for flat cell to 64.5% for plasmonic solar
cell. Increase in Jsc and FF(%) is resulted from scattering effect of Ag nanoparticles.

The EQE and transmission of this structure are given in Figure 25(b).
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Figure 25. (a) Ag nanoparticles on different substrates. (1) glass, (2) a-Si:H and (3)
SiNx. (1a) shows particle size distribution on glass substrate [72] and (b) External
qguantum efficiency of plasmonic solar cell with a reference cell [73].
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2.4. Surface Texturing

Textured interfaces induce secondary reflection on the surface that can increase
the transmission. In Figure 26, a comparison between flat surface and triangular

textured surface in 2D can be seen.

Figure 26. Reflection and transmission of light from flat and textured surface having
45° surface angle, where n;= 1.5 which is ¢-Si and n,=1.0 which is air for this specific
example.

Variables used in Figure 26 are given in Table 1.

Table 1. Variables used in Figure 26.

® Initial intensity

R Reflected light intensity

T Transmitted light intensity

n:  Refractive index of the medium where light is coming and reflected (taken as 1.0,
air)

n,  Refractive index of the medium where light is transmitted (taken as 1.5, glass)

0i Initial angle of the light to the normal of the surface

0 Angle of the reflected light to the normal of the surface

0:  Angle of the transmitted light to the normal of the surface
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According to Snell’s law given in Eq. 12, the angle of transmitted light (6y)
becomes 28.13°.

n, sin ; = n, sin 6, (Eq. 12)t4

In addition, light is reflected with the same angle to the normal of the surface.

For this reason, angle of incidence and transmittance is equal, 6; = 6.

Reflection of the light changes with the polarization. When light is reflected
from the surface with an angle 6, the intensity changes according to s and p
polarization of the light. Reflection for s-polarized light can be found according to Eq.

13 given below.

ny cos 8; — n, cos 6, |
R, =

= Eq. 13)I"4
n, cos 8; + n, cos 6, (Eq. 13)

for p-polarization, on the other hand, the equation becomes as given in Eq. 14;

n, cos 6; — n, cos 6; z

= [74]
P Iny cos B, + n, cos §; (Ea. 14)
The total intensity of the reflection, R, can be found by;
1
R=>(Rs+Ry) (Eq. 15)™

According to the example in Figure 26, The total reflection from flat surface is:

_ 1 cos 0° — 1.5 cos 0°|
$ " [1cos0°+ 1.5 cos 0°

= 0.04 (Eq. 16)
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1 cos 0° — 1.5 cos 0°|° (Eq. 17)
R, = = 0.04 '
P 11cos0°+ 1.5 cos 0°

1
R = > (0.04 + 0.04) = 0.04 (Eq. 18)

In planar surfaces, 4% of the initial intensity is lost due to the reflection from
the front surface. On the other hand, textured surface provides lower reflection values.
For this case, surface having triangles with 45° angle provides different intensities for

different polarizations. The intensity of first reflection becomes:

1 cos 45° — 1.5 cos 28.13°|°

- —0.092 Eq. 19
1= |Tcos45° + 15cos 28130 . 20920 (Eq. 19)
1cos 28.13° — 1.5 cos 45°|* (Eqg. 20)
Ro. = =0.0085 '
P17 11 cos 28.13° + 1.5 cos 45°
1
Ry = (00920 +0.0085) = 0.05 (Eq. 21)

The first reflection carries 5% of the initial light intensity. Then the reflected
light falls on the another triangle with 45° angle normal to the surface. The light splits
into two components, Rz and T2. Tz is transmitted with an angle of 28.13° and R is
reflected with an angle of 45°. The resulting intensity of R is 0.05 of the incoming
light that is R1. In total, 0.25% of the light is reflected and 99.75% of the light can be

transmitted.

In addition to front surface texture, on the back textured surface, high amount

of the light intensity is reflected due to passing from high reflective index medium to
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low reflective index medium. In this way, light can make multiple passes in the

medium before escaping.

In addition to increase in the transmittance, according to Snell’s law given in
Eg. 11, light falling on a surface with an angle scattered from the surface. The amount
of the scattered light is defined by haze given in the equation below. Haze is defined

as the ratio of scattered light to total light intensity in the transmission or reflection.

o Scattered light intensity
Haze (%) = Total light intensity *100 (Eq. 22)™

Different surface texturing methods are employed for various solar cell
technologies. The surface texture could be formed by either random structures or

periodic structures.

2.4.1. Texturing for c-Si Solar Cells

There exists many techniques for surface texturing. KOH (potassium
hydroxide) or TMAH (tetra methyl ammonium hydroxide) texturing is generally used
in commercial products. KOH and TMAH have anisotropic etching behavior, in which
the rate of material removal reduces significantly in (111) plane. As a result, random
pyramids are formed on the surface as presented in Figure 27(a). In addition, by
employment of simple lithography techniques, periodic inverted pyramid texturing can
be obtained [76] [Figure 27(b)]. The reflection can be minimized by forming
nanowires [77] [Figure 27(c)], micro holes/rods [Figure 27(d)] formed by metal
assisted etching that is conducted by partially coating the surface with gold or silver
on the surface and etching by HF:H20. [78]. Micro holes also can be formed by
reactive ion etching technique [79], which offers high aspect ratio. Additionally, wet
chemical texturing by HF:HNOs [80] is employed for the random texturing of

multicrystalline Si wafers because each grain offers different orientation, which
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prevents pyramid formation on each plane and results with different etching rates on
different grains. HF:HNO3z forms rounded features as presented in Figure 27(e).

Figure 27. Different surface textures for c-Si solar cells; () KOH texturing [81], (b)
inverted pyramid texturing [82], (c) Nanowires formed by MAE [83], (d) micro
holes/rods formed by MAE [84], (¢) micro holes obtained by RIE [79] and (f) texturing
of multicrystalline Si solar cells by HF:HNO; [80].

2.4.2. Texturing for Thin Film Solar Cells

The light trapping by textured surfaces in thin film solar cells can be applied to
transparent conductive oxide (TCO) and the substrate (glass or thin foil). Especially
for a-Si:H solar cells, various approaches exist. The state of the art in the texturing is
the periodic hexagonal, honeycomb substrate texturing which is done on SiO;
thermally grown in Si wafer. Today, by making triple junction pc-Si:H solar cell on
this honeycomb structure 14.04% stabilized efficiency can be obtained [5]. However,
using Si wafers as substrate is considered as an expensive method. There are
alternative texturing techniques employed to reduce production cost of solar electricity
from thin film solar cells.
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Figure 28. (a) Hexagonal surface texture on thermal oxide of Si wafer and the triple
junction pc-Si:H solar cell [85].

2.4.2.1. Transparent Conductive Oxide (TCO) Texturing

Transparent conductive oxide, which is usually ZnO:Al, can be coated on glass
with RF or DC magnetron sputtering. Coated films have naturally rough surfaces as
shown in Figure 29(a). However, ZnO:Al can be textured by diluted HCI (0.5%-2%)
solution due to its anisotropic etching behavior [66], [86]—-[88]. The resulting surface

has U-shaped craters with micron sized dimensions as shown in Figure 29(b).

Figure 29. SEM image of RF sputtered ZNO:Al surfaces. (a) as deposited and (b) after
HCI etching [87].

Textured ZnO:Al surfaces can improve the quantum efficiency of thin film
solar cells over the solar spectrum. An example for enhancement is given in Figure 30.
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It is also reported that the efficiency (n) of a-Si:H solar cell can be increased to 10.2%
from 9.0% by texturing the ZnO.
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Figure 30. Quantum efficiency of a-Si p-i-n solar cells deposited on flat and textured
ZnO coated glass substrate [87].

2.4.2.2. Texturing of Glass Substrate/Superstrate

Texturing of glass surface can be employed for superstrate or substrate
configuration. In the superstrate configuration, texture acts as a scattering back
reflector [89]-[91]. On the other hand, substrate configuration enhance the optical path
length by scattering the transmitted light [92]-[97]. In Figure 31, the effect of textured
glass surface is explained. The scattering angle in solar cells having textured glass

surface (82) is higher than the solar cells having smooth glass surface 61 [98].

There exist various techniques to modify the glass surface periodically or
randomly, such as dry etching, wet chemical etching, nano-imprinting, ZnO induced

texturing (ZIT) and aluminum induced texturing (AIT), etc.
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Figure 31. Schematic representation of a-Si:H solar cell with (a) flat glass/TCO
interface and (b) textured glass/TCO interface [98].

2.4.2.2.1. Dry Etching for Texturing of Glass

Dry etching is conducted by corroding the glass by plasma or physical force
like sandblasting. Plasma etching is usually used for microelectromechanical
applications with SFe/Ar plasma [99], [100]. However, thin film applicable texture can
be formed by employment of nanoparticles as a masking material and reactive ion
etching method to remove the glass from unmasked regions. After removing the
metallic nanoparticles by wet chemical etching, the surface with sub-wavelength
structure as shown in Figure 32 is obtained [94]. On the other hand, sandblasting is
commercially used to obtain opal glasses. There are several attempts for producing
both Si wafer based module and thin film solar cell compatible surface structures by

sandblasting.
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Figure 32. AFM image of the surface of RIE glass formed with Ag nanoparticle
masking layer [94]

Sandblasting is achieved by sending nano or micro particles like SiC, SiO, with
varying sizes. Accelerated particles by jet pressure physically damages the surface and
alters it. As a result, a rough surface can be obtained [97]. This method can be
employed to produce glass substrates for thin film solar cells [97] as well as to be used

in c-Si wafer based solar modules as a window glass.

2.4.2.2.2. Wet Chemical Etching for Texturing of Glass

Apart from the usage of wet etching to selectively remove the glass
components for anti-reflective purposes, addition of simple lithography step before
chemical etching could result in textured surfaces. Simple HF etching after masking
the surface forms periodic surface structures. HF starts to etch the glass from the
openings and according to the shape of the openings, the texture is formed [101]. With
the increase of HF etching time, structures enlarge and merge as seen in Figure 33
from (a) to (c). After the merging of each shape, damaged rough commissures
smoothen with the increase of etching time and results in thin film compatible surface

structure which can be transferred to following layers, which is shown in Figure 33(d).
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The SEM image of AZO coated surface is given in Figure 34(a). In addition, optical
measurements yield promising results with nearly 90% haze [Figure 34(b)].

(a) 10 min (b)

"01 o%e
. 096

Figure 33. Different etching times with HF (1%6) for honeycomb mask. (a) 10 min. (b)
15 min. (c) 20 min. (d) 28 min. [101].
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Figure 34. Periodically wet etched glass with 760 nm AZO layer. (a) cross sectional
SEM image and (b) optical measurement results [101].
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2.4.2.2.3. Imprinting

Imprinting, which is also known as glass casting operation, is used to
periodically texture the glass during production. It is basically a texture transfer from
rolls to the glass surface. Various surface structures can be printed on rolls to produce
different textures on the glass. Common structures used for solar modules are inverse

and direct pyramids [102].

For thin film solar cell applications, besides, imprinting is conducted by
structuring a glassy layer on the glass surface. The transferred texture can be the texture
of ZnO:Al [103], random pyramids [104] or any other periodic or random thin film
compatible structure. A soft polymer mold is coated on the master, which is the state-
of-the-art surface texture. Then, the soft mold is separated from the master and heated
at temperature more than the glass transition temperature of the polymer. Afterwards,
the mold can be used to reproduce the master for multiple times on glassy soft layers
[103]. An example for process flow of ZnO:Al master is given Figure 35.

o o s R s
@ * $

resist
glass a) glass glass c)
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Figure 35. Process flow for nano-imprinting of ZnO:Al texture on glassy layer from (a)
to (e) [103].
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2.4.2.2.4. ZnO Induced Glass Texturing (ZIT)

ZnO induced texturing (ZIT), which is also called as 3D texture transfer [98],
requires sacrificial layer that is textured with desired structures. Because of the fact
that ZnO:Al texturing is optimized and is a commercial process, it is prefered as a
sacrificial layer for glass texturing. Textured ZnO is removed by ion beam etching

[98]. The texture is transferred to the glass as shown in Figure 36.
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Figure 36. Process flow of ZnO induced texturing [98].

2.4.2.2.5. Aluminum Induced Glass Texturing (AIT)

Aluminum induced glass texturing (AIT) is developed to produce an effective and
cost-efficient texturing method [105]. For glass texturing methods, in which the
lithography process is needed, are not large area compatible, large area production of
solar cells is problematic where large area application is an advantage for thin film
solar cells. Furthermore, texture transfer methods need a state-of-the-art master that is
prepared perfectly or additional glassy layer between glass and transparent conductive
oxide, which increase the processing costs. On the other hand, AIT can be employed
by simple aluminum coating followed by annealing and etching, which results with U-
shaped random craters [92], [106]. In addition, by changing parameters of AIT, it is
possible to obtain surface structure having variety in feature size and roughness

according to requirements [90], [107]. In AIT, a thin aluminum film, coated by thermal
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evaporation or sputtering method, is used as a sacrificial layer to produce nano- and
micro-sized craters on the surface of the glass [108]. The process is chiefly governed
by the random redox reaction between Al and SiO> as shown below [75], [90], [109]-
[112].

3S5i0, + 4Al — 3Si + 241,04 (Eq. 23)

The redox reaction is induced by annealing the Al-coated glass at temperatures
above 500 °C. Annealing temperatures between 500 and 620 °C have been reported
[93], [105], [107], [111]-[114]. According to Huang et. al. [108], at the beginning of
the annealing process, Al.O3 nodules are formed and grow inside of the glass, while
Si dissolves into the surrounding Al and forms Si clusters. After annealing process, the
reaction products are chemically etched, leaving behind a bare, textured glass surface.
The reaction mechanism is schematically summarized in Figure 37. The surface
structure can be altered by changing the parameters such as Al thickness, annealing

temperature, etchants and rations.
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Figure 37. Schematic representation of AIT process flow. (a) Al film coated glass. (b)
Early stage of the annealing of the sample. (c) intermediate stage of the annealing. (d)
final stage of the annealing and (e) textured glass surface after wet chemical etching
[108].
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2.4.2.2.5.1. Aluminum Film for AIT Process

Aluminum coating on the glass designates the amount of the material joining
the redox reaction. To obtain high efficiency on the reaction, the film should be free
of impurities, especially oxygen impurity. For this reason, the coating is conducted
under high vacuum. The coating method can be thermal evaporation [75], [109], [111],
[112] or sputtering [75], [90]-[92], [107]-[109], [115]. Thinner aluminum results with
shallower texture, thus week scattering behavior. However, there exists a threshold
thickness of Al for texturing. The effect of Al thickness on roughness of the glass can

be seen in Figure 38.
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Figure 38. Roughness versus Al thickness graph obtained from AFM measurements for
borosilicate glasses annealed at 610 °C for 40 min. and etched by first phosphoric acid
for 10 min. and then HF:HNQO3 etching for 10 seconds [112].

2.4.2.2.5.2. Annealing in AIT

Annealing is one of the most important steps for the formation of random

textures. It is reported that Al diffuses into the glass and forms Al,Os. The elemental
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Si formed from this reaction diffuses into Al from grain boundaries and interfaces.
Then, Si forms in the film [108]. The evolution of the film during annealing is given
in Figure 39 for 570 °C annealing temperature. The area numbered as 1 in Figure 39(a)
is reported as hillock [108] formed due to the difference in thermal expansion
coefficients between glass and Al film [116]. On the other hand, the area 2 in Figure
39(a) is identified as void, where the glass surface is exposed [108]. After one hour of
annealing, greenish colored areas that have dendritic form were exposed as shown in
Figure 39(b), which is numbered as 3. With increasing of the annealing time, different
regions exposed as seen in Figure 39(c). The area 3 is identified as crystalline Si by
Raman spectroscopy and XRD measurements as shown in Figure 40.

(a) 0.5hour (b) 1hour
1 ' . e

Figure 39. Optical microscope images of annealed samples with different annealing
durations. (a) 0.5 hour annealing, (b) 1 hour annealing, (c) 2 hours annealing and (d) 3
hours annealing for annealing temperature of 570 °C [108].
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Figure 40. Identification of area 3 in Figure 39(b). (a) XRD measurement and (b)
Raman spectroscopy [108].

The formation of Al2O3 nodules by diffusion of Al into the glass can be seen
in Figure 41(a). Silicon layer, on the other hand, grows laterally on the surface during
the annealing as shown in Figure 41(b).

Figure 41. Cross sectional view of annealed for 3 hours at 570 °C. (a) Al.Oz nodules in
the glass and (b) Si cluster on the surface [108].

The reaction rate changes with the annealing temperature. Thus, to complete
the reaction at lower temperatures, higher annealing durations are required. The
reaction rate can be extracted by measurement of the amount of c-Si on the surface. In
Figure 42(a), the change in the fraction of c-Si at different annealing temperatures is
given. Increase in the annealing temperature leads to decrease in the annealing

duration. It is seen that at 500 °C, the reaction finished after 12 hours of annealing.
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Figure 42. (a) Fraction of c-Si material versus time graph for different annealing
temperatures and (b) Arrhenius plot for AIT process based on c-Si growth [108].

The reaction between Al and SiO2 has Arrhenius-type behavior in the
temperature range of 200-850 °C as reported [117], [118]. The activation energy can
be calculated by Arrhenius equation as given below.

—FE
Reaction Rate = Ae kT (Eq. 24)1081

where A is an arbitrary constant, k is the Boltzman constant, T is the annealing
temperature and E, is the activation energy [108]. From Figure 42(a), reaction rates
were extracted and Arrhenius plot is obtained as shown in Figure 42(b). The activation
energy is found by Huang et al. as 3.0 = 0.2 eV [108].

2.4.2.2.5.3. Etching for Textured Surface Reveal

Successful removing of the reaction products from the surface is important. To
remove reaction products, 2-step chemical etching can be used [105]. The remaining
Al can be removed by 15 minutes hot (110-180 °C [105], [111], [112]) phosphoric
acid (HsPOa) etching . As a second step, hydrofluoric acid-nitric acid (HF:HNO3)
etching for couple seconds is employed. This solution also removes some portion of

the glass. The amount of the HF in the aqueous solution, changes the amount of the
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glass removed by HF [105]. As a result, in addition to annealing, exposure time to HF
with different concentrations alters the textured surface [62], [109], [119]. The
HF:HNOg ratio can be changed from 1:1 to 1:20 [93], [105]. 1:20 ratio solution results
with craters smaller than 1 pm while 1:1 ratio HF:HNO3 etching results with 2-5 pm
sized craters [93].

In addition to 2-step etching, there exists various attempts to obtain the textured
surface with only 1-step. It is also possible to remove reaction products, including
remaining metallic Al, with only HF:HNOg etching [75], [89]-[91], [113]. There is no
reported difference of employment hot phosphoric acid etching prior to HF:HNO3
etching.

There are attempts to remove reaction products with different etching
solutions. Potassium permanganate-hydrofluoric acid (KMnO4:HF) solution [109],
hydrofluoric acid-nitric acid-acetic acid (HF:HNO3:CHzCOOH) solution [109], [110]
and sodium hydroxide-hydrofluoric acid (NaOH:HF) solution [110] are used. In
HF:HNO3:CH3COOH, acetic acid is used as a buffer layer in order to decrease the
reaction rate because the reaction rate of HF:HNO3 is high and the control on the
etching process is poor [110]. On the other hand, KMnOa4:HF etched glasses exhibit
poor light trapping property against conventional etching using HF:HNOz [109].
Furthermore, the 1-step etching by NaOH:HF solution demonstrates same texturing
and light trapping properties as reported by Cui, et al. [110]. In Figure 43, the surface
of AIT glasses can be seen for conventional etching by HF:HNOs and alternative
etching by NaOH:HF.
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Figure 43. AFM images of AIT borosilicate glass surfaces after (a) conventional
HF:HNO; etching and (b) NaOH:HF etching [110].

The highest reported haze is around 79% for 400 nm wavelength [91]. In this
thesis study, the optimization of AIT parameters for thin film solar cell production and
development of an alternative solution to HF-based etching are conducted. In addition,
series of experiments were conducted to have deeper understanding on the annealing
step because with the absence of the HF, the texture is governed by only the annealing
step and understanding the annealing process enables the control of the texture during
this process.
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CHAPTER 111

EXPERIMENTAL PROCEDURES

Optimization of Al thickness used in aluminum induced texturing process
alongside with etching duration optimization with conventional etching method are
studied in this thesis. In addition to etching optimization with conventional etchants,
alternative etchant was developed and new solution is used to produce AIT glasses
with superior optical performance. Furthermore, to obtain a better understanding upon
the random redox reaction during annealing, the evolution of Al/glass interface is
studied, which assists the optimization of the annealing parameter. Additionally, the
effects of non-SiO, components were studied by changing the glass type and an
attempt to produce higher scattering values is made with the combination of macro
texture and AIT textures.

3.1. Glasses and Preparation of Glasses

In this thesis, different glasses were used. Optimization of AIT parameters
were conducted on soda-lime float glass with 4 mm thickness (manufactured by
Tiirkiye Sise ve Cam Fabrikalar1 A.S). On the other hand, for the investigation of the
effect of non-SiO. components on AIT process, different glass types were employed.
AIT process is applied on borosilicate glass, alkaline-free glass, fused silica glass and
soda-lime glass for this purpose. The composition of each glass is given in Table 2.
The fused silica is an amorphous form of the quartz. Alkaline-free glass, furthermore,

contains low SiO2 component.
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Table 2. Chemical compositions of different glasses used in this thesis.

Name of Glass / Composition (%) SiO; AlLO; CaO MgO B:0O; NaO

Soda-Lime [120] 72 1 8 4 - 15
Borosilicate [121] 81 2 - - 13 4
Alkaline-Free [122] ~60 ~20 - - ~10 ~10
Fused silica glass [123] 100 - - - - -

Prior to Al coating, cleaning of the glass surface is important. The contaminants
like dust particles can prevent the reaction between Al and the glass, which results with
un-even surface texturing. Even tin containing surface is identified by UV light source
before the utilization of glasses because tin also hinders the reaction. The samples were
cleaned in an ultrasonic cleaner by Alconox, a special laboratory grade detergent, to
remove contaminants. Rinsing liquid consists of only 5% detergent in DI water. First,
glasses were cleaned by Alconox at 50 °C for 15 minutes, followed by DI water rinsing
at 55 °C for 15 minutes to remove detergent residues. Furthermore, cold rinsing (25

°C) in ultrasonic cleaner for 20 minutes was conducted.

3.2. Aluminum Induced Glass Texturing: Optimization of Parameters

The optimization of AIT process has been carried out with separate steps. First
of all, Al thickness and etching optimization studies have been conducted. Due to the
fact that several samples can be produced on one Al coating process, etching
optimization has merged with Al thickness optimization. For this study, the annealing
conditions has been set to 600 °C temperature and 1 hour annealing duration. After
optimization of Al thickness and etching process, a new solution optimization study
has carried out on the pursuit of HF-free solution. Finally, annealing optimization has
been conducted and detailed investigation of reaction mechanisms has been carried

out.
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3.2.1. Al Coating by Thermal Evaporation

For Al coating on glass samples has been developed in GUNAM facilities in
Physics building. The thermal evaporation system is used for this purpose since Al
coating should be conducted under vacuum to prevent oxidation of Al during
deposition process, which is set 3 x 107 torr. It is also possible to coat Al with
magnetron sputtering method, which was not employed in this thesis. Schematic
diagram of the Al coating system has been given in Figure 44. Various thicknesses
have been used for optimization of Al thickness. Al thicknesses that were coated by
thermal evaporation are given in Table 3, which were measured by thickness monitor
build in the evaporation system and confirmed by Veeco Dektak 6M Stylus Surface
Profilometer.

Sample Holder

Thickness Monitor

<= Vacuum Chamber

)
\

— Source

Figure 44. Schematic representation of thermal evaporation system in GUNAM
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Table 3. Al thicknesses coated on glass surfaces on thermal evaporation system with
sample names.

Sample Set Al thickness (nm)
M8 100
M6 120
M5 130
M9 140
M7 150
M3 160
M4 350

Samples were annealed in the tube furnace at 600 °C for 1 hour under N> flow.
Then, etching process has been conducted. For the optimization of etching process, 3
or 4 samples were produced at the same time on the thermal evaporation system.

3.2.2. Etching Optimization

3.2.2.1. Conventional Etching Process

Optimization of conventional etching process has been conducted for each Al
thicknesses because each thickness results with different amounts of reaction products,
which naturally changes the optimum etching time. The 2-step etching for AIT has
been adapted in GUNAM. First step of etching was done by hot (130 °C) phosphoric
acid (HsPOgs) for 15 minutes. Then, HF:HNO3 1:1 volume ratio solution at room
temperature was employed for final etching step. The etching time for each thickness
changes from 10 to 25 seconds. Optimization of etching time has been summarized in
Table 4 for each Al thickness. Sample naming was remade for better understanding of

the analysis and comparison.
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Table 4. Etching optimization for various Al thicknesses

Sample Set Sample Name Al Thickness (nm) Etching Time (s)

AIT_100nm_10sec 100 10
M8 AIT_100nm_15sec 100 15
AIT_100nm_20sec 100 20
AIT_120nm_15sec 120 15
M6 AIT_120nm_20sec 120 20
AIT_120nm_25sec 120 25
AIT_130nm_10sec 130 10
AIT_130nm_15sec 130 15
Mo AIT_130nm_20sec 130 20
AIT_130nm_25sec 130 25
AIT_150nm_15sec 150 15
M7 AIT_150nm_20sec 150 20
AIT_150nm_25sec 150 25
AIT_160nm_15sec 160 15
M3 AIT_160nm_20sec 160 20
AIT_160nm_25sec 160 25
AIT_350nm_15sec 350 15
M4 AIT_350nm_20sec 350 20
AIT_350nm_25sec 350 25

Produced samples were characterized by integrated sphere spectrometer
having an 8-inch, 5-port integrating sphere (Oriel 70679NS) on standard configuration
for optical characterization. Morphological characterization, on the other hand, was

conducted by Nanomagetic Instruments atomic force microscope.
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3.2.2.2. HF-free Solution Optimization

As an HF-free solution, NaOH:H20,:H>0 solution, was used. H>O; acts as a
buffer in the solution and NaOH removes the reaction products from the glass surface
without altering the texture. First trials have conducted on a set of samples given in
Table 5. 1:20:60 ratio of NaOH:H202:H.0 at 75 °C was set as a base of this
optimization process, which was used to etch Sample 1. For each sample, a different
parameter was changed and results were compared each other by QUANTA 400F field
emission scanning electron microscope (FE-SEM) and integrated sphere spectrometer

on standard configuration.

Table 5. Produced sample parameters for HF-free solution optimization

Sample Aluminum Annealing time & Etchant Etching
Name thickness temperature ratio time
1 150 nm 600 °C for 1 h 1:20:60 4 h
2 150 nm 600 °C for 1 h 1:20:60 8h
3 150 nm 600 °C for 1 h 1:40:120 4 h
4 150 nm 600 °C for 1 h 1:20:100 4h
5 150 nm 600 °C for 2 h 1:20:60 4h
6 220 nm 600 °C for 1 h 1:20:60 4 h

Due to the fact that the etching time with HF-free solution is a disadvantage
for these etchant ratios, the concentration of NaOH in the solution has been increased
and the evolution of the surface with increasing etching time has been investigated.
The concentration was kept constant as 1:2:6 in this trial in this study. Samples were
coated with 150 nm Al and annealed at 600 °C for 1 hour in N2 ambient. These
samples, then, were etched for different durations as summarized in Table 6. The
sample set was characterized by QUANTA 400F field emission scanning electron
microscope (FE-SEM).
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Table 6. Production parameters of sample set for etching time (min.) optimization with
HF-free solution

Sample
Narme NI N2 N3 N4 N5 N6 N7 N8 N9 NI10O N1l Ni2
Etching 10 20 30 40 50 60 70 80 90 100 110 120
Time (min.)

3.2.2.3. Conventional Etchant and HF-free Etchant Comparison Study

For the comparison of HF-free solution with conventional etching solution, a
sample set was prepared and 6 Al coated sample has produced. The Al thickness was
set to 150 nm. These samples were annealed at 550 °C for 12 hours in tube furnace
under N2 flow. This annealing condition is chosen according to annealing optimization
studies, which will be described in the section, 3.2.3. Annealing Optimization. Then,
3 sample has been used for conventional etching. The rest of the samples were used

for HF-free etching. The further detail about process parameters are given in Table 7.

Table 7. Process parameters for samples produced to compare HF-free solution with
conventional solution

Conventional Etching HF-free Etching

H3POq HF:HNO3 NaOH:H,0,:H,0
Sample Sample
Name 130 °C 1:1 ratio Name 1:2:6 ratio in US cleaner
HF_15 15 min 15 sec. NaOH_0.5 0.5 hour
HF_30 15 min 30 sec. NaOH_1 1 hour
HF_60 15 min 90 sec. NaOH_3 3 hours

These samples were characterized by integrated sphere spectrometer having an

8-inch, 5-port integrating sphere (Oriel 70679NS) on reverse configuration for optical
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characterization. In addition, structural and morphological analysis was conducted by
SEM (Zeiss EVO HD) and atomic force microscope (Veeco diMultiMode V) using a
ATEC-NC-20 tip in tapping mode.

3.2.3. Annealing Optimization

The optimization of the annealing was conducted with a classical tube furnace
(10 cm diameter) under 4 sm N2 flow. The schematic of the furnace is given in Figure

45. 2 samples can be annealed at a time due to space limitation on the quartz boat.

The annealing optimization was started by changing annealing ambient.
Samples were annealed under N flow and atmosphere, then surfaces were investigated
by QUANTA 400F field emission scanning electron microscope (FE-SEM). For this
purpose, 150 nm Al coated samples were annealed under different ambient with 1 hour
annealing duration and 600 °C annealing temperature. The samples are given in Table

8 with relative production parameters.

Heating components
Quartz tube
3 cm x 3 cm Samples

Quartz boat

Figure 45. Cross-sectional view of the tube furnace
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Table 8. Study conducted for the optimization annealing ambient.

Sample Name Aluminum Thickness (nm) Annealing time under 600 °C
A150_N2 150 1hinN;
A150_AIR 150 1 h in atmosphere

In addition, to have 3-dimentional information from annealed samples, a new
set has been produced to be used for depth profiling by X-Ray Photoelectron
Spectroscopy. For the survey scan, 350 nm Al coated samples were used. On the other
hand, for detailed scans, 130 nm Al coated samples were chosen. These samples were
annealed at 600 °C for 1 hour prior to characterization. Table 9 summarizes the

samples with different annealing durations, produced for XPS investigation.

Table 9. Samples prepared for XPS study

Sample Name X-0 X-5 X7 X100 X-15 X-20 X-40 X-60

Annealing No annealing

Duration (min.)  (Ref) 5 7 10 15 20 40 60

The morphology of the samples was investigated by optical microscope (Nade
metallurgical microscope - NMM-800TRF). The structural and compositional
distribution was studied with PHI Versaprobe 5000 Scanning X-Ray Photoelectron
Spectrometer (XPS) with Al Ka as a X-ray source by depth profiling. 24.9 W X-ray
power used for analysis with 100 pm X-ray spot size and 45° take-off angle. For each
region, 58.70 eV pass energy used for high resolution regional scan. Each layer was
removed by Ar ion bombardment at 3 kV energy and 3 min dwell time. C1s peak is
pinned to 283 eV for survey scans. In addition, survey scan of annealed samples was
obtained after Ar ion bombardment for 5 times to reduce the contribution of surface
oxides. The binding energy shifts related to surface charging during data collection

was corrected using SiO2 or Al peak positions, where applicable.
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Then, for the pursuit of the understanding the annealing mechanism, different
samples were produced. First of all, varying annealing temperatures with different
durations were used to anneal 150 nm Al coated samples. Samples, for this set of
sample, were named according to their annealing temperature and duration. For
example, sample 550_060 was annealed at 550 °C for 60 minutes. The samples
produced for this study are given in Table 10. These samples, then, were etched by
HF-free solution as optimized in the section, 3.2.2.2. HF-free Solution Optimization.
The evolution of the film and the effect of the annealing conditions on the optical

properties of the samples were investigated.

Table 10. Samples produced for the optimization of annealing conditions

550 °C 575°C 600 °C
550_005 550_015 550_060 ||575_015 575_030 ||600_005 600_010 600_011

550 090 550 105 550 120 | [575 045 575 060 | |[600 012 600 013 600 020
550 150 550 180 550 300 | [575 075 575 090 | |600 030 600 040 600 050
550 600 550 1020 575_105 600_060

Structural, morphological, and optical characterization of the samples were
made before and after etching. The morphology and the elemental distribution of the
annealed film was investigated by an optical microscope (Nade metallurgical
microscope - NMM-800TRF) and a QUANTA 400F field emission scanning electron
microscope (FE-SEM) coupled with an Ametek EDAX energy dispersive X-ray
spectroscope (EDX). The structural and compositional evolution of the over-layer was
studied by Raman spectroscope (Horiba 800 Jobin Yvon). Selected EDX images were
processed using Adobe Photoshop CC 2015. After texturing of samples, optical
measurements were conducted with an 8-inch, 5-port integrating sphere (Oriel
70679NS) and topographical characterization with SEM (Zeiss EVO HD) and atomic
force microscope (Veeco diMultiMode V) using a ATEC-NC-20 tip in tapping mode.
2D FFT images were obtained from AFM data using image analyses software

Gwydion version 2.44,
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3.2.3. The Effect of Glass Type

The AIT process was optimized for one glass type that is soda-lime glass. Due
to fact that the random redox reaction between Al and SiO: is the base of this process,
the amount of available SiO> should affect the resultant texture. That is the reason
behind why the glass should be count as a parameter of AIT process even though it is
not considered as in the literature. Different glasses were employed to investigate the
effect of glass. Soda-lime glass, borosilicate glass, alkaline-free glass and fused silica
glass were used for the investigation. The components of each glass are given in Table
2 in the section, 3.1. Glasses and Preparation of Glasses. 150 nm of Al were coated on
each glass by thermal evaporation at 3 x 10 torr. Then, samples were annealed at 600
°C for 1 hour under N> flow. Finally, reaction products were removed by first using
hot (130 °C) hot phosphoric acid (HsPOs) for 15 minutes and then 1:1 HF:HNOs
solution for 15 seconds, except for the fused silica glass sample, which had to be kept
in the 1:1 HF:HNOs3 solution for 35 seconds for full removal of the reaction products.
The textured glass samples were optically characterized by 8-inch, 5-port integrating
sphere (Oriel 70679NS) optically. Surface characterization is made by Atomic Force
Microscope, AFM (Nanomagnetic Instruments, Ambient AFM/MFM) in tap-ping
mode and Zeiss EVO HD SEM.

3.2.4. Combination of Macro and Micro/Nano Texture

In addition to flat surfaces used for AIT process, there exist attempts to make
more effective light trapping interfaces with the combination of macro sized surface
structures with micro or nano sized texture. The micro and nano sized textures were
produced by using AIT method. HF-based conventional solution was used for the
former and HF-free solution was employed for the latter. The macro-textured glasses
are readily available in the market. These glasses are soda-lime glass having 4 mm
thickness with low iron content. The periodically macro textured sample have inverted

pyramid structure that is produced by glass casting operations. On the other hand,
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randomly macro textured sample was produced by sandblasting method. SEM image
and 2D surface profile obtained by Veeco Dektak 6M Stylus Surface Profilometer for

each macro textured glass are given in Figure 46.

(a) Sandy Glass 0_(b) Sandy Glass

Height (um)

o 1 6 7

2 3 4 5
Lateral Length (mm)

0
0 1 2 5 6 T

3 4
Lateral Length (mm)

Height (um)
n 3 8 (<]

o

Figure 46. Sandy glass: (a) cross-sectional SEM image, (b) Dektak surface profile; and
prism glass: (c) cross-sectional SEM image and (d) Dektak surface profile

The samples were coated with 150 nm Al and annealed at 550 °C for 10 hours.
For each macro textured glass type, micro and nano sized texture production has
conducted. The summary of processing parameters and naming of the sample is given

in Table 11. For comparison, float soda-lime glass was textured with same parameters.

Table 11. Process parameters of macro textured glasses

Sample Name Coating  Annealing Etching

Float_Ref - - -

Float_Acidic 150 nm Al 550 °C for 10h H3POs & HF:HNO;
Float_Basic 150 nm Al 550 °C for 10h NaOH solution
Sandy_Ref - - -

Sandy_Acidic 150 nm Al 550 °C for 10h H3POs & HF:HNO;
Sandy Basic 150 nm Al 550 °C for 10h NaOH solution
Prism_Ref - - -

Prism_Acidic 150 nm Al 550 °C for 10h H3POs & HF:HNO3
Prism_Basic 150 nm Al 550 °C for 10h  NaOH solution
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3.3. a-Si:H Thin Film and Solar Cell Production

The effect of the textured surface on the performance of thin film solar cells
has been studied in this section. Thin films were deposited by plasma enhanced
chemical vapor deposition (PECVD) system in GUNAM. For samples
AIT_130nm_20sec, AIT_130nm_25sec and AIT_350nm_25sec, 300 nm a-Si:H thin
film was deposited. After absorption measurements, Al contacts were deposited for

external quantum efficiency measurements. The structure is given in Figure 47.

Al contacts

7\

300 nm

AIT glass
T T

Figure 47. Mesh structure of a-Si:H coated samples prepared to

Additionally, a-Si:H solar cell with p-i-n structure has been deposited on
textured float, sandy and prism glasses to observe the effect of AIT texture on the
efficiency of solar cell. The structure is shown in Figure 48. 1 um AZO was deposited
on textured glass. Then, 25 nm p-type, 300 nm intrinsic and 30 nm n-type a-Si:H layers
were deposited with PECVD system. For measurements, 300 nm Ag contacts were

thermally evaporated.

63



Y SV eV "V |
Silver contact (300 nm)—— v and

n-type a-Si:H (30 nm)
intrinsic a-Si:H (300 nm)
p- type a-Si:H (25 nm)
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AIT glass

Figure 48. a-Si:H solar cell structure deposited on AIT glass

3.4. Characterization

For the characterization of samples, different instruments and setups have been
employed. Optical characterizations such as reflection, transmission and diffuse
transmission of the samples have conducted in Integrated Sphere Spectrometer (ISS),
which is present in GUNAM. For the surface characterization, Atomic Force
Microscope (AFM) in GUNAM and in Central Laboratory of METU were used. In
addition, Secondary Electron Microscope (SEM) in Central Laboratory of METU and
in GUNAM were employed for further surface investigation. The characterization of
annealed samples were carried out by X-Ray Diffraction (XRD), Raman Spectrometer,
Electron Dispersive X-Ray Spectroscopy (EDX) and X-Ray Photoelectron
Spectroscopy (XPS) present in GUNAM and Central Laboratory of METU.

3.4.1. Integrated Sphere Spectrometer

Integrated sphere spectrometer employs a sphere which distributes the light,
which is reflected or transmitted from the sample, inside of the sphere and only a
fraction of the light is sent to the monochromator. An 8-inch, 5-port integrating sphere
(Oriel 70679NS), Newport Monochromator 74100 and Stanford Research Systems
SR830 DSP Lock-in Amplifier were employed in this setup. The schematic
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representation of the reflection measurement setup is given in Figure 49. The light
produced by halogen lamp is sent through a convex lens which focuses the light, a
diaphragm that eliminates un-focused light at the focal point of the convex lens, a
chopper that shapes the light as a signal with a frequency of 225 Hz and another convex
lens which sends light to the infinity. Each wavelength is read out by Si detector from
monochromator and signal sent to lock-in amplifier, which processes the signal having

same frequency as chopper, thus reducing the noise in the measurement.

Chopper Diaphram
Lens 1
' @ % e o

Lock-in
Computer amplifier

Integrated sphere

Si detector

Chopper
controller

Figure 49. Schematic representation of reflection measurement in the integrated sphere
spectrometer.

There are two ways to measure transmission and reflection in this set-up. The
sphere, which has interior surface coating of BaSOs, have 5 ports. 4 of these ports of
the sphere are given in Figure 50 with buffer. The fifth port is at the top of the sphere
used for alignment. In the configuration given at Figure 50(a), the light entering port
is named as transmission port. The port where light exits from the sphere is named as
reflection port. Reflection port, in addition, have 8-degree angle to make the reflected
light do not exit from transmission port. However, for diffuse reflection measurements,

a port is present at the second reflection point where direct reflection can be taken out
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from the sphere and scattered light can be measured, which is shown as port 3 in Figure
50(a). For measurement, light is taken out from port 4, which is also called as
measurement port. Transmission measurements are conducted with closed reflection
and diffuse reflection ports and sample is placed at transmission port. For diffuse
transmission measurement, reflection port is kept open and direct transmission can be
taken out while diffuse transmitted light kept inside the sphere. Reflection
measurement, furthermore, is done by placing the sample at reflection port while
diffuse transmission port is closed. Between reflection port and measurement port, a

buffer prevents direct reflection to the monochromator.

(a) Standard (b) Inverted
Measurement Mode Measurement Mode
port 2 buffer
port 4
port 3
port 1 port 1

Figure 50. Ports of sphere as seen from the top. The top of the sphere has observation
port that is used for alignment

For accurate measurements, the light distribution in the sphere should be
uniform. However, for high scattering angles in transmission measurements, the
uniformity on the sphere surface is disturbed and the total intensity is reduced because
there is no blocking mechanism between transmission port and monochromator port.
For this reason, in HF-free solution studies, where haze is higher than the conventional
solutions, the set-up was modified. While the reflection measurements are taken with
standard measurement mode, transmission and diffuse transmission were measured on

inverted measurement mode. Light is sent from reflection port and this port is used as
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transmission port. In this inverted configuration, the buffer prevents direct shining on

the measurement port. As a result, more accurate measurements can be obtained.

The absorption of the sample can be calculated by subtraction of reflection and
transmission from 1 if the sample is transparent or semi-transparent. However, if the

sample do not transmit of the light, the absorption can be found by 1-R.

3.4.2. External Quantum Efficiency Setup

The external quantum efficiency (EQE) is another technique used for the
characterization of solar cells. In this technique, number of electrons generated per
photon is measured. Figure 51 shows the setup used to characterize a-Si:H thin film
and solar cells. The components of the setup is similar with optical measurement setup
with the exception of integrating sphere. In this configuration, light interacts with the
sample after passing through the monochromator. Spectral response can be extracted

from EQE measurements by the given formula in Eq. 25.

Chopper

B

Lock-in
Computer amplifier

Amplifier

Chopper
controller

Figure 51. Schematic of external quantum efficiency setup in GUNAM.
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SR =—QE (Eq. 25)1124

3.4.3. 1-V Measurement

I-V measurement is one of the basic characterization methods used for solar
cells. Newport Solar simulator was used for the characterization of a-Si:H thin film
solar cells. The schematic representation of the system is given in Figure 52. The
measurements were conducted under 1 SUN AM 1.5G illumination. From -V
measurements, cell parameters such as fill factor, open circuit voltage, short circuit

current, series resistance, shunt resistance, etc. can be found.

wrso 1A

aG-ISaifI?I 7 I

Silver

Figure 52. Schematic of solar simulator in GUNAM
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3.4.3. Atomic Force Microscope

Atomic force microscope (AFM) is employed for 3 dimensional analysis of the

surface. AFM scans the surface with a sharp tip on a cantilever as shown in Figure

53(a). A laser beam reflected from the surface of the cantilever to a 4-quadrant detector

detects the movement of the tip. Then, according to data coming from the 1-quadrant

detector, the surface profile is generated on a computer screen. For an AFM

measurement, the tip should be close or even touch to the surface [Figure 53(b)].

(a) 4 quadrant

detector

sample
surface

laser
source

cantilever

LJAFM Controller|

|

Force

(c)

@ contact mode
tapping mode
non-contact mode

~ Distance

= — = Repulsive force
Attractive force
Total force

........

Figure 53. (a) Schematic representation of a measurement by AFM, (b) tip-sample
interaction and (c) force versus distance graph showing atomic forces and operation

modes of AFM

There are 3 main different measurement modes in the AFM. The measurement

can be done by directly touching the surface, which is called as contact mode. In this

measurement mode, laser beam detects the change in the position of the tip. This mode

is used for solid material measurement and tip can damage the surface. If there is no

physical contact, the tip is oscillated in a positon that interaction between surface atoms

and tip is still possible. According to the distance to the sample, the oscillation
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frequency of the cantilever changes. By laser beam, this change in the frequency is
detected and measurement conducted. This measurement mode is usually employed
for biological measurements. In addition to these modes, tapping mode is also
available, in which the cantilever taps on the surface with a certain frequency. The
change in the tapping frequency is detected and surface is reconstructed on a computer.
Operation modes with applicable distances are given in Figure 53(c).

The obtained raw data was analyzed with Gywidion 2.44. By using this
analyzing program, 2D and 3D surface profiles were obtained. Apart from surface
profiling, it is possible to obtain the roughness (o) that is part of a surface texture of
the scanned surface. o4 (arithmetic mean height) shows the height difference of each
point to the arithmetical mean of the surface whereas oms gives the root-mean-square
average of height distribution from the mean line. In this thesis, oms iS used for

roughness measurements.

In this thesis, Veeco diMultiMode V using a ATEC-NC-20 tip in tapping mode

was employed for AFM measurements.

3.4.4. Scanning Electron Microscope

The scanning electron microscope (SEM) is generally employed for detailed
examination of the surface. A monochromatic beam of an accelerated electron is sent
to the sample and secondary electrons are collected. This beam scans the surface and
surface is constructed. SEM does not give height information. However, some rough
ideas can be obtained by tilted measurements. In addition to secondary electrons,
Auger electron, back scattering electrons and X-rays can be generated during the

measurement and different characterization methods can be employed in SEM setup.

In this thesis, QUANTA 400F field emission scanning electron microscope

(FE-SEM) and Zeiss EVO HD scanning electron microscope (SEM) were used.
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3.4.5. Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX) is a measurement mode of the
SEM. EDX gives the opportunity to identify and roughly quantify the each material in
the sample. When electron beam heats an atom in the sample, an electron from core
shells can be emitted. Following this emission, an electron from higher shells relaxes
to empty state and emits an X-ray. Due to the fact that energy differences between
orbitals are identical to each atom, analyzing the energy of the emitted X-ray can be
used to identify the material. According to the strength of the signal for a specific
energy, a quantification can be made. For material distribution analysis, this method is
employed. For EDX measurements, Ametek EDAX energy dispersive X-ray

spectroscope was employed coupled with FE-SEM.

3.4.6. X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) gives same information as EDX but
with higher precision. In this measurement method, monochromatic beam of X-ray is
send to the sample. X-ray causes emission of an electron from the core shell levels of
the atom. The electron emitted from the sample passes from a magnetic field.
According to the strength of the magnetic field, electrons that have different kinetic
energies can be sent to the detector separately. Then, composition of the material can
be identified. In addition to composition, chemical states can be obtained from this
measurement because each bond formation between atoms changes the bounding
energy of electrons that are present in the core shells, thus, kinetic energy of emitted
electrons by X-ray bombardment changes. By Ar bombardment, it is also possible to

obtain data from deeper layers and making depth profile.

PHI Versaprobe 5000 Scanning X-Ray Photoelectron Spectrometer (XPS)
with Al Ka as a X-ray source was used for characterization. 24.9 W X-ray power used
for analysis with 100 um X-ray spot size and 45° take-off angle. For each region, 58.70
eV pass energy was used for high resolution regional scan. Each layer was removed
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by Ar ion bombardment at 3 kV energy and 3 min dwell time. C1s peak was pinned to
283 eV for survey scans. In addition, survey scan of annealed samples were obtained
after Ar ion bombardment for 5 times to reduce the contribution of surface oxides. The
binding energy shifts related to surface charging during data collection was corrected

using SiO2 or Al peak positions, where applicable.

3.4.7. X-Ray Diffraction

X-Ray Diffraction (XRD) is used to identify the crystal parameters alongside
with the crystalline material. This method relays on diffraction of X-ray beam from
the crystalline material. According to the orientation of the crystal, crystal parameter
d, and material, constructive interference occurs for specific angles. The obtained
diffraction patterns can be used to obtain the orientation, lattice constant of the crystal
and the material information. Even though the measurement setup identifies each peak
by its database, it is also possible to make identification and of each crystal parameter
by hand. XRD measurements usually conducted with powder samples, which is called
as powder diffraction method. In addition, single crystal measurements are also
possible but it needs specific XRD setups. In this thesis, Rigaku Miniflex XRD system

equipped with Cu Ka radiation source was employed.

3.4.8. Raman Spectroscopy

Raman spectroscopy is another method used for identification of vibrational
modes in the sample. In this thesis, Horiba iHR550 Jobin Yvon Raman Spectrometer
was used. When light interacts with a material, it is either transmitted, reflected or
scattered. In the scattered light, less than 1% of the light have different frequency than
the frequency of the initial light. This portion has made inelastic collision and the
frequency difference between this 1% portion and the rest determines the material
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properties. In this thesis, it is used to determine the form of the elemental Si formed

during annealing as in XRD measurements.

73



74



CHAPTER IV

RESULTS AND DISCUSSION

4.1. Al Thickness and Etching Optimization for Commercial Recipe

Al thickness and etching time by conventional etchants were investigated
together because the amount of Al affects the optimum etching time. Different Al
thicknesses were used for optimization. In this section, the results of using different
thicknesses and etching durations are given. In addition, optical comparison between
different thicknesses for same the etching time was made with corresponding AFM
images.

4.1.1. 100 nm Al Coated Samples

For 100 nm of Al thickness, 3 samples were prepared by HF:HNO3z with
etching times of 10, 15 and 20 seconds. When surface morphology was investigated
by AFM, whose 3D and 2D images are presented in Figure 54, roughness values for
each sample are observed as following: 82 nm for AIT_100nm_10sec, 98 nm for
AIT_100nm_15sec and 78 nm for AIT_100nm_20sec. It is seen that roughness was
increased when etching time was increased from 10 to 15 seconds. However, the
roughness decreased when the etching time was increased to 20 seconds. In addition,
rather smooth surface is obtained for 20 sec. etched sample as seen in Figure 54(c).
Furthermore, optically, there is no significant change in the transmittance of samples

as presented in Figure 55(a). The average haze for 400 nm wavelength is around 27%
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as seen in Figure 55(b). With the increase of the wavelength, the haze decreases for all
sample. AIT_100nm_10sec and AIT_100nm_15sec shows the same trend but
AIT_100nm_20sec have higher haze at longer wavelengths. The difference in the haze
for longer wavelengths can be attributed to the crater sizes. It is known that HF
smoothens the rough glass surfaces as it is discussed in the section 2.4.2.2.5.3. Etching
for Textured Surface Reveal. Increasing the etching time results with enlargement of
small craters, thus, the roughness decreases. Bigger craters, in addition, exhibits higher

scattering behavior for longer wavelengths.

620 nm

500

Figure 54. 20 pm x 20 pm AFM images of AIT samples: (a) AIT_100nm_10sec, (b)
AIT_100nm_15sec and (c) AIT_100nm_20sec.

76



100 T T T T T 40

a b ——REF
( ) 351 ( ) ——AIT_100nm_10sec|]

90 1 1 30 —— AIT_100nm_15sec| |
<) ——AIT_100nm_20sec
o
~ 25 J
© 80 -~
2 S 201 _
5]
- [0]
= . N 154
e 70 N
2 T 40
& ——REF
= 601 —— AIT_100nm_10sec|] 5

——AIT_100nm_15sec
= AIT_100nm_20sec 0
50 T T T T T T T T T T T T T T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

Figure 55. (a) Transmittance and (b) haze of 100 nm Al used samples

4.1.2. 120 nm Al Coated Samples

For the 120 nm Al thickness, 3 samples were prepared with etching times of
15, 20 and 25 seconds by HF:HNOs. From AFM images presented in Figure 56, it can
be seen that crater size is smaller for AIT_120nm_15sec. With the increase of the
etching time, crater size also increases for AIT_120nm_20sec and AIT_120nm_25sec.
Roughness values are also observed to increase when the etching time is increased to
20 sec. from 82 nm to 129 nm. However, further increase in the etching time resulted
in a decrease in the roughness to 107 nm. The effect of this change can be seen from
optical measurement results as given in Figure 57. In this sample set, no change in the
transmittance is observed. In addition, increase in the etching time results in decrease
in the haze of the samples as shown in Figure 57(b). 15 sec. etched sample have 25%
haze for 400 nm wavelength of the light. At 20 seconds etched sample, this value drops
to 21% and for 25 seconds, it decreases to 19%. With the increase of the wavelength,
decrease in the haze is observed with same trend as in the samples coated with 100 nm
Al. Increase in the etching time results with decrease in the scattering behavior of AIT
glasses.
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Figure 56. 20 pm x 20 pm AFM images of AIT samples: (a) AIT_120nm_15sec, (b)
AIT_120nm_20sec and (¢) AIT_120nm_25sec.
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Figure 57. (a) Transmittance and (b) haze of 120 nm Al used samples.

4.1.3. 130 nm Al Coated Samples

For 130 nm Al thickness, 4 sample were prepared by HF:HNO3 etching with
10, 15, 20 and 25 seconds etching durations. In Figure 58(a), it can be observed that

AIT_130nm_10sec sample have residue in the craters and regional height differences
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are present after 10 sec. of etching by conventional etchants. With the increase of the
etching time, the residues were removed as shown in Figure 58(b). At 20 seconds
etching time, bigger craters are observed [Figure 58(c)]. In addition, increasing of the
etching time led to more uniform surface distribution [Figure 58(d)]. Optically, on the
other hand, transmittance was not affected from the texturing process as presented in
Figure 59(a). In the haze graph [Figure 59(b)], increase in haze with increasing the
etching time from 10 sec. to 15 sec. is observed. Then, further increase resulted in
decrease in the haze. The maximum haze for 400 nm wavelength is 32% for
AIT_130nm_15sec. The sample etched for 10 sec. (AIT_130nm_10sec) have higher
haze than AIT_130nm_20sec for small wavelengths. However, increasing in the
wavelength  results with  different behaviors. At higher wavelengths,
AIT_130nm_20sec have higher haze. This change in the scattering behavior is
attributed to change in the crater size of the samples. In addition, AIT_130nm_25sec
have smaller scattering behavior due to flattening effect with HF usage during etching

process.
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Figure 58. 20 pm x 20 pm AFM images of AIT samples: (a) AIT_130nm_10sec, (b)
AIT_130nm_15sec, (c) AIT_130nm_20sec and (d) AIT_130nm_25sec.
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Figure 59. (a) Transmittance and (b) haze of AIT samples coated with 130 nm Al

4.1.4. 140 nm Al Coated Samples

For 140 nm Al thickness, 3 samples were prepared by HF:HNO3 etching with 15, 20
and 25 seconds etching durations. The evolution of the surface structure with the
increase in the etching time can be seen 3D and 2D AFM images having 20 um x 20
um scan area presented in Figure 60. In Figure 60(a), it can be seen that after 15 sec.
of etching, surface has craters with 2-3 pm diameter and the roughness of the surface
is 122 nm. Increase in the etching time to 20 sec. has resulted in shallower craters as
seen in Figure 60(b) but the roughness increases to 163 nm due to non-uniformity on
the surface. Moreover, 25 sec. etching has resulted in 245 nm roughness and bigger
craters as presented in Figure 60(c). On the other hand, optical results given in Figure
61(a) shows that the transmittance of samples do not change. However, the haze
decreases with the increase of the etching time as shown in Figure 61(b). The haze of
AIT_140nm_15sec is 35% for 400 nm wavelength. In addition, it is 27% for
AIT_140nm_20sec and 24% for AIT_140nm_25sec.
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Figure 60. 20 pm x 20 pm AFM images of AIT samples: (a) AIT_140nm_15sec, (b)
AIT_140nm_20sec and (¢) AIT_140nm_25sec.
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Figure 61. (a) Transmittance and (b) haze of AIT samples coated with 140 nm Al.

4.1.5. 150 nm Al Coated Samples

For 150 nm Al thickness, 3 samples were prepared by HF:HNOs etching with
15, 20 and 25 seconds etching durations. In Figure 62, surface morphologies of these
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samples are given. The same trend as observed in previous samples is present for the
morphology. In Figure 62(a), which belongs to the surface of AIT_150nm_15sec,
smaller craters are present. With the increase of the etching time, crater size increases.
The surface roughness of AIT_150nm_15sec for AFM image given in Figure 62(a) is
82 nm while it is 130 nm for AIT_150nm_20sec and 107 nm for AIT_150nm_25 sec,
which are presented in Figure 62(b) and Figure 62(c) correspondingly. Optically, there
is no change observed in the transmission as shown in Figure 63(a) while sample
having small craters (AIT_150nm_15sec) have higher haze as shown in Figure 63(b),
which is, slightly higher than AIT_140nm_15sec, 36% for 400 nm wavelength and
decreases with the increase in the wavelength of the light. On the other hand, increase
in the etching time gradually decreases the haze as shown. AIT_150 20sec have 30%
and AIT_150nm_25sec have 26% haze at 400 nm wavelength.
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Figure 62. 20 pm x 20 pm AFM images of AIT samples: (a) AIT_150nm_15sec, (b)
AIT_150nm_20sec and (¢) AIT_150nm_25sec.
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Figure 63. (a) Transmittance and (b) haze of AIT samples coated with 150 nm Al

4.1.6. 160 nm Al Coated Samples

For 160 nm Al thickness, samples were etched by HF:HNO3 solution for 15,
20 and 25 seconds. As shown in Figure 64, crater size increases with increase of the
etching duration. Also in this thickness, U-shaped craters are formed successfully.
Optically, again, there is no change in the transmittance of the samples as presented in
Figure 65(a). Maximum haze is obtained with AIT_160nm_20sec, which is 30% for
400 nm wavelength [Figure 65(b)]. In this thickness, it is seen that haze increase with
the increase of the etching time from 15 sec. to 20 sec. Then, it drops to same value as
15 sec. etching for 25 sec. etching.
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Figure 64. 20 pm x 20 pm AFM images of AIT samples: (a) AIT_160nm_15sec, (b)
AIT_160nm_20sec and (c) AIT_160nm_25sec
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Figure 65. (a) Transmittance and (b) haze of AIT samples coated with 160 nm Al

4.1.7. 350 nm Al Coated Samples

Up to this point, maximum haze is obtained for the sample with 150 nm Al. To
investigate the effect of Al thickness for the extreme values, 350 nm Al was coated.
Samples were etched by HF:HNOs solution with 15, 20 and 25 seconds etching
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durations. Figure 66 shows the surface morphologies of these samples taken by AFM
with 20 um x 20 pm scan area. For thick Al usage, small craters are obtained for
AIT_350nm_15sec as presented in Figure 66(a). The roughness of this sample is 39
nm. Increasing the etching duration increases the roughness to 71 nm and the size of
craters increases for AIT_350nm_20sec, that is shown in Figure 66(b). Further
increasing in the etching time led to increase in the crater size with same roughness
value as AIT_350nm_20sec for AIT_350nm_25sec as presented in Figure 66(c). In
addition, it can be seen that peak to peak value is increasing with increase in the etching
time. On the other hand, while there is no significant change in the transmittance of
samples as given in Figure 67(a), haze is 8% for 400 nm wavelength at
AIT_350nm_15sec [Figure 67(b)]. With the increase of the etching time, surface is
restructured, bigger craters formed and haze increase to 23% for AIT_350nm_20sec
[Figure 67(b)]. Maximum haze is obtained for AIT_350nm_25sec as 27% at 400 nm

wavelength.
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Figure 66. 20 pum x 20 pum AFM images of AIT samples: (a) AIT_350nm_15sec, (b)
AIT_350nm_20sec and (c) AIT_350nm_25sec
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Figure 67. (a) Transmittance and (b) haze of AIT samples coated with 350 nm Al

4.1.8. Comparison Different Al Thicknesses

Maximum haze value at 400 nm wavelength was obtained for
AIT_150nm_15sec, which is 36% and at 1000 nm wavelength, AIT_140nm_15sec has
maximum haze of 17%. To observe the effect of the Al thickness in the AIT process,
comparison of haze values at 400 nm and 1000 nm for same etching durations is made
alongside with 20 um x 20 um 2D AFM images of these samples. In Figure 68, it can
be seen the haze is maximum for 150 nm Al coated samples. As an exception, 350 nm
Al coated and 25 seconds etched sample has similar haze with 150 nm Al coated
sample as seen in Figure 68(c). It can be said that for 400 nm wavelength, 150 nm Al
coating results with higher haze value. On the other hand, it can be speculated that
higher etching duration than 25 sec. for 350 nm Al coated sample could give haze as
high as that of AIT_150nm_15sec but it is not logical to use 200 nm more Al and spend
more time in the etching to obtain similar haze. In Figure 69, it can be seen that 140
nm Al coated samples perform better for 1000 nm wavelength. However, for 20 sec.
etching, the pattern changes. AIT_160nm_20sec have same scattering behavior as of
AIT_140nm_20sec for the light having wavelength around 1000 nm, which is 17%.
This behavior could be important for thin film technologies having wider bandgap that

exhibits low absorption at this wavelength as shown in Figure 15.
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Figure 68. Comparison of the effect of Al thickness in AIT process for 400 nm
wavelength at etching durations of (a) 15 sec, (b) 20sec, and (c) 25 sec.
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Figure 69. Comparison of the effect of Al thickness in AIT process for 1000 nm
wavelength at etching durations of (a) 15 sec, (b) 20sec, and (c) 25 sec.

4.2. HF-free Solution Optimization Studies

4.2.1. First Trials

In order to optimize diluted NaOH:H>O: solution, different parameters were
changed from optimized process parameters in conventional AIT process. Sample 1
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has assigned as a control sample in which the ratio of NaOH:H>02:H»0O is assigned as
1:20:60. Optical measurements resulted in promising results for this solution as shown
in Figure 70. Decrease in the transmission was measured with integrating sphere
spectrometer on standard configuration as given in Figure 70(a). With conventional
etching procedure, the maximum obtainable haze was 36%. However, by new solution,
this value can be pushed up to 65% as shown in Figure 70(b) for Sample 2 in which 4
hour etching was conducted and the minimum haze was obtained for this set of sample
is more than 51% for Sample 6 in which 220 nm Al is used. A detailed comparison
study according to different parameters were conducted alongside with surface profiles
obtained by FE-SEM.
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Figure 70. () Transmittance and (b) haze of basic etched sample used for optimization
of parameters

4.2.1.1. Sample 1: Standard AIT process with NaOH:H202:H20 1:20:60 ratio

Optical results show that Sample 1 which is prepared by new solution has
superior scattering behavior than standard etching processes as compared in Figure 71.
There is a decrease in the transmittance of Sample 1 observed by integrating sphere
spectrometer on standard configuration as presented in Figure 71(a). On the other
hand, haze of Sample 1 is around 61% at 400 nm wavelength, which doubles the haze

value for standard etchants, in which haze is 36%. It is seen that the decrease in the
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haze of Sample 1 with the increase of the wavelength is higher than that of the sample
prepared by conventional etchants. To investigate the reason of this behavior, FE-SEM
images were taken because attempts to take AFM measurements were failed due to the
surface structure. In Figure 72, a comparison of HF used sample and HF-free AIT
sample is presented. In Figure 72(a), it is seen that crater size is in the range of 1-5 pm.
On the other hand, in Figure 72(b), HF-free solution offers highly porous surface with
crater sizes ranging from 200 nm to 1 um. Due to this change in the crater sizes, Sample

1 has more reduction in the haze with the increase of the wavelength.
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Figure 71. (a) Transmittance and (b) haze of Sample 1 and AIT_150nm_15sec
measured by integrated sphere spectrometer on standard configuration

Figure 72. FE-SEM images of (a) AIT_150nm_15sec and (b) Sample 1.
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In addition, there are some nodules present on the surface as presented in
Figure 73(a). In Figure 73(b), tilted view of one of these nodules is present. These
nodules are elevated from the surrounding. This might be the reason behind the trouble
with AFM measurements. In addition, porous like surface structure can be seen clearly

in the tilted view.

Figure 73. FE-SEM image of Sample 1 with (a) 1000x magnification and (b) 10000x
magnification with 60° tilt angle

4.2.1.2. Sample 2: Etching Time Doubled (8 hours)

When the etching time is doubled, it is observed that there is a slight increase
in the transmission as shown in Figure 74(a). In addition, same enhancement can be
seen in haze results. The haze of Sample 2 is increased to 65%, whereas Sample 1 has
61% haze for 400 nm wavelength, which is shown in Figure 74(b). On the other hand,

surface structure has not changed significantly as seen in Figure 75.
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Figure 74. Optical comparison of Sample 2 and Sample 1: (a) Transmittance and (b)
haze

Figure 75. FE-SEM images of (a) Sample 1 and (b) Sample 2

4.2.1.3. Sample 3: Less NaOH Content (1:40:120 ratio of NaOH:H202:H20)

Reducing the NaOH content in the etching solution causes a decrease in the
haze of the Sample 3 without a change in transmittance. The haze is decreased to 57%.
Optical results are presented in Figure 76. Morphologically, it is seen that residues
present on the surface of Sample 3 as seen in Figure 77(b). In addition, at general view
of Sample 1 and Sample 3, presented in Figure 77(c) and Figure 77(d), it can be
observed that middle of nodules are empty for Sample 1 while it is filled in Sample 3.
In addition, when these nodules are investigated by EDX, it is observed that there is
Al present on these nodules as presented in Figure 78. The atomic and weight

91



percentages of elements present in the glass and over layer are given in Table 12 that
Is obtained with 20 keV acceleration energy.
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Figure 76. Comparison of Sample 1 and Sample 3: (a) transmittance and (b) haze.

Figure 77. FE-SEM images of (a) Sample 1 and (b) Sample 3. General view of (c)
Sample 1 and (d) Sample 3.
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Figure 78. EDX measurement of surface and nodules of Sample 3.

Table 12. Weight percentage and atomic percentage for Area 1 and Area 2 defined in

Figure 78
Areal Area 2

Element | Wt%  At% Wt% At%

C 9.90  20.00 6.26 1290
O 29.25 4433| 3092 4785
Na 6.45 6.80 5.40 5.81
Mg 2.07 2.07 2.47 2.52
Al 0.54 0.49 5.6 5.14
Si 2693 2326| 2590 22.83
Au 24.85 3.06 | 2345 2.95
Ca 0 0 0 0
Total 100 100 100 100
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4.2.1.4. Sample 4: Diluted Solution (1:20:100 ratio of NaOH:H202:H20)

addition, Sample 4 has similar surface structure as shown in Figure 80(a)-(b). On the
other hand, in general view of the samples, it is seen that some of the nodules have not
empty center. Due to the fact that Al.Oz has high bandgap, which transmits the 400-
1000 nm region and these kind of nodules are not common, it has no effect on optical

properties. However, these regions could be hazardous for thin film solar cell

When solution is diluted, no optical change was observed as shown in Figure
79. The haze of the Sample 4 is 61% like that of Sample 1 for 400 nm wavelength. In

application.
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Figure 79. Comparison of (a) Transmittance and (b) haze of Sample 1 and Sample 4
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Figure 80. Comparison of Sample 1 and Sample 4 by FE-SEM: (a) Sample 1, (b)
Sample 4, (c) General view of Sample 1 and (d) General view of Sample 4.

4.2.1.5. Sample 5: Double Annealing Time (2 hours at 600 °C)

When the annealing time is doubled, haze was observed to decrease. In
addition, the transmittance of Sample 5 was close to the reference float sample as
shown in Figure 81. The haze is decreased to 54% for 400 nm wavelength. On the
other hand, there is no significant change in the FE-SEM images as presented in Figure
82.
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Figure 81. Optical comparison of Sample 1 and Sample 5: (a) transmittance and (b)
haze

Figure 82. FE-SEM images of (a) Sample 1, (b) Sample 2. General view of surfaces of
(c) Sample 1 and (d) Sample 5.
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4.2.1.6. Sample 6: Thicker Al (220 nm)

When the Al thickness is increased from 150 nm to 220 nm, float regions on
the surface of Sample 6was observed as presented in Figure 83(b). These float regions
are probably Al>,O3 residue on the surface because no decrease in the transmission is
observed as given in Figure 84(a). In addition, due to high density of these float
regions, the haze is decreased to 51%, which is the minimum haze value among
Samples 1-6.

Figure 83. General view of (a) Sample 1 and (b) Sample 6.
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Figure 84. Optical comparison of Sample 1 and Sample 6: (a) Transmittance and (b)
haze.
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First trials revealed that NaOH:H20.:H20 offers effective scattering interface
for thin film solar cells. However, long etching durations (8 hours) and nodules on the
surface are two main problems of this solution. Because of the fact that this new basic
solution does not affects the glass surface, that can be seen by comparison of FE-SEM
image of Sample 1 and Sample 2, these nodules could have been formed during the
reaction in the annealing step. For detailed investigation of this solution, however,
evolution of the surface with the increase in the etching duration is studied. In addition,

the solution has made concentrated as an attempt to decrease the etching time.

4.2.2. Investigation of the Evolution of Surface During Etching by Basic
Solution with 1:2:6 Ratio

The evolution of the surface is investigated by FE-SEM through Figure 85(a)
to Figure 85(h). After 30 min of etching by concentric new basic solution at 75 °C,
nodules that are observed in first trials exposed. However, glass surface is not revealed.
After 40 min of etching, cracks on the surface is observed. In Figure 86(a), it can be
seen that some part of the over layer is removed. However, after 50 min of etching,
significant portion of the textured surface is exposed. In a closer look, it is seen that in
the boundary of textured surface and over layer, particles filled the texture craters as
presented in Figure 86(b). In addition, 60 min of etching can remove all reaction
products on the surface. There is no change in the surface structure observed for further
etching durations. The texture can be seen in Figure 87.
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Figure 85. FE-SEM images of the evolution of the surface during etching by basic
solution: (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (e) 50 min, (f) 60 min, (g) 90
min, (h) 110 min and (i) 120 min of etching at 75 °C.

Figure 86. Surface of sample after (a) 40 min and (b) 50 min of etching by basic
solution

99



Figure 87. Texture of surface after (a) 60 min, (b) 90 min and (c) 120 min of etching by

basic solution

The etching duration is decreased from 8 hours to 1 hour as discussed above
with concentric solution. Further decrease can be obtained by increasing the etching

temperature or using sonication during etching.

4.3. Comparison of HF-free Solution with Conventional Etchant

The obtained results from recipes that employ conventional etching and HF-
free etching processes have presented separately in previous sections. In this section,
a consistent comparison was made with 8 samples that are coated with 150 nm Al and
annealed at 550 °C. The change in the annealing temperature is made according to
annealing optimizations discussed in the section, 4.4. Annealing Optimization. The
optical characterization of these samples are made by integrated sphere spectrometer
in inverted configuration to decrease the error in the measurement coming from non-

uniform distribution of the light in the integrated sphere.

It is observed in the optical measurements presented in Figure 88 that there is
an enhancement in the transmittance for all samples. However, for HF containing
etching process, the transmission is decreasing to the transmittance value of reference
glass with the increase of etching time as shown in Figure 88(a). The reason for the
decrease is the decrease in the haze of the HF-used glasses with the increase of the

etching duration, which can be observed in Figure 88(b). 50% haze is obtained for 15
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seconds etched glass by conventional HF containing solution. When the etching
duration is increased to 30 seconds, haze decreases to 30%. Finally, 90 seconds etching
results with 7% haze. On the other hand, for newly developed solution that does not
contain HF, the enhancement in the transmittance is significant as given in Figure
88(a). The transmittance of the glass is increases from 87% to 92% for 400 nm
wavelength. The haze of NaOH etched samples is significantly higher than the ones
obtained by conventional etching as presented in Figure 88(b). The haze for
NaOH_0.5h is 80% for 400 nm wavelength and it is not changing with the further
increase of the etching duration as measured for 1 and 3 hours of etching.
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Figure 88. Optical comparison of AIT samples prepared by conventional etchants and
Hf-free solution: (a) Transmittance and (b) haze.

Figure 89 shows 3D and 2D AFM images of corresponding samples. It is observed
that with the increase of the etching time with HF based solution, the surface roughness
decreases and craters got bigger as given in Figure 89(a)-(c). The change in the surface
morphology with the increase of the etching time resulted with decrease in the haze.
On the other hand, for NaOH based solution used AIT samples, craters are small and

the morphology did not changed with the increase of the etching time as presented in
Figure 89(d)-(f).
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Figure 89. 20 pm x 20 um AFM images of (a) HF _15sec, (b) HF_30sec, (¢) HF_90sec,
(d) NaOH_0.5h, () NaOH_1h and (f) NaOH_3h.

4.4. Annealing Optimization

For the optimization of annealing step, firstly, annealing ambient was
investigated. Then, structural analysis for different annealing durations was made by
XPS, which is supported by optical microscope images, to obtain information about
the evolution of the Al/Al>O3 over layer. For a detailed investigation, evolution of the
surface was investigated alongside with SEM and EDX with the effect of the annealing
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conditions that are temperature and duration on the final texture, which is important to
eliminate non-uniformity on the surface texture exposed by basic solution.

4.4.1. Annealing Ambient Optimization

The AIT process is basically an oxidation process of Al. For an effective
annealing process, the annealing ambient is important because Al can be oxidized by
oxygen in the air. To investigate the annealing ambient effect, 2 samples that are coated
with 150 nm Al and annealed for 1 hour at 600 °C were prepared. Two different

ambients, air and N2, were used.

It is seen that samples have discontinuities on the film after annealing on both
N2 ambient and air. These discontinuities have circular shapes. However, the density
of these shapes changes for different annealing ambients. A150 N2 has low density of
discontinuity as shown in Figure 90 while A150 AIR have high density of
discontinuity as shown in Figure 91.

Figure 90. SEM image of A150_N2 with (a) 100x and (b) 500x magnification

103



Figure 91. SEM image of A150_N2 with (a) 100x and (b) 500x magnification.

To understand the nature of these discontinuities, EDX measurement was
conducted. In the FE-SEM image of the sample, which is presented in Figure 92(a), it
is seen that these circular shapes are like exploded bubbles. The marked area, 1, has
no Al detectable by EDX while area 2 has significant amount of Al as shown in Figure
92(b). The weight percentage and atomic percentage obtained from EDX

measurements are given in Table 13.

Area 1 Area ZSA
i 1

Na
Ca ca

0.90 1.80 270 3.60 4.50 090 1.80 270 360 450

Figure 92. (a) FE-SEM image of annealed sample under air with 3000x magnification,
20 kV acceleration voltage and (b) EDX measurements of numbered areas.
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Table 13. Weight percentage and atomic percentage for Area 1 and Area 2 defined in

Figure 92.
Area 1 Area 2

Element | Wt % At % Wt % At %

O 39.63 52.96 37.91 51.44
Na 11.58 10.77 6.15 5.81
Mg 3.26 2.86 2.70 241
Al - - 15.37 12.37
Si 40.02 30.47 32.26 24.94
Ca 5.51 2.94 5.60 3.03
Total 100 100 100 100

There are two mechanisms that could explain the formation of these
discontinuities. The first mechanism is that the thermal expansion differences causes
hillock formation [116], [125], [126]. Then, because of the reaction between Al and
glass, these hillocks become bubbles. The thermal expansion coefficient of the Al is
28 x 10°® °C1 [127]. On the other hand, the thermal expansion coefficient of the glass
is less than 10 x 10 °C? [128], [129]. The total volume of the hillocks can be

calculated with the given formula in Eq. 26.

Vhitock = 2t¢(@qr — syp)(T — T¢) (Eq. 26)111

where Vhiiock 1S the volume of the hillock, tr is the film thickness, aa is the thermal
expansion coefficient of Al, asub is the thermal expansion coefficient of the substrate,
T is the annealing temperature and Tc is the critical temperature where plastic
deformation occurs, which is reported as 90 °C for glass/Al case [116]. This kind of

discontinuities are inevitable during annealing.

The second mechanism is the interaction of the film with air molecules by

surface diffusion. O2/H20 in the air can penetrate into the interface and causes increase
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in the density of hillocks on the surface. For different metals, hillock formation due to
O2 annealing has reported [130].

It is observed that annealing under air disturbs the surface uniformity. Different

mechanisms are proposed to understand the formation of discontinuities on the film.

4.4.2. XPS Study on Annealing Effect for Al/Glass Interface During AIT

In this study, survey scans have obtained from 350 nm Al coated samples. On
the other hand, for detailed scans, 130 nm Al coated samples are used to decrease the
sputtering time during depth profiling by XPS. In addition, these samples were
annealed at 600 °C with different durations. Soda-lime glass investigated in this study
has a composition that is given in Table 14. The morphology of the samples was
investigated by optical microscope and the structural and compositional distribution
was studied with PHI Versaprobe 5000 Scanning X-Ray Photoelectron Spectrometer
(XPS) with Al Ka as an X-ray source by depth profiling.

Table 14. Chemical composition (wt%, approx.) of soda-lime float glass

SiO; AlO; CaO MgO Na,O Trace

718 11 82 44 143 0.2

The evolution of the film during annealing was monitored by optical
microscopy, as shown in Figure 93 for 350 nm Al coated samples. After 5 minutes of
annealing, there are dark spots that can be observed by reflected light, which appear
as bright regions under transmitted light as given in Figure 93(a). The surface
morphology was dramatically changed after 7 minutes of annealing; elongated features
that resemble peanut shells with a high contrast can be seen in the reflection images,
while the density of the bright spots on the transmission image has greatly increased
as shown in Figure 93(b). After 10 min. of annealing, as presented in Figure 93(c), a
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more uniform contrast is seen for the reflection image, whereas areas with high

brightness can be observed in the transmission image.

(a) 5 min.

Reflected light

Transmitted light

Figure 93. Optical microscopy images of 350 nm Al coated samples annealed for (a) 5
min., (b) 7 min. and (¢) 10 min. at 600 °C recorded by using reflected light (top) and
transmitted light (bottom).

The dark features seen in 5 min. annealed sample with reflected light [Figure
93(a)] are probably representative of Al.O3 formed during early stage of annealing
because of its high transmittance resulted from wide bandgap of Al.O3 [131], [132].
On the other hand, in sample annealed for 7 min. given in Figure 93(b), bright regions
observed by reflected light are c-Si clusters formed around Al2Os. c-Si probably acts
as a diffusion barrier to Al and hinders its interaction with the oxide layer.
Accordingly, Al on top of c-Si remains metallic and yield high brightness in the
reflection image. Optical image of 7 min. annealed sample taken by transmitted light
reveal a drastic intensity increase in the number of bright Al.Osz spots. In addition,

several areas where the Al.Os; nodules have accumulated can be identified. We
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speculate that these areas are preferential nucleation sites for Al>Oz (such as cracks
and/or other morphological defects), which promotes a reduction in activation energy.
When we look at the sample annealed for 10 min. [Figure 93(c)], bright regions seen
by reflected light in the sample annealed for 7 min. [Figure 93(b)] are disappeared due
to oxidation of Al at later stage of annealing. By looking at low reflectance and high
transmittance of this sample, it can be said that most of the Al is oxidized.

The compositional distribution at 10 min annealed sample was investigated by
XPS with as-deposited film and soda-lime glass substrate. Figure 94 shows
composition distribution of non-annealed Al film and soda-lime glass. In Figure 94(a),
it is seen that the film is metallic Al as expected. The plasmon peaks of metallic Al
can also be noticed in Figure 94(a). Peaks present in the survey scan of non-annealed
film are identified as Al2p (72 eV) and Al2s (117 eV) with plasmon satellite peaks as
summarized in Table 15. The constituents of the soda-lime float glass can be observed
in Figure 94(b), which appears to be in accordance with Table 14. It is observed that
there is Al present in the glass appears at 75 eV that belongs to Al2p energy in Al,O3
structure. In addition, oxide peaks of other components of the glass are identified as
Na2O, CaO, MgO and SiO», which are given with peak positions in Table 15. These

two spectra indicate two distinct layers (Al and glass) prior to annealing.
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Figure 94. Survey scans of (a) deposited Al film and (b) soda-lime glass and (c) 10 min.
annealed sample by XPS.

Table 15. Identification of peaks in deposited Al film presented in Figure 94(a) with
related references and identified peak positions in the literature

Peak P. Element &

(eV) Spec. Line Identification Reported Peak Position (eV)

72 Al2p Al 72.2 [133], 73.0 [134]

88 Al2p 1%t plasmon satellite 15 eV [135] or 15.5 eV [136] lower than
peak of metallic Al2p observed Al2p binding energy

103 Al2p 2" plasmon satellite 30 eV [135] lower than observed Al2p
peak of metallic Al2p binding energy

117 Al2s Al 117.9[137], 117.7 [138], 118.0

[139][134]
133 Al2s 1%t plasmon satellite 16 eV [134], [140] lower than observed

peak of metallic Al2s

Al2s binding energy
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Table 15 (continuous). Identification of peaks in deposited Al film presented in Figure
94(a) with related references and identified peak positions in the literature

Peak P. Element &

(eV) Spec. Line  Identification Reported Peak Position (eV)

148 Al2s 2" plasmon satellite 32 eV [140] lower than observed Al2s
peak of metallic Al2s binding energy

165 A2s 3 plasmon satellite 49 eV [140] lower than observed Al2s
peak of metallic Al2s binding energy

180 Al2s 4™ plasmon satellite 64 eV [140] lower than observed Al2s

peak of metallic Al2s

binding energy

Table 16. Identification of peaks in glass presented in Figure 94(b) with related
references and identified peak positions in the literature

Peak Element &
Position  Spectral
(eV) Line Identification Reported Peak Position (eV)
27 Ca3p CaO 27 eV [141], 26.2 eV [142]
75 Al2p Al,03 74.4 eV [143], 73.8 eV [144], 74.7
eV [145], 75.6 eV [146]
104 Si2p SiO; 103 eV [147], 103.5 eV [148], 103.6
eV [134]
155 Si2s SiO2 155 eV [134], 154.8 eV [149], 155.3
eV [150]
308 MgKLL MgO 307.5 eV [151]
349 Ca2p CaO 347.6 eV [152], 347.1 eV [142],
349.30 eV [153]
441 Ca2s Cao 440 [134]
499 NaKLL Na.O 496.9 eV [154], 497 eV [134]
Al,03 531 eV [134], 531.3 eV [143]
SiO; 533 eV [148], 533,7 eV [150]
533 O1s Na20 529.7 eV [134]
CaO 531.3 eV [134], 529.9 eV [142]
MgO 530.0 eV, 531.2 eV, 532.1 eV [134]
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Following 10 minutes of annealing, the XPS spectra suggests an intermixing
of components, as shown in Figure 94(c); photoelectron peaks of Al, Si, O, Na, Ca and
Mg can all be identified in a single spectrum. There are double peaks for the binding
energies of Si and Al as given in Table 17. Si2p peak appears at 99 eV and 104 eV,
the former belongs to elemental forms of Si while the latter represents Si binding
energy in SiO2 form. In addition, Al2p peak arises at 72 eV and 75 eV. The 3 eV
binding energy different corresponds to oxidation of Al in the form of Al.O3. However,
in other components of the glass, which are CaO, MgO, NaxO, any change in the
oxidation states could not identified in survey scan due to low intensity of the signal.
In 10 min annealed sample, Ca2p (2p3/2) peak appears at 349 eV, MgKLL peak at 308
and NaKLL peak at 499 eV.

Table 17. Identification of peaks in 10 min. annealed sample given in Figure 94(c) with
related references and identified peak positions in the literature.

Peak Element &
Position  Spectral

(eV) Line Identification Reported Peak Position (eV)

72 Al2p Al 72.2 [133], 73.0 [134]

75 Al2p Al20s 74.4 eV [143], 73.8 eV [144], 74.7
eV [145], 75.6 eV [146]

99 Si2p Si 99.0 eV [134]

104 Si2p SiO; 103 eV [147], 103.5 eV [148], 103.6
eV [134]

118 Al2s Al 117.9[137], 117.7 [138], 118.0
[139][134]

121 Al2s Al2O3 119.3 eV [155], 121.20 eV [146]

151 Si2s Si 151 eV [134]

155 Si2s SiO; 155 eV [134], 154.8 eV [149], 155.3
eV [150]

In order to acquire a deeper understanding of the chemical changes that occur
during annealing, high resolution XPS spectra from each element was collected for
130 nm Al coated samples. In Figure 95, photoelectron spectra of Al for different
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depths and different annealing durations are presented. For non-annealed sample,
presented in Figure 95(a), the film is elemental Al, in which Al2p appears at 72 eV
binding energy. There is a peak in the 20th and 30th layers which is corresponding
binding energy of Al in Al;O3 structure which presents inside the soda-lime glass.
After 7 minutes of annealing, there is significant amount of elemental Al present with
a broad Al,O3 peak as shown in Figure 95(b). When annealing time is increased to 15
minutes, on the other hand, it is observed that the film is composing of Al>Os mostly,
which is presented in Figure 95(c). After 40 minutes of annealing, the reaction is
completed [Figure 95(d)]. There is a small amount of elemental Al in this sample but
there is no further change is observed when annealing time is increased to 60 minutes

for 130 nm Al coated sample.
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Figure 95. Binding energy of Al from different depths for samples; (a) non-annelaed,
(b) annealed for 7 min., (c) annealed for 15 min. and (d) annealed for 40 min. Number
for each graph represents layer that the scan is taken.

When we look at binding energies of Si from different depths, a scenario
parallel with the case of Al can be seen as presented in Figure 96. In Figure 96(a), the
signal appears at 103 eV for 5th and 10th layers belongs to second plasmon satellite
peak of elemental Al coming from metallic Al film. After 7 minutes of annealing,
elemental Si is formed inside the film, which can be seen in Figure 96(b). It can be

seen clearly in 15 min. annealed sample that both elemental Si and SiO> can be present
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in the same layer as given in Figure 96(c). This indicates non-uniform reaction rate
coming from solid phase and liquid phase difference. The Si binding energy
distribution in 40 min. annealed sample can be seen in Figure 96(d). As the redox
reaction progresses, more c-Si is formed near the surface, as evidenced by the distinct

elemental Si peaks on 5th and 20th layers.
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Figure 96. Binding energy of Si2p after different number of sputtering cycles for
samples (a) non-annealed, (b) annealed for 7 min., (¢) annealed for 15 min. and (d)
annealed for 40 min. Number for each graph represents layer which the scan is taken.

When other components of soda-lime glass is investigated, it is seen that Na,
Ca and Mg are diffused through the film and especially Na is accumulated on the
surface as shown in Figure 97. For this analysis, binding energies for Ca2p, Mg2p and
Nals are investigated. Binding energies of Ca and Mg appears at 348.10 eV and 50.80
eV for Ca2p (2p3/2) and Mg2p peak correspondingly, which are belongs to binding
energy of Ca in CaO [142], [152], [153] and Mg in MgO [153]. There is no chemical
reduction of Ca and Mg as suggested in the literature [156]. However, it is observed
that significant amount of Na has diffused to the surface and binding energy is shifted
to lower binding energy on the surficial layers. The binding energy of Na in the glass
for Nals peak is measured as 1073.10 eV. On the surface of the annealed film, on the
other hand, peak position of Nals shifts to 1071.50 eV that is defined as elemental Na

[134]. Oxidation potential of Al is higher than Na, which explains existence of
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elemental Na on the surface [157], [158]. The accumulation seen in the XPS graphs,
presented in Figure 97(d), of the elemental Na is also observed by SEM and EDX as
given in Figure 98.Na-rich regions appear on top of Si rich regions. However, when
annealing time is increased more such as up to 240 minutes, the accumulation of Na
on non-Si rich regions can be also observed as seen in Figure 99. Even though redox
reaction finalized, the alkaline and earth alkaline metals from the glass continue to
diffuse.
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Figure 97. XPS depth profiles of non-annealed; (a) Nals, (b) Mg2p, (¢) Ca2p; and fully
annealed (40 min.) Samples; (d) Nals, () Mg2p, (f) Ca2p
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Figure 98. SEM image (x2500 mag.) showing Na reach regions with EDX
measurements

Figure 99. Comparison of (a) SEM image and (b) EDX map of Na, which is showing
accumulation of Na on the surface for 240 min. of annealing. Numbered circles
indicates accumulated Na on both EDX Map and SEM image.

4.4.3. Structural Evolution of Al/Glass Interface During Annealing and Its
Impact on Texturing

Structural, morphological, and optical characterization of the samples were made
before and after etching. The morphology and the elemental distribution of the

annealed film was investigated by an optical microscope and FE-SEM coupled with
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EDX. The structural and compositional evolution of the over-layer was studied by
Raman spectroscope. After texturing of samples, optical measurements were
conducted with an integrating sphere and topographical characterization with SEM

and atomic force microscope.

The optic microscope (OM) images and corresponding Raman spectra obtained
from samples annealed at 550 °C for 90 and 120 min (550 090 and 550 120,
respectively) are given in Figure 100(a) through Figure 100(f). The OM image of the
550_090 sample shows a high contrast Al background darker, micrometer sized spots
dispersed on the surface as seen in previous study discussed in the section, 4.4.2. XPS
Study on Annealing Effect for Al/Glass Interface During AIT. In addition,
agglomerate-like features with low contrast can be observed, as seen in the center of
the higher magnification image given in Figure 100(b) (taken by the built-in optical
microscope of the Raman spectroscope). The laser beam of the tool was focused on
the agglomerate-like feature, and Raman spectra was obtained that is shown in Figure
100(c). The Raman peak near 521 cm™ is distinguishable, which corresponds to
crystalline Si. Accordingly, it appears that nucleation of the reduced Si has already
begun at 90 min, and the dark features in the optical microscope image are Si
precipitates. The optical images for the 550 120 sample [Figure 100(d) and Figure
100(e)] show that the precipitates further grow into dendritic structures with a distinct
crystalline Si Raman peak, as shown in Figure 100(f). In addition, these crystals gives
a peak at 28.4° that corresponds to crystalline silicon with (111) orientation as
identified in powder diffraction file of Si [159]. To investigate on the compositional
distribution of the annealed samples, EDX mapping was carried out for silicon, oxygen

and aluminum.
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Figure 100. (a) OM of 550 _090, (b) image from built-in optical microscope of Raman
spectroscope of 550_090, (c) Raman spectra of 550_090, (d) OM of 550_120, (e) image
from built-in optical microscope of Raman spectroscope of 550_120, (f) Raman spectra
of 550_120.
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Figure 101. XRD pattern of 550_600. Red line shows (111) Si peak at 28.4° given in the
PDF file.

Figure 102(a) and Figure 102(b) shows EDX maps taken from samples 550 120
and 550 300, along with their respective secondary electron (SE) images. The
brightness of the color is proportional to the signal intensity obtained from its
respective element. A distinct compositional separation is noticeable on the 550_120
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sample, where the dendritic Si islands are enclosed by a mixture of Al and O as given
in Figure 102(a). In the near-vicinity of the Si dendrites Al signal is particularly bright,
whereas the O map reveals very low contrast. The high contrast Al regions are
considered to be metallic Al, while the surrounding area is aluminum oxide. In Figure
102(b), EDX map of Si, O and Al for 550_300 is given with corresponding SEM
image. In this sample, Si dendrites appear to have grown into a more equiaxed

morphology and no metallic Al is present near them.

Figure 102. EDX mapping for (a) 550_120, (b) 550_300, (c) 575_105 and (d) 600_060.
Secondary electron image (top left) and maps of Si (top right), O (bottom left) and Al
(bottom right).
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Figure 103. Optical images of annealed samples with varying durations at a
temperature of a) 550 °C, b) 575 °C, ¢) 600 °C. All images are obtained using reflected
light.

The evolution of the surface morphology during 550 °C annealing can be monitored
by the optic microscope images taken from samples annealed for varying times, as
shown in Figure 103(a). The dendritic Si crystals reach their final structure between
120 and 180 min. of annealing, and further annealing up to 300 min. does not produce
a significant effect. For the 550 _120 sample, the dendritic structures yield low contrast,
while for longer annealing times, they appear bright and the surrounding area have a
brownish color. This discrepancy is likely due to the reduction in the amount of
reflected light from the oxidized Al background, which results in the change in the
relative contrast between the dendrites and the background. When the OM images of
the 550 °C annealed samples are compared to those of 575 °C [Figure 103(b)] and 600
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°C [Figure 103(c)], a drastic difference in the morphology of the surface feature can
be seen. At 575 °C and 600 °C annealing, circular features are visible instead of Si
dendrites at the early stages of annealing. Upon further annealing, these structures
coalesce into unidirectional, “peanut-shell” shaped features (we will refer to these
features as “peanuts” for the rest of the text). These features appear smaller for the
samples annealed at 600 °C compared to those annealed at 575 °C. Figure 103 also
shows that the necessary annealing time to complete the reaction reduced significantly

with increasing annealing temperature.

Figure 102(c) and Figure 102(d) lists the SEM images and EDX maps (Si, O, Al)
for samples annealed at 575 and 600 °C, respectively. The annealing durations were
chosen to ensure that the process reached completion (i.e., all of the Al has been
oxidized) for each sample. It is noticeable that the peanut-like structures formed at 575
and 600 °C are not compositionally uniform; Si-rich regions are located at the
periphery, and a high concentration of Al and O is detectable inside of these features.
The separation is particularly distinguishable for the sample annealed at 600 °C as
shown in Figure 102(d).

Following the annealing runs, the samples were chemically etched by an alkaline
solution to remove the reactions products, and the texture of the bare glass samples
were investigated via SEM. Figure 104 shows SEM images with varying magnification
and viewing angles, taken from samples representing different stages of annealing at
550 °C. At 90 min. depressions (“craters”) up to 2 pm diameter are distributed on the
flat glass surface [Figure 104(a)]. After 120 min. of annealing, the crater density have
increased significantly, while flat areas can still be detected, as shown in Figure 104(b).
The craters coalesced into larger groups, forming a foam-like network on the surface.
At the end of 300 min. [Figure 104(c)] the surface is completely textured. The flat
zones observed for sample 550 120 appear to be textured in 550 300, albeit with a

smaller crater size compared to their surroundings.
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low high tilted view
magnification magnification with 75°

Figure 104. SEM images of samples after etching. (a) 550_090, (b) 550_120, (c) 550_300,
(d) 600_010, (e) 600_030, and (f) 600_060. Left column shows low magnification image,
middle high magnification image, and right column tilted view for each temperature.
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Figure 105. AFM images of sample 550 _300. (a) 2D image with 40 pum x 40 pm scan
area (b) 3D image with 40 pm x 40 pm scan area, (c) 2D image with 10 pm x 10 pm scan
area of the place indicated as “1” in the image with 40 pm? scan area (d) 2D image with

10 pm x 10 pm scan area of the place indicated as “2” in the image with 40 pm? scan
area, (e) 3D image of “1” with 10 pm x 10 pm scan area and (f) 3D image of “2” with 10

pm x 10 pm scan area.

The bare glass surfaces from the samples annealed at 575 °C and 600 °C were quite
similar to each other, therefore, only the SEM images of the latter is presented. Figure
104(d) shows secondary electron micrographs obtained from the sample annealed at
600 °C for 10 min. Craters with a diameter of 1 um or less can be seen randomly
distributed on the glass surface. At 30 min of annealing, the surface is fully covered
with craters, a pattern can be seen due to the contrast difference in the plan view images
[Figure 104(e)]. The pattern resembles the peanut-like shapes shown Figure 102(d).

The 75° tilted view reveals that the observed contrast in the plan view images is due
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to a height difference between adjacent regions. After 60 min. of annealing, the peanut-
like features appear larger, and the height difference is more pronounced [Figure
104(f)]. It can also be noted that the craters on these features appear to be smaller than

those on the surrounding areas.

Figure 105 shows 2D and 3D AFM images of 550 300 with 40 um x 40 pm and
10 um x 10 pm scan areas. The surface roughness (6rms) for measurement with 40 pm?
scan area is 325 nm [Figure 105(a)]. In both 2D and 3D AFM image of 550 300,
Figure 105(a) and Figure 105(b), there are relatively flat areas on the surface. Highly
textured area is numbered with “1” while relatively flat area numbered with “2”. When
10 um x 10 um images taken from these two areas are compared it can be seen that in
area “1” there are deep craters (with diameter approximately 2 um) and the surface
roughness is 300 nm as given in Figure 105(c). On the other hand, in the area “2” at
Figure 105(d), there are a few deep craters which are predominantly made up of
shallow craters with the surface roughness, 192 nm as given in Figure 105(d). The
difference between these two areas can be seen clearly in 3D AFM images given in
Figure 105(e) and Figure 105(f).
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Figure 106. AFM images of 600_060. (a) 2D image with 40 um x 40 pm scan area (b) 3D
image with 40 um x 40 pm scan area, (c) 2D image with 10 pum x 10 pm scan area of the
place indicated as “1” in the image with 40 pm? scan area (d) 2D image with 10 pm x 10
pum scan area of the place indicated as “2” in the image with 40 pm? scan area, (e) 3D
image of “1” with 10 pm x 10 pm scan area and (f) 3D image of “2” with 10 pm x 10 pm
scan area.

On the other hand, in Figure 106, 2D and 3D AFM images of 600 060 with 40 pm
X 40 pum and 10 um x 10 um scan areas are given. The surface roughness (oms) for
measurement with 40 pm? scan area [Figure 106(a)] is 124 nm. The peanut-like
features observed by other imaging techniques above can also be seen in the wide area
scans [Figure 106(a) and Figure 106(b)]. These areas are elevated from the surface by
approximately 500 nm. When the surface of this elevated area is investigated [Figure
106(c)], it is seen that the surface craters have diameter smaller than 500 nm resulting
in a local roughness of 72 nm. However, on the surrounding area [Figure 106(d)], the
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craters are larger ( >700 nm) and the surface roughness is considerably higher (134
nm). The difference between two surface can be compared in Figure 106(e) and Figure
106(f) with 3D images.

To compare the optical properties of the textured samples annealed at different
temperatures, total transmittance and haze (ratio of the diffused transmittance to total
transmittance) measurements were carried out by integrated sphere spectrometer on
reverse configuration. The light was sent through the textured side and the integrated
sphere was placed behind, facing the flat side of the sample. All samples were “fully
annealed”, i.e., further annealing did not produce a change in the surface morphology
(since temperature uniformities were observed for the 30 mm x 30 mm sample
annealed at 550 °C, the annealing duration was chosen as 600 min to ensure the process
was completed across the sample surface). The % transmittance values distributed
between wavelengths of 400 nm and 1100 nm were similar for all AIT samples as well
as samples Refl and Ref2, as shown in Figure 107(a). Transmittance of the 550 600
sample appeared several percentage points (pp) higher than the rest of the samples.
The haze values from representative AIT and reference samples are given in Figure
107(b). As expected, diffused transmittance for the non-textured Refl and Ref2 is
negligible, while considerable haze was observed for the AIT samples at all
wavelengths measured. Among these, the 550 600 sample showed significantly more
haze than its 575 and 600 °C counterparts (between 20 to 40 pp, depending on the
wavelength of the incoming light).
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Figure 107. (a) Transmittance and (b) haze of samples annealed at different
temperatures and durations with 2 reference sample.

125



The observations from the annealing experiments at different temperatures are
presented separately above to form a picture about changes during annealing. Several
commonalities exist amongst all temperatures examined. At the onset of annealing,
micron-scale Al,Oz nodules are distributed on the surface (Figure 103, leftmost
column), which, after chemical etching, manifest themselves as craters with several
um diameters (Figure 104, top row). As the annealing continues, distinct features
appear on the surface, consisting (at least partially) of crystalline Si [Figure 100(a)
through Figure 100(f)]. The process continues until no available metallic Al is present
at the glass surface. These observations are well in accord with the AIT model
presented by Huang et. al. [108].

However, the morphology of the Si-rich regions show considerable variation based
on annealing temperature, and indicates a fundamental difference in the crystallization
of Si. Whereas the Si crystals grow into a distinctly dendritic shape at 550 °C [Figure
102(a)], they form as a layer around the edges of Al-oxide structures at and above 575
°C [Figure 102(c) and Figure 102(d)]. In an attempt to explain this apparent
discrepancy, we make two assumptions to simplify the materials system:

Glass is assumed to be composed solely of SiO2, while the effect of other

components (alkali oxides, etc.) is ignored.

We consider SiO2 and Al>O3 to be chemically inert and neglect the effect of oxygen
(considering the minute solubility of O in Al and Si at the temperatures of concern
[160], [161]).

The problem can then be reduced to an isothermal Al-Si system where the
composition of Si with respect to Al is increasing with time (as the redox reaction
progresses). As such, we can refer to the Al-Si phase diagram (Figure 108) and discuss
the possible crystallization mechanisms for the low temperature (550 °C) and high

temperature (600 °C) processes separately.

At the beginning of annealing the system consists solely of Al. As the reaction
ensues, the chemically reduced Si dissolves in Al and its composition w.r.t. Al
increases rapidly, as indicated by the blue (550 °C) and green (600 °C) arrows in Figure
108. At 550 °C, as the concentration of Si exceeds the solubility limit (approximately

126



1.1%) nucleation occurs, forming Si crystallites within the solid Al. The location of
the available Al is dictated by the network of Al>Os particles at this stage. The process
resembles the nucleation and growth mechanisms observed for Al induced
crystallization, where the Al-grain boundaries and Al-oxide surface act as preferential
nucleation sites for Si [162]-[168]. Originally closer to a circular shape [Figure 100(a)
and Figure 100(b)], the crystallites respond to local fluctuations of Si concentration in
the surrounding Al and grow into a dendritic form [169] [Figure 100(d) and Figure
100(e)]. As the Al2Os growth compete with that of the Si dendrites for lateral space,
the expansion of the latter is restricted within the available Al. The restriction can
easily be observed by comparing Figure 109(a) and Figure 109(b), where the EDX
maps presented in Figure 102(a) and Figure 102(b) are overlaid to show the
composition near the Si dendrites for samples annealed at 550 °C for 120 and 300 min.,
respectively. At 120 min. regions rich in Al (i.e., poor in oxygen) are visible,
particularly in between the “branches” of the Si-dendrites, while the background is
predominantly of Al>Os [Figure 109(a)]. As the growth is confined into the Al, the Si
crystals become more compact in shape, while the effective radii (approximately 50
um) does not change appreciably at 300 min. of annealing [Figure 109(b)]. Our
explanation of the processes that occur at 550 °C is based on the work published by
Huang et. al., which investigated the AIT process at 570 °C and observed the formation

of dendritic Si [108], very similar to those shown in the present study.
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Figure 108. Al-Si phase diagram with sketches illustrating the evolution of the film and

interface morphology. Phase regions are defined as (A) a-Al (<1.3% Si), (B) a-Al + Si,

(C) Liquid Al (~11-14% Si), (D) a-Al (<1.3% Si) + Liquid Al (~11% Si) and (E) Liquid
Al (~14% Si) + Si (~100% Si).

Figure 109. Overlaid Si, Al, and O EDX maps of (a) 550 _120 and (b) 550_300. The
turquoise arrows indicate the direction that Si dendrites are allowed to grow, while the
red lines suggest where growth is restricted.
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The annealing process at 600 °C commences similarly to that at 550 °C: The Si
produced in the redox reaction is dissolved in Al (“#1”, as labelled in Figure 108),
forming a solid solution, until the concentration of Si in Al exceeds the solubility limit
(#2, approximately 1.3%). Beyond this point (#3), addition of Si into the system results
in the formation of a liquid Al-Si phase (with a Si concentration of approximately
11.0%) within the saturated Al solid phase (Si concentration of approximately 1.3%).
The fraction of the liquid phase increases as Si is introduced (and Al is removed) until
the system is fully liquid at an overall Si concentration of 11.0% (#4). The system stays
as a single liquid phase (#5), until the Si concentration reaches ~14.0% (#6), after
which the nucleation of Si is initiated (#7). The Si precipitates continue to grow until
there is no available Al left to sustain the redox reaction at the glass surface. Using this
model, we can then explain the structural formation of crystal Si as follows: At #2, Si
saturated Al phase is present, wherein Al,Oz particles are dispersed randomly. Upon
the formation of the liquid phase, the rate of redox reaction at the liquid/glass interface
increases drastically due to enhanced transport mechanism. This results in a positive
feedback loop where the increase in the amount of liquid phase increases the
production of Si, and vice versa. This cascading reaction Kinetics is apparent in OM
images presented in Figure 110, where a sudden change in morphology between 11
minutes and 12 minutes of annealing can be seen. The Si concentration rapidly reaches
past #6, and precipitation begins. The Al.Os surface acts as a highly preferential
nucleation site for Si, which wraps around the Al,O3 regions to form the structures
seen in Figure 102(b). A similar phenomenon where Si segregation on Al.O3 was

observed for the cooling of eutectic Al-Si mixture in a previous study [170].

Figure 110. Optical microscope images of (a) 600_011, (b) 600_012 and (c) 600_013.
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As understood from the present study as well as those carried out previously [108],
the fundamental texturing mechanism of AIT formation of Al>O3 particles and their
expansion into the glass, which manifest themselves as micro-craters on the glass
surface after removing of the over-layer by chemical etching. On the other hand, the
simultaneous production of elemental Si results in processes that affect the crater
formation depending on the temperature at which the annealing is carried out.

As the precipitates grow, they act as a diffusion barrier between Al and glass,
hindering the redox reaction. This is apparent in Figure 111(a) and Figure 111(b),
where the Si-EDX map from the Al over-layer of the 550 120 sample (prior to
chemical etching) is compared to the SE micrograph of the same sample after etching
as well as in AFM images in Figure 105. Relatively flat regions with shapes that
resemble the Si dendrites are clearly visible on the etched glass. The lateral size of the
flat zones appears to be smaller compared that of the Si dendrites, possibly indicating
that the growth of Si extends onto the Al2Os particles during the later stages of

annealing.

A more complex phenomenon is observed at 600 °C, which is well above the Al-Si
eutectic temperature, which is 577 °C [171]-[175] . The increase in the Si
concentration in Al promotes the formation of a liquid phase. Where the liquid phase
is in contact with the glass, the rate of the redox reaction is significantly enhanced,
therefore, a more rigorous etching pattern is expected. In Figure 111(c) and Figure
111(d), it is seen that the shape of peanut-like structures seen during annealing are
imprinted on the glass surface as distinct regions following the chemical etching of the
over-layer. These regions have a lower crater-size distribution and appear to be
elevated by 500 nm compared to their surroundings [Figure 104(f), Figure 106(a) and
Figure 106(b)]. The peanut-like structures were formed during the initial phase of
annealing, while the Al was solid, and were subsequently enclosed by Si upon its
precipitation. As such, the glass under these regions were kept from interacting with
liquid Al, thus have a lighter etch pattern.

It is worthwhile to mention that the AIT experiments carried out at 575 °C and 600
°C appear very similar, indicating the formation of a liquid Al-Si phase in both cases.
Considering that the eutectic temperature of the pure Al-Si system is 577 °C, texturing
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at 575 °C would be expected to occur in solid phase only, similar to 550 °C. This is
likely an indication that the additional elements introduced through the glass (Na, Mg
etc.) resulted in a decrease in the eutectic temperature of the system, as suggested by

previous studies that reveal such a modification of the Al-Si system [173], [175], [176].

Figure 111. Comparison of EDX map of Si with textured surface. (a) EDX map of Si
belongs to 550 120, (b) SEM image of 550 120 after etching. (¢) EDX map of Si belongs
to 600_060 and (d) SEM image of 600_060 after etching process. Plateaus are circled
with red dashes.

Optical measurements given in Figure 107(a) and Figure 107(b) show that the
diffused transmittance in sample annealed at 550 °C is greatly enhanced compared to
its counterparts annealed at higher temperatures. The haze is approximately 20 pp
higher at low wavelengths (near 400 nm) for the former, and the difference reaches up
to 40 pp at higher wavelengths (near 1100 nm). This significant difference in haze can
be correlated to the difference in surface texture of samples annealed only in solid
phase (i.e., at 550 °C) and those experienced the formation of a liquid phase (at 575
and 600 °C). As explained in the previous section the overall surface texture is

relatively uniform for samples annealed at 550 °C, whereas two distinct regions with
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different texture characteristics are observed at higher annealing temperatures
(depending on whether the redox reaction between Al and SiO. occurred at the
solid/solid or the liquid/solid interface). In order to elucidate the texture periodicity of
samples annealed at different temperatures, 2D Fast Fourier Transform (2D FFT)
Images are created using representative AFM images of samples annealed at 550 and
600 °C, as shown in Figure 112. For both cases, the highest intensity is seen at the
center of the map, which corresponds to scattering events associated with lowest
spatial frequencies, thus transmission is almost entirely specular. The scattering events
with higher frequencies (i.e., diffused scattering) are represented with a higher k-
vector, thus are further away from the center [177]. It can easily be seen that as at
higher k-vectors the brightness of the sample 550 300 is significantly greater to that
of the sample 600 060, suggesting a higher haze value over a wide range of

frequencies.
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Figure 112. Comparison of surfaces by Fast Fourier Transform (FFT) of AFM images;
() AFM image of 550_300, (b) AFM image of 600_060, (c) 2D FFT of AFM image of
550_300 and (d) 2D FFT of AFM image of 600_060.
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4.5. The Effect of Glass Type

In this section, different glasses were used to investigate the influence of the
glass type on AIT process. The study is conducted with conventional etchants for 150
nm Al coated samples that are annealed at 600 °C for 1 hour under N2 flow. Soda-
lime, borosilicate, alkaline-free and fused silica have processed. The characterization
of these samples were made by SEM, AFM and integrated sphere spectrometer on

standard configuration.

In Figure 113, SEM images of four different glasses are given. As seen from
SEM images, soda-lime glass in Figure 113(a) have the largest crater size, followed
by the alkaline-free glass given in Figure 113(c). On the other hand, borosilicate glass
shown in Figure 113(b) have smaller crater sizes. Different picture exists in Figure
113(d) that shows the texture of the fused silica glass sample. The surface is not
uniform as in the other samples and the crater formation is not observed. There might
be a correlation between the resistance of the fused silica glass sample to etchants (as
mentioned in the experimental section) and the observed non-uniformity. To
understand the surface morphology better, AFM measurements is conducted as
presented in Figure 114. In each AFM image, a 2-dimentional image of measurement
IS given at top right-hand corner of the 3-dimentional image with the color code and

roughness in nm.
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Figure 113. SEM image of (a) soda-lime glass, (b) borosilicate glass, (c) alkaline-free
glass and (d) fused silica glass with 5000x magnification and 30° measurement angle
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Figure 114. 20 pm x 20 pm AFM images of (a) soda-lime glass, (b) borosilicate glass, (c)
alkaline-free glass and (d) fused silica glass
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As seen in Figure 114(a), soda-lime glass have the largest craters with 170 nm
roughness, confirming the SEM images. The surface is almost perfectly filled by U-
shaped craters. On the other hand, in both SEM and AFM images for the alkaline-free
glass [Figure 113(c) and Figure 114(c)], there are some very deep and large craters
than the ones in the surrounding area, which results with 68 nm roughness. The reason
might be the non-uniform composition difference or some contamination to glass
before deposition. As seen in Figure 114(b), however, borosilicate glass has small
craters but uniform surface with a roughness of 78 nm. Finally, in fused silica glass,
surface is very random and there is no crater formation. The roughness of fused silica
is 104 nm. When these four AFM images (Figure 114) considered together, it can be
deducted that the presence of chemicals other than SiO; has a strong effect on

texturing.

There is no observed relation between SiO, percentage and roughness but there
are five other chemicals that might play a role in the texturing mechanism. The z-range
of soda-lime glass is bigger than the rest and there is considerable difference between
this glass and the others. The same scenario can be considered for roughness. When
we look at the contents of the glass, it can be seen that CaO and MgO is present in
soda-lime glass while absent in others. This might be the reason for the different
morphologies. On the other hand, fused silica glass do not have any chemical
compounds other than SiO. and as a result, z-range and crater size is small. This can
be interpreted as, due to being pure SiO2, chemical reaction starts simultaneously in
most of the points on the surface that prevent formation of U-shaped craters. The
forming of U-shaped craters may depend on existence of non-SiO, components like
B203, Na2O etc.

After AFM measurements, optical measurements are conducted, as presented
in Figure 115. Optical transmittance and percentage of transmitted light which is

scattered (haze) are measured.
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Figure 115. Total transmission and haze of (a) soda-lime glass, (b) borosilicate glass, ()
alkaline-free glass and (d) fused silica presented as before texturing and after texturing.

Among these four different glasses, soda-lime glass yielded the highest haze
value subsequent to texturing, as seen in Figure 115(a). In addition, there is an
enhancement in optical transmittance up to 600 nm wavelength, which can also be
related to the high haze. If we focus on the interval 400-450 nm, it can be seen that
there is an important increase in transmittance while haze is making a peak. The same
relation between haze and increase in total transmittance can be observed in Figure
115(b) and Figure 115(c) where the optical characteristics of the borosilicate and
alkaline-free glasses are given, respectively. However, the enhancement in total
transmission can be observed up to 700 nm in this case. This relation may be
determined by surface morphology which induce graded refractive index so that

reflection from textured surface is decreased [67], [178].

It is seen in Figure 115(d), there is an enhancement in optical transmission up

to 500 nm wavelength. This enhancement is probably due to the relatively small
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surface structures formed upon texturing. However, the haze is larger than the ones of

alkaline free glass and borosilicate glass.

The influence of the composition of the glass was investigated in this study. As
aresult, it was observed that different compositions lead to different surface structures.
With optimized AIT process, soda-lime glass performs better than other type of glasses

in terms of haze and uniformity of the surface.

4.6. Combination of Macro and Micro/Nano Texture

In this thesis, different parameters were optimized to obtain high haze values
combined with high surface uniformity. This section covers the attempts to obtain
more effective light trapping schemes by combination of textures obtained by AIT
process with macro structures, sandy texture and inverted prism pattern. The
characterization of these samples were made by FE-SEM and integrated sphere

spectrometer on reverse configuration.

A float soda-lime glass is textured to obtain nano and micro textures as a
control group. Results show that surface texturing of float glass was achieved
successfully. FE-SEM images of AIT float glasses etched by acidic and basic solutions
are given in Figure 116(a) and Figure 116(b), respectively. By applying different types
of etching solutions in AIT process, variable crater size distribution was obtained.
Acidic etchant provides micro scale crater formation on the surface (named as
float_acidic), whereas basic etchant, which includes NaOH, provides smaller craters
that are mainly in the range of 0.2-1.0 um.
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Figure 116. FE-SEM images of AIT float glasses etched by (a) acidic solution, (b) basic

solution
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Figure 117. Optical measurement results of AIT float glasses. (a) transmittance and (b)
haze

The effect of etching solution on the optical properties and crater size
distribution of the glass can be seen clearly in Figure 117. Transmittance of the glass
was slightly increased when surface was textured by AIT. The increase in
transmittance is higher for float_basic samples when compared to float_acidic.
Furthermore, in the case of haze at lower wavelengths (<700 nm), haze is higher for
float_basic. Haze was observed to decrease from 75% (at 400 nm) to 33% (at 1100
nm). However, the haze value of float_acidic is 60% that lower than that of
float_basic. In addition, the decrease in the haze with the increase of wavelength is
lower than for the float_basic. Results of optical measurements can be correlated with
crater size distribution and effects can be visualized with these graphs. In the case of
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basic etchant, smaller craters efficiently scatter light for lower wavelengths which
results in higher haze values. On the other hand, acidic etchant that provides bigger

craters yields in more uniform haze through visible light spectrum.

Two types of macro textured glasses, prism and sandy were supplied by
Sisecam. The surface profiles and SEM images of the non-processed samples are given
previously in Figure 46 presented in the section, 4.6. Combination of Macro and
Micro/Nano Texture. The range of the peak to peak height is 19 pm in sandy glass
[Figure 46(b)] while it is 96 um in prism glass [Figure 46(d)].

These samples were textured by AIT method with acidic and basic etching
solutions. It is seen in Figure 118(a) and Figure 118(c), that the surface structure of
both glass types showed a similar pattern. It presents similar features obtained in
float_acidic samples. In addition, basic solution etched sandy glass (sandy_basic)
appears analogous to float_basic in terms of surface features [Figure 118(b) and Figure
116(b)]. On the other hand, prism_basic has non-uniform crater distribution as seen in
Figure 118(d). This non-uniformity is resulting from different etching rates on the
sample due to the inverted pyramid-like geometry of prism glass.

Figure 118. FE-SEM images of AIT Sandy glass etched by (a) acidic, (b) basic etchant
and AIT Prism glass etched by (c) acidic, (d) basic etchant.
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In order to clearly observe the crater formation by basic etchant, SEM image
was magnified as seen in Figure 119. It is seen that smaller craters in the size of sub-

microns were settled inside the inverted pyramid-like grooves.

Figure 119. Magnified FE-SEM image of prism_basic

In Figure 120 and Figure 121, optical measurements of AIT sandy and prism
glasses are depicted. It is obvious that AIT process has increased haze values
remarkably. Moreover, transmittance values were slightly increased for all cases as
seen in Figure 120(a) and Figure 121(a). In Figure 120(b), it is seen that initial haze of
sandy glass (sandy_ref) is as low as 3%. After texturing of the glass by AIT technique,
haze has reached slightly below 50% and lowering to 30% as the spectrum goes to
infrared (IR) region for sandy_acidic. On the other hand, haze of sandy_basic has
reached nearly 75% and reduced to 30% in IR region. The pattern in haze for
sandy_basic is similar to float_basic, which means there is no significant effect of
macro-textured surface structure of sandy sample on optical properties. However, in
the sandy_acidic, haze is lower when compared to float_acidic. The combination of
macro-nano texture in sandy patterned samples did not show a significant difference

in terms of haze when compared to AIT float glass.
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Figure 120. (a) Transmittance and (b) haze measurements of processed sandy glasses.
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Figure 121. (a) Transmittance and (b) haze measurements of processed prism glasses.

It can be observerd from Figure 121(b) that even non-processed prism glass
has a uniform haze value around 65%. Commercially available non-textured prism
glasses are competitive with AIT sandy glasses. Moreover, it shows the same pattern
as that of float_acidic. After AIT process, prism_acidic reached 80% and prism_basic
gave nearly 90% haze values. In addition, haze follows a uniform pattern through solar

spectrum. Thus, it can be concluded that AIT prism glass is superior in terms of haze.

With the combination of different textures, it is possible to obtain near-unity
haze. In this study, inverted prism macro pattern combined with AIT employs basic

solution gives higher performance than standard AIT employs basic or acidic solution
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to remove reaction products. On the other hand, random sandy texture gives no

significant enhancement in the optical properties when it compared with float glass.

4.5. Enhancement in a-Si:H Thin Films and Solar Cells

4.5.1. Thin a-Si:H Film Results

Absorption and spectral response results of 300 nm a-Si:H deposited samples
are presented in Figure 122 with a comparison between coated float sample. In Figure
122(a), the wavelength range was set as 500-700 nm as it is in the vicinity of the cut-
off wavelength. Between 550-650 nm, the area under the absorption curves for
textured samples are greater than that for reference glass, which corresponds to an
increase in the absorption by thin film deposited on textured glasses. Similar
observation can be deducted from Figure 122(b) that shows normalized spectral
response measurement results.
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Figure 122. (a) Absorption and (b) normalized spectral response of reference glass,
AIT_350nm_25sec, AIT_130nm_20sec and AIT_130nm_25sec coated with 300 nm a-
SitH.
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The enhancement in spectral response of a-Si:H deposited samples can be
found from Eq. 27. The enhancement in the photocurrent was observed for all samples
(Figure 123). The maximum enhancement was obtained for 630 nm wavelength.
AIT_130nm_20sec sample shows 5% enhancement in the photocurrent, which is

maximum.

%Iph_Enhancement(/l) = (Iph_AIT - Iph_REF)x100 (Eq. 27)
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Figure 123. Spectral photocurrent enhancement of a-Si:H deposited samples

4.5.2. a-Si:H Solar Cell Results

In this study, AIT processed float, sandy and prism glasses were used. The
results of I-V measurement are tabulated in Table 18. It is observed that non textured
float glass has peeling off problem after a-Si:H solar cell production. That is the reason
why it was not possible to make I-V measurements. However, a-Si:H solar cells on
processed float samples were successfully produced. The efficiency for conventional
AIT process (float_acidic) was 2.34%, while it was 2.15% for developed AIT process
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(float_basic). The I-V curves of these samples are presented in Figure 124. The Jsc is

significantly lower in float_basic sample.

Table 18. 1-V measurement results of a-Si:H solar cells on float, sandy and prism

glasses
Sample Voc (V) Jsc (mA/cm?)  Fill Factor (%) Efficiency (%)
Float_acidic 0.76 4.23 65.42 2.34
Float_basic 0.77 3.86 65.25 2.15
Sandy_ref 0.77 4.16 66.72 2.38
Sandy_acidic 0.76 4.48 66.30 251
Sandy_basic 0.75 4.99 65.86 2,74
Prism_ref 0.76 4.34 66.86 2.47
Prism_acidic 0.75 4.18 61.36 2.14
Prism_basic 0.75 4,94 61.79 2.55
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Figure 124. 1-V measurement of float_acidic and float_basic glasses

For sandy and prism glasses, a-Si:H solar cell production has been successfully

carried out. Results are tabulated in Table 18 and I-V curves are given in Figure 125.

In sandy glasses [Figure 125(a)], reference glass has 2.38% efficiency. After AIT
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process with conventional etchants, the efficiency was increased to 2.51% while Js
was increased from 4.16 mA/cm? to 4.48 mA/cm?. On the other hand, for developed
solution, efficiency was increased further to 2.74%., while Jsc was increased to 4.99

mA/cm?. For sandy glass, developed solution offers higher enhancement.

In processed prism glasses [Figure 125(b)], conventional AIT process was
resulted with lower efficiency than reference prism glass (2.14% and 2.47%
correspondingly). On the other hand, developed process offers an enhancement in
terms of efficiency and short circuit current. The efficiency was increased to 2.55%
while Jsc was risen from 4.34 mA/cm? to 4.94 mA/cm?.,

£
-
=
[0
=
8 0,05
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Figure 125. I-V measurement results of AIT process (a) sandy and (b) prism glasses
with reference samples

It is observed that AIT process eliminated peeling-off problem of a-Si:H solar
cells. Additionally, it was measured as AIT texturing method offers enhancement in
the efficiency. For sandy glass, the enhancement in the efficiency was higher than the
prism glass. The maximum efficiency value was obtained for sandy_basic as 2.74%

while the lowest efficiency value was 2.14% for prism_acidic.
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CHAPTER YV

CONCLUSION

In this thesis, aluminum induced glass texturing, which is one of the light
trapping schemes that can be applied to thin film solar cells, is optimized alongside
with improvements in the process. Optimization studies of aluminum thickness and
etching by conventional etchants were conducted. In each sample, U-shaped craters on
the surface with different topographies were obtained. It was seen that 50% haze at
400 nm wavelength in the transmittance could be achieved with conventional AIT
process. The crater size differs from 2 um to 5 um. On the other hand, AIT process, in
which developed solution was used, offers 80% haze at 400 nm wavelength with

craters sizes ranging from 0.2 pm to 1 pm.

During the optimization of the annealing, it was observed that above the
eutectic temperature, reaction proceeds with phase transformations. After certain
concentration of elemental Si, liquid Al-Si phase forms and the reaction rate increases
dramatically during the annealing process. Moreover, due to agglomeration of c-Si and
phase transformations, the surface is not uniform. On the other hand, below the eutectic
temperature, the reaction proceeds in solid phase and elemental Si crystallize
throughout aluminum induced crystallization mechanism. In both cases, c-Si forms
with (111) orientation.

It is also observed that the surface texture strongly depends on the composition
of the glass. Soda-lime glass offers highest haze values with high uniformity on the
surface. On the other hand, no crater formation was observed on fused silica glass that
formed by 100% SiO>. An attempt to increase the haze value has been conducted with
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the combination of macro texture with AIT textures. With the combination of AIT
texture with macro textures, it is possible to obtain 90% haze with high unity

throughout the solar spectrum.

When AIT samples were coated with a-Si:H thin film, 5% enhancement in
photocurrent near the cut-off wavelength was achieved. A peeling-off problem in float
glasses was present. In AIT glasses, there were no observable peeling-off after a-Si:H
solar cell production. Even though prism glass offers 90% haze, the efficiency
measurements showed an increase from 2.47% to 2.55%. However, the efficiency of
a-Si:H solar cell in sandy glass that was textured by developed process was 2.74%
while it was 2.38% for reference sandy glass. The enhancement in thin film solar cells
with the aluminum induced texturing method on glass substrates was proved to be

possible by thin film and solar cell measurements.
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