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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF AMORPHOUS SILICON
THIN-FILM SOLAR CELLS ON FLEXIBLE SUBSTRATES WITH LASER
TEXTURING

Demircioglu, Zeynep
Doctor of Philosophy, Physics
Supervisor : Prof. Dr. Rasit Turan

March 2022, 160 pages

Thin-film photovoltaic (PV) panels are promising technologies in the PV market due
to their low production costs and other advantages such as temperature resistance
and diffuse radiation performances. Thin-film photovoltaic panels can be produced
on not only rigid substrates but also on flexible substrates. Flexible solar cells have
several advantages: flexibility, lightweight, mobility, and easy transport
specifications. The scope of the research presented is to study low-temperature
deposition and optimization of hydrogenated amorphous silicon (a-Si:H) deposition
for flexible solar cells. The aim of this study is to optimize the flexible solar cell
process by investigating the effects of deposition parameters on a-Si:H thin film
properties and cells, to obtain surface texturing on transparent conductive oxide by
a novel texture, which is done by direct laser writing, to scale-up from cell to
monolithically series-connected flexible solar module. Different flexible substrates
are compared for flexible solar cell production. A novel texturing of aluminum-
doped zinc oxide (AZO) films is proposed and deposited on flexible substrates for

photovoltaic applications. A comparative study of the effects of different laser



wavelengths on texturing/patterning of AZO is discussed. Single-junction flexible
thin-film solar cell production methods and efficiency enhancements are developed
and applied. Thin-film deposition optimization in CVD chambers and laser processes
is optimized during this study.

Keywords: Flexible Solar Cell, Amorphous Silicon, PECVD, Sputter, Laser Process
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ESNEK ALTTASLAR UZERINE LAZER iLE DESENLENDIRILMIS
AMORF SIiLiSYUM INCE FiLM GUNES GOZESi URETIiMi VE
KARAKTERIZASYONU

Demircioglu, Zeynep
Doktora, Fizik
Tez Yoneticisi: Prof. Dr. Rasit Turan

Mart 2022,160 sayfa

Ince film fotovoltaik (FV) panelleri, diisiik iiretim maliyetleri ve 1siya karsi
dayaniklilik ve indirek radyasyon performansi gibi diger avantajlar1 nedeniyle FV
pazarinda umut verici teknolojilerdir. Ince film fotovoltaik panelleri sadece sert
alttaglara degil esnek alttaslara da iiretilebilir. Esnek giines gozeleri, esneklik,
hafiflik, mobilite ve kolay tasinabilirlik gibi 6zellikleri sayesinde bir¢ok avantaja
sahiptir. Sunulan ¢alismanin kapsami, esnek gilines gozeleri icin diisiik sicaklikta
biriktirme ve hidrojene amorf silisyum (a-Si:H) buyutmenin optimizasyonunu
incelemektir. Esnek gilines gozesi liretimi i¢in farkli esnek yiizeyler karsilastirilir.
Aliminyum katkili ¢inko oksit (AZO) filmleri fotovoltaik uygulamalar igin esnek
substratlar lizerinde biriktirilmis ve bu tabakanin piiriizlendirmesi yeni bir yontemle
calisgitlmistir. Farkli lazer dalga boylarinin AZO tabakasimin purGzlendirilmesi
tizerindeki etkileri karsilastirmali olarak tartisilmistir. Tek eklemli esnek ince film
giines gozesi iiretim yontemleri ve verimlilik iyilestirmeleri gelistirilmis ve
uygulanmistir. Bu ¢alismada plazma destekli kimyasal buhar biriktirme (PECVD)
odalarinda ince film biriktirme ve lazer islemleri optimize edilmistir. Bu ¢alismanin

amaci, birikme parametrelerinin a-Si:H ince film 0Ozellikleri ve giines goézeleri
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tizerindeki etkilerini arastirarak esnek giines gozesi Uretim slrecini optimize etmek,
dogrudan lazerle yazma ile yapilan yeni bir puriizlendirme ile seffaf iletken oksit
Uzerinde ylzey dokusu elde etmek ve tek eklemli giines gdzesinden monolitik seri

bagli esnek gilines modiilii elde etmektir.

Anahtar Kelimeler: Esnek Giines Gozesi, Amorf Silisyum, PECVD, Sigratma, Lazer

Isleme
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CHAPTER 1

INTRODUCTION

Technology is developing rapidly throughout the world, and as a result, energy
demand is increasing exponentially. This demand created the need for lower-cost
energy generation. Also, the Global warming concerns created the sustainability

research field to find greener and renewable energy sources.

The COVID-19 pandemic, which started at the end of 2019, affected the world in
every aspect in 2020, causing a significant economic crisis globally. Although the
closure of the whole world caused a decrease in energy consumption, the share of
renewable energy in production has increased [1]. As a result, solar energy has
proven its importance and place in the market among the inexhaustible, green, and

renewable energy sources.

Solar energy conversion into electricity occurs by two different methods, either
directly or indirectly. The method of obtaining thermal energy indirectly from the
sun is solar thermal. It is used to meet the heat energy requirement. Another indirect
energy conversion is concentrated solar energy, used for electrical energy generation.
Concentrated solar energy is an energy conversion obtained by converting the solar
energy into heat and transferring the converted energy to the turbines to acquire
electricity. The direct conversion of solar energy to electrical energy is done by the
photovoltaic effect (PV). Structures working with the PV effect principle are solar

cells.

The discovery of the “photovoltaic effect” was founded by Edmond Becquerel in
1839, but no further research was conducted until the 1950s. [2]. Silicon layers have

been used for photovoltaic technology since the 1950s. In 1953, Daryl Chapin and



Calvin Fuller, the two scientists at Bell Laboratories, demonstrated the first silicon
solar cell, which converts enough energy to electrical power via a p-n junction [3].
These studies were on crystalline silicon, which is solid and fragile—increasing
production costs, creating research opportunities to investigate methods to deliver
cost-effective solutions. Later a new material was developed by Sterling et al., based
on the deposition of silicon thin-film from silane gas in 1965 [4]. Better and
acceptable quality of undoped amorphous silicon layers were obtained by Chittick et

al. from a silane discharge in 1969 [5].

The ability to produce silicone in thin layers allowed the low-cost production of solar
energy. In 1975 Spear and LeComber reported that amorphous silicon could be
doped to obtain p and n-type materials [6]. In 1976 Carlson and Wronski announced
the first experimental a-Si:H solar cell made at the Radio Corporation of America
(RCA) Laboratory with 2.4% efficiency (on glass) [7]. In addition to that, Wronski,
Carlson, and Daniel at RCA Laboratories reported a Pt/a-Si:H Schottky barrier solar
cell made on a stainless-steel substrate [8]. The production of thin-film silicon solar

cells started the new era called second-generation solar cells.

In 1977 Staebler and Wronski reported a decrease in the photoconductivity under
illumination. Also, another decrease in the dark conductivity after illumination [9].
This effect caused by the amorphous structure is known as the light-induced
degradation (LID) or Staebler-Wronski effect (SWE). Although this feature is one
of the most significant disadvantages against crystal silicon, it also has cost reduction
advantages due to less material usage, low temperature, and large-area production
possibilities. After the evolution of the plastic industry in the 1980s, plastic substrates
gain an attraction. As a result, 1980s p+-i—n+ a-Si:H/ITO solar cells were made on
organic polymer (plastic) film substrates by Okaniwa et al. [10]. Later in the 1990s,
the production of flexible modules on the plastic substrates was produced by roll-roll

processes.



1.1  Amorphous Silicon

In the thin-film silicon solar cells (TFSSC) structure, silicon is used mainly in the
amorphous form since the amorphous silicon has a higher direct bandgap than the
crystalline form. Also, the absorption coefficient of the amorphous silicon material
is higher when compared to the crystalline version. This property of amorphous
silicon makes it possible to be used in TFSSC as a very thin layer [11].
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Figure 1.1 Atomic structure of (a) c-Si b) a-Si

The term amorphous is commonly used for non-crystalline materials. Figure 1.1
shows the comparison of crystalline and amorphous silicon (a-Si) atomic structures.
Silicon atoms bond four neighboring atoms in the structure. In crystalline silicon (c-
Si), the atoms are oriented in a periodic structure; the bonds have the same length
and same angle (Figure 1.1 (a)). Due to the well-oriented structure, c-Si has long-
range order. However, there are slight differences in bond length and angle between
the atoms of the amorphous structure, making the material amorphous with a
continuous random network. Thus, some atoms remain unbonded in the structure.

This difference creates a disoriented material. (See Figure 1.1(b)). Such broken



bonds are called dangling bonds and act as defects in the material. Dangling bonds
can be passivated by another atom, which is done with a hydrogen (H) atom for
silicon material. Passivated dangling bonds no mare act as a defect state. Thus, the
improved form of amorphous silicon, generally known as hydrogenated amorphous
silicon or briefly a-Si:H, is used in TFSSC. The amorphous form of silicon without
any passivation has a high, dangling bond, which results in a defect density of 10%°
defects/cm®. Hydrogenated amorphous silicon (a-Si:H) passivates dangling bonds

and has a relatively low defect density of 10 defects/cm? [12].

Defects caused by the highly disordered structure directly affect the charge transport
mechanism in the amorphous silicon structure. Due to short-range order, charge
carriers are not free to move and are confined within the material, which is also called
localization, and it is the cause of the band tails. The variations and the
disorientations between the bonds result in band tails at the edge of valance and
conduction bands. In addition, dangling bonds behave like trap states which are
referred to as defect states that lie between the valance band tail and conduction band
tail. Band tails and defect states combine to form a continuous distribution between
non-localized states. This distribution of density of states, Figure 1.2, causes the
bandgap of a-Si to be different from c-Si, and for a-Si material, the bandgap is

defined as the mobility bandgap.
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Figure 1.2 Schematic representation of the density of states of (a) c-Si (b) a-Si:H



Thin-film silicon solar cell uses silicon mainly in the amorphous form since the a-Si
has a direct bandgap. A highly disordered form of silicon increases its absorbance.
The bandgap of this material is higher (1.75 eV) than the crystalline form (1.1 eV).
Additionally, the absorption coefficient of the a-Si:H is higher than the c-Si [11].
The material requirement in the system decreases as the absorbance increases. Thus,
a-Si:H is a preferable choice for thin-film solar cells.

1.2 Thin Film Silicon Solar Cell

Thin-film silicon solar cells work with the principle of photovoltaic effect, which is
the conversion of light into current. The conversion of light into electrical energy
consists of i) generation of charged particles, ii) separation of charged particles from
each other, and iii) collection of separated particles to pass over a load.

The material absorbs the photon that enters the system, and the generation of charged
particles is ensured. This process, also referred to as photogeneration, is related to
the bandgap of the material forming the thin-film silicon solar cell structure. Photons
with at least as much energy as the bandgap energy or higher energies contribute to
photogeneration. The absorbed photon excites the electrons (negatively charged
carriers) from the valance band and leaves a hole (positively charged carrier) behind.
If the excited electron is not transferred within a sufficient time, it returns to its initial
state (recombination) and releases the absorbed energy by transferring it to a new
photon or as heat. Then the generated charged carries, which have opposite charges,
are separated with the help of an electrical field (E-field) created by two

electronically dissimilar materials.

In c-Si material, since it has a stable structure, charged particles move freely for a
long distance within the material. This type of transport mechanism is called
diffusion. However, due to the abundant defects in a-Si material, charge carriers
cannot travel long distances. Therefore, charge carriers have shorter lifetimes in a-

Si:H. Thus, an intrinsic layer with less defect density is placed between the materials



that make up the E-field. This type of junction used for thin-film silicon solar cells
is called p-i-n type junction.

In p-i-n type solar cells, absorption occurs in the intrinsic layer placed in the junction.
Charge carriers in the junction move by a drift mechanism under the E-field. An
intrinsic layer with fewer defects is needed to minimize the recombination and the
number of carriers trapped in localized states. Charge carriers with a short lifetime
must travel to the material side of which they are the majority carriers before they
recombine. Therefore, this mechanism limits the thickness of the intrinsic layer,
which affects the design and performance of the thin-film silicon solar cell.

According to their majority carrier in the material, the layers are called p- or n-type.
In p-type material, the majority of carriers are positively charged carriers, whereas,
for n-type, it is negatively charged carriers. The dominant transport mechanism is
diffusion within these materials, where the diffusion length is too short for
amorphous silicon material. As a result of low diffusion length, both p- and n-type
material should be thin in the solar cell structure, and thus those layers do not

contribute to absorption and photogeneration.

Hydrogenated amorphous silicon is most widely produced by the glow discharge
method used in plasma-enhanced chemical vapor deposition (PECVD) systems.
Doping is also possible within these systems, which allows ease of production. Both
p- and n-type material are formed during deposition by doping with the
corresponding gas precursor. Boron doping is done for obtaining p-type material
with a BoHe gas precursor, whereas phosphorus is used to obtain n-type material with

a PHs gas precursor.

Since the layers of amorphous silicon thin-film are less than 1 micron in total in solar
cell structure, they require a carrier. Due to high defect density, short-range order,
and carrier transport mechanisms, the light should illuminate the whole structure of
the amorphous silicon thin-film solar cell. This need means one of the carrier
collection layers should be transparent, which is a transparent conductive oxide

(TCO) arises. Glass substrates are used to support the entire structure with TCOs.



Glass substrates have not only the advantage of high light transmittance but also have
the capability of the large-area production.

Large area production is accelerated with the use of flexible substrates. The thin-film
silicon flexible electronics production goes back to the 1960s by thinning the crystal
silicon wafer [4]. In the 1980s, the large area production of silicon flexible solar cells
was established. The main drawback of thin-film a-Si:H solar cell is the light-
induced degradation, also known as Staebler-Wronski degradation (SWE). When
light is introduced to the system week, bonding between hydrogen atoms breaks, and
separation in the bonding matrix occurs, leaving more dangling bonds in the system.
The newly formed dangling bonds result in defects in the material [5]. As a result,
single-junction solar cell efficiency reduction occurs, and the efficiency reaches a
limit. To overcome this issue, Matsuda produced another form of silicon material:
the transition from the amorphous phase to the crystalline phase, also called
microcrystalline silicon (uc-Si) [6]. The importance of this material is that it is not

affected by light-induced degradation.

The pc-Si material has a lower optical bandgap since it is at the edge of the crystalline
phase. A lower bandgap means a thicker material need for absorption. Variation of
materials with different bandgaps leads to higher light absorption from the solar
spectrum. By arranging layer stacks, photons with different energies can be
absorbed. Thus, the ability to adjust bandgaps leads to tandem structures. Combining
the amorphous and microcrystalline silicon layers has high and more stable

efficiency [7].

Bandgap variation can be obtained with other silicon alloys as well. In 1997, United
Solar achieved 13% stable efficiency with silicon-germanium thin-film on stainless
steel flexible solar cells [8]. The degradation of silicon-germanium [9] and silicon-
carbon [10] alloys was reported by various research groups in the 1980s. Since there
is degradation in the amorphous silicon and its alloys, it is essential to study the

efficiency values in terms of stabilized values.



Lots of different types of flexible substrates are studied. Polyethylene terephthalate
(PET); polyethylene naphthalate (PEN); polycarbonate (PC); polyimide (PI);
polyethersulfone (PES); stainless steel (SS) are examples of flexible substrates. Each

substrate has different advantages, which are discussed in section 1.3.

1.3 Flexible Substrates

Several organic polymer films have been used as a substrate, like Polyimide (PI),
Polyethylene terephthalate (PET), and polyethylene naphthalene (PEN). Typically,
plastic materials cannot sustain their forms and material properties under high
process temperatures. However, they have the advantage of high optical
transparency. On the contrary, the opaque substrates, which are flexible metal
substrates, have the advantage of electrical conductivity. Also, these metal substrates

are more durable at high process temperatures.

On the other hand, metal diffusion from substrate deteriorates the solar cell. Stainless
steel and Titanium (Ti) metal are common opaque substrates used in literature. A

comparison of different flexible substrates can be seen in Table 1.1.

Table 1.1 Comparison of different flexible substrates

ADVANTAGE DISADVANTAGE
Pl High process temperatures (T< 500°C)  Low chemical resistance
It can be used for both configurations Need substrate holder
Available for R2R process
PET/PEN High optical quality Cannot sustain high temperature
Suitable for electrical isolation for Glass transition temperatures are 80 and
module formation 120° C for PET and PEN, respectively
Available for R2R process
FLEXIBLE Highly transparent Need special care for handling (fragile)
GLASS
High chemical resistance
High process temperatures (T< 500°C)
STAINLESS High process temperatures Metal diffusion into the cell
STEEL
It can be used as a back reflector Because of electrical conductivity,
module formation is not available.
Available for R2R process Adhesion between layers




Substrate configuration is vital to determine the flexible substrate type. The types of
flexible substrates can be divided into two groups: transparent and non-transparent.
Transparent substrates such as plastics (PET/PEN) do not limit the structure, and
they can be used underneath or on top of the whole structure. Flexibility to select the
position of the substrate for cell structure leads to an advantage to choose the
production sequence by the manufacturer. In order to allow the light to enter the
system, non-transparent flexible substrates like stainless steel can only be used at the
bottom of the layer stack, which leaves the substrate under the device structure,
called substrate configuration. Alternatively, in the case of having substrate on top
of the device structure where the light enters from the substrate side, the
configuration is called superstrate [13]. Examples of both substrate and superstrate

configurations can be seen in Figure 1.3.
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Figure 1.3. Schematics of a) superstrate configuration b) substrate configuration

In the substrate configuration, the substrate is generally opaque, as in the case of
stainless steel, or transparent, as in the case of plastics. For superstrate orientation,
light enters the device through the top contact, making the top contact transparent
for incoming light, usually chosen from one of the TCOs. In the case of opaque
substrates, for example, stainless steel can manage to stay undamaged up to
temperatures of 500°C. On the contrary, having stainless steel substrates deteriorate

the film quality because of metal diffusion to other layers during film deposition at



high deposition temperatures. In order to overcome this problem, different barrier
layers were studied by different research groups. Using Ti thin film as a barrier layer

is another option, increasing the production cost for large-area applications.

If the substrate is transparent, they are often easily damaged by ultraviolet light, in
the case of most plastics. In addition to that, plastic substrate usage limits the
deposition temperature. The need for low-temperature processes for plastic
substrates also reduces the production cost. The substrate foil would have to fulfill
the three main requirements of high optical transparency, temperature compatibility,

and cost-effectiveness in the superstrate configuration.

1.4 Light Management for Thin-Film Silicon Solar Cells

Loss mechanisms reduce cell performances in addition to the theoretical limits of
solar cells. Light management is utilized to enhance the photon conversion of solar
cells with less material. Photo-conversion is related to the absorption of a photon. If
more photons are absorbed, more electrical energy is created. Thus, the performance
strongly depends on the conversion of the photon into a charge carrier. In order to
improve the photon conversion mechanism, (i) efficient conversion of the solar
spectrum, (ii) enabling reflections between conductive layers to reduce optical losses

(iii) entrapment of photons in absorber layers need to be developed.

Effective conversion of the solar spectrum can be done by bandgap arrangement.
Most of the energetic photons in the solar spectrum can be absorbed by using low
and high bandgap materials consecutively in the solar cell structure. In this way, the
contribution to the generation of electrical energy increases. Thus, it can be achieved
in thin-film silicon solar cells with a multi-junction solar cell structure formed by

combining a-Si:H and pc-Si:H.

Optical loss in the structure is another way that affects the absorption of photons.
Some photons reaching the surface are lost before reaching the absorber layer. Some

of these photons are reflected from the surface, and some are absorbed by interacting

10



with other layers. Both do not contribute to photon conversion. To maximize light
in-coupling with the absorber layer, one should minimize front surface reflections

and interactions with other layers.

Two methods are used to light in-coupling with the absorbing layer: applying the
anti-reflective (AR) coating and surface texture. In a thin-film solar cell structure,
highly reflective materials in the visible region of the solar spectrum are used since
the light illuminates the entire structure. Since the reflectivity of these materials,
which are usually glass or TCO, is very low, AR coating application is generally
used in c-Si solar cells. However, it has also been used in some flexible plastic
substrate applications. Surface texturing, which is achieved using micro and nano
features, is a widely used application, especially in thin-film solar cells. The size and
distribution of features determine the interaction with light. If the feature size of the
structure is smaller than the wavelength of the incoming light, then the light
progresses gradually through the structure, creating an effect similar to AR coating.
The structures having greater feature size than the wavelength of the incident light
reflected from a rough surface can reflect more than once, which means an increase

in more possibility of absorption of the light.

If the light reaching the absorber layer stays in this layer, it increases the probability
of photon absorption. Therefore, the essential purpose of light trapping is to extend
the optical path traveled by the light in the structure. It is achieved by placing a layer
in the light's exit direction with a reflective surface. Another way to extend the path
traveled by the light is by deflecting it from the path it travels with the help of
multiple reflections. A textured surface with dimensions smaller or equal to the
wavelength of the light acts as an intermediate layer where total internal reflection

Ooccurs.

In the light of this information, within the scope of this thesis, studies have been
carried out to obtain high-efficiency flexible solar cells in the PECVD system
produced by a local company. With the data obtained in this direction, a single

junction a-Si:H solar cell with novel textured structures was produced. It has been
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studied to develop the potential of the amorphous counterpart of tandem thin-film

solar cells for use in flexible micromorph structures.

1.5 Aim of the work

The scope of the research presented in this thesis is to study low-temperature
deposition and optimization of hydrogenated amorphous silicon deposition for
flexible solar cells. Novel texturing of aluminum-doped zinc oxide (AZO) films is
proposed and deposited on flexible substrates for photovoltaic applications. A
comparative study of the effects of different laser wavelengths on
texturing/patterning of AZO is discussed. In this work, it is objected

1. To optimize the flexible solar cell process by investigating the effects of
deposition parameters on a-Si thin-film properties and cells.

2. To obtain surface texturing on transparent conductive oxide by a novel laser
texturing done by direct laser writing.

3. To scale up from flexible cell to module with monolithically series-

connection.

1.6 Outline of the thesis

Historical development of PV and thin-film solar cells, the details of the technology,
and amorphous silicon materials are mentioned, and the thesis's motivation is given
in Chapter 1. In the second chapter, thin film deposition and laser system used in this
thesis, sample preparation techniques, thin film characterization, and theories are
given. In Chapter 3, the optimization of the hydrogenated amorphous silicon for the
thin film silicon solar cell and the results are discussed. In Chapter 4, optimization
of the transparent conductive oxide (TCO) layer is discussed. Results of optimization
are given. In addition, in this chapter, the results of TCO layer texturing via laser

processes are given. In Chapter 5, the results of thin film flexible solar cells, which

12



are deposition with optimized layers, are discussed. Finally, Chapter 6 gives the
summary of the thesis work.
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CHAPTER 2

EXPERIMENTAL

Active and conductive layers of a solar cell are produced and characterized by
different production methods. This chapter describes the production and
characterization systems involved in this study. System description, sample

preparation, thin film, and device characterization are discussed.

2.1  System Description

2.1.1 PECVD Cluster System

Thin film deposition processes conducted in this study are produced in a cluster
system. Each layer of silicon thin film and transparent conductive oxide layers that
combine thin film silicon solar cells are produced in this system called GinEr,

produced by Turkish company VAKSIS Corp.

The cluster system consists of three different capacitively coupled plasma (CCP)
chambers, one inductively coupled plasma (ICP) chamber, and one magnetron
sputtering chamber having two sources connected with a central transfer chamber.
A load-lock chamber is also attached to the system to transfer samples without
breaking the vacuum during successive depositions. The Chamber configuration of

the cluster system can be seen in Figure 2.1 and Figure 2.2.
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Figure 2.1. Image of the thin film deposition cluster system GUnEr
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Figure 2.2. Schematics of the GUnEr System
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All the gas flows are controlled via digital mass flow controllers. Each chamber has
substrate heaters to control the deposition temperature. CCP chambers are controlled
by a power generator operating at 13.56 MHz radio frequency (RF), having a
maximum power of 600 Watt, and ICP and magnetron sputtering chambers are
controlled with a similar RF power generator having a maximum power of 5000
Watt. A computer program automates control of these support systems. CCP, ICP,
and Sputter chambers are always kept at vacuum level, and the base pressure of these
chambers is 1x10°® Torr. Chambers are connected to an exhaust system to burn extra
gas leaving the system after deposition.

Both CCP and ICP chambers are operated to produce intrinsic or doped silicon
layers. Silane (SiH4) gas is used as a silicon source in the deposition process. Both
%10 silane diluted in hydrogen and pure silane gas sources are used throughout this
study for amorphous silicon thin film deposition. Doping of silicon layers is provided
with diborane (B2H6) and phosphine (PH3) gasses connected to the CCP-p and
CCP-n chambers, respectively. Apart from doping gasses, other common process
gasses such as helium (He), nitrogen trifluoride (NF3), ammonia (NHs), methane
(CHs), hydrogen (H.), nitrogen (N2) are connected to the system for different
applications. He and NF3 are used for chamber cleaning. After each deposition, a
cleaning recipe is applied with such gasses. H. gas is used for Silane dilution, and

N2 gas is used for vacuum breaking purposes.

The sputtering chamber has gas inlets of argon (Ar), oxygen (O>) for process, and
N2 for vacuum-breaking purposes. Sputter target materials used in the system are
Silver (Ag) and Aluminum doped Zinc Oxide (AZO). The sputtering chamber has
two sputtering targets of 10x30 cm?. A longitudinal chamber design for the sputter
chamber is shown in Figure 2.2. This design provides large-area production with
high thickness uniformity. In order to ensure thickness uniformity, samples move
back and forth under the target material. Different film thicknesses are obtained by

repeating this back-and-forth movement and controlling the movement speed.
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GUNEr system is designed to deposit on glass samples with a maximum of 25x25
cm?. Samples smaller than the maximum size are placed on top of 25x25 cm? glass
and secured with vacuum-compatible tape or any other small sample holder. Samples
are transferred to the process chambers through the load-lock and transfer chambers.
Samples are placed into the load-lock chamber with an aluminum sample holder and
transferred with a robotic arm placed in the transfer chamber.

The cluster system has the advantage of producing each p-i-n layer separately,
reducing contamination of impurity atoms. Layers can also be produced in the ICP

chamber as well.

2.1.2 Laser System

The laser source used throughout this study is HIPPO Spectra-Physics, a diode-
pumped solid-state (DPSS) Q-switched laser. This laser system is designed for solar
cell scribing, crystal silicon (c-Si) edge isolation, semiconductor wafer dicing, glass
marking, micromachining, and material processing. The laser system operates at
three different wavelengths, which are infrared (IR-1064 nm), green (532 nm), and
ultraviolet (UV-355 nm).

The laser beam operates at TEMoqo spatial mode with less than 15 ns pulse at the width
of 50 kHz. The repetition rate of the laser pulse can be varied from 15 kHz to 300
kHz. Laser power at 50 kHz is 17 W, 11 W, and 5 W for wavelengths in infrared
(IR), green and ultra-violet (UV), respectively. HIPPO Spectra-Physics laser uses
two crystals that can be supplied from 20 A to 38 A current. The power of the laser
can be controlled through the current passing through the diode, which pumps the

crystals.

As seen in Figure 2.3, both sample and the focusing lenses are placed on two different
motor-controlled stages. The sample moves in the vertical axis during operation,

whereas the focused laser beam moves in the horizontal axis controlled by the
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software. Only the speed of the motor located on the horizontal axis can be
controlled, and it can be varied from 1 mm/sec to 600 mm/sec.

Figure 2.3. Image of the laser scribing system

Software of the laser system provides to change the working modes of the laser,
which means the laser can move on a straight line (scribing mode), can shoot at

specific points (drilling mode), or can follow a trace (edge isolation mode).

2.2 Sample Preparation

The cluster system has the advantage of depositing 25x25 cm? samples to obtain thin
film solar cells on flexible substrates; each layer is required to be characterized
separately. Samples smaller than 25x25 cm? are preferred at the characterization

phase of the study. Several small-sized samples are deposited in a single run, and
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each sample is characterized by a different method. In addition, different substrates
are used to optimize process parameters to reach the best device performance.

Commonly used flexible substrates consist of plastic materials. The process
temperature of high transparent plastic materials does not exceed 100-150°C. This
limitation plays an essential role in determining process parameters where the choice
of flexible substrate depends on process parameters. Low deposition temperature is
required to maintain the form of the flexible plastic substrate. Substrates obtained
from DuPont Teijin Films are used as flexible substrates that are uncoated
polyethylene terephthalate (PET). There is also a new generation of ultra-thin
flexible glass that allows production at high temperatures (up to 500°C). Ultra-thin
(100 um thick) flexible glass substrates used in this study are provided by the Schott
Glass Company.

‘ Ultra-thin Step Prepared
| Flexible Glass With Silicon
X Wafer

OS-up PET

\//\/

¥ | OS-down PET
BS PET

Figure 2.4. Sample orientation during depositions for substrate comparison

Two different types of PET samples from DuPont (500 gauge Melinex STCH11 [14]
and Melinex STCH12 [15]) and one sample of ultra-thin flexible glass (D 263® T
eco [16]) from Schott are placed in each deposition for flexible substrate comparison.
Manufacturer treats surfaces of the PET samples for adhesion which is called

“adhesion promotion” by DuPont. One sample type has this promotion only on one
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surface, and the other has it on both surfaces. Because of this distinction, three PET
samples are placed for each deposition. Both side adhesive applied PET (BS PET),
one side adhesive applied PET with adhesive facing up (OS-up PET), and one side
adhesive applied PET with adhesive facing down (OS-down PET). Samples and their
orientation during deposition are presented in Figure 2.4.

Several suitable samples are prepared to meet the measurement criteria for efficiently
characterizing each deposited film. Samples are arranged and placed in the middle
of the sample holder, as shown in Figure 2.5. They are placed as close as possible to
reduce uniformity variations in the large area. Polished c-Si wafer, transparent
conductive oxide (TCO) coated substrates, and uncoated substrates are the samples

used for characterization.

Polished

Silicon Wafer
*

AZQO Coated
Glass

Step Prepared

ITO Coated +  With Silicon
PET N Wafer

I ITO Coated
Uncoated Glass PET
Substrate

Figure 2.5. Sample orientation during depositions for characterization

Substrates are pre-cleaned by the supplier; thus, prior to deposition, substrates are
only blown by nitrogen gas to remove any possible dust residue from the surface.
Samples that are cut into small pieces are cleaned with ultrasonic cleaners. In
addition to ultrasonic cleaning, standard cleaning (SC) is applied [17]. First, standard
cleaning (SC-1), also called RCAL, is applied then the second part of standard
cleaning (SC-2), also called RCA2, is applied. After cleaning, rinsed samples are N>

blown and stored. Si wafers used for characterization are cleaned by hydrofluoric
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acid (HF) solution prior to deposition to remove the native oxide layer on silicon.
Glass substrates used in these experiments were cleaned by RCAL or piranha
procedures. After RCA2 cleaning, samples are rinsed, and hydrofluoric acid (HF)
cleaning is done for silicon wafers. No hydrofluoric acid (HF) cleaning is applied
after RCAZ2 cleaning for glass samples.

2.3 Thin Film Characterization

In this thesis, studies of single-junction flexible thin film silicon solar cell production
are carried out. Due to their nature, solar cells consist of multi-layered thin film
stacks. It is aimed to produce the most efficient flexible solar cell; thus, each layer is
produced and examined separately, and production parameters are optimized.

The structure of flexible solar cells produced is seen in Figure 2.6. AZO layer is used
as a transparent conductive oxide layer, hydrogenated amorphous silicon (a-Si: H) is
used as p-i-n junction layers, and the silver layer is used as a back reflector and rear
contact. Each layer is examined in terms of structural, optical, and electrical

properties, as described below.

Ag

Contact

\/\/\/\/

TCO

Substrate

Light

Figure 2.6. Schematic of superstrate type thin film solar cell structure
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In this study, two different thickness measurement method is used. The first method
is measurement via profilometer by DEKTAK. Thickness measurements are
gathered from steps prepared with polished c-Si wafers. The second method is
spectroscopic ellipsometer measurement done directly from the glass substrate.
Hydrogen content and microstructure factor can be obtained via Fourier Transform
Infrared Spectroscopy (FTIR) measurement. The sample used for this analysis is a
polished c-Si wafer. In addition, FTIR measurements are used to analyze the bond
structure of the deposited film. Raman measurements are taken from the surface of
the material; thus, any sample is appropriate for this measurement. A
spectrophotometer in the range of ultraviolet and visible (UV-VIS) spectrum is used
to obtain the optical bandgap of each layer. UV-VIS measurement is conducted from
films deposited on uncoated substrate samples. Electrical characterization is done to
determine the conductivity of each layer in the device. For electrical characterization,
TCO-coated samples were used for the non-conductive films. In order to analyze the
current-voltage characteristics of the films, aluminum is evaporated with a point-
contact configuration. The films that are already conductive are investigated by the
four-point probe method. The device structure is examined using a scanning electron

microscope (SEM) to have detailed information about the layer.

2.3.1 Structural Analysis

Optimizations of the films are achieved through varying process parameters to reach
the demands of a proper conductive layer for thin film silicon solar cell applications.
X-ray diffraction (XRD) spectroscopy involves structural analysis to determine the
crystallinity of the layers is done by X-ray diffraction (XRD) spectroscopy.
Structural analysis is also done on TCO layers to determine the microstructure of the
films. Throughout this study, silicon layers are used in the amorphous phase; thus,

they are checked for validation.
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Structural Analysis of a-Si:H

Since hydrogen is used to passivate the dangling bonds of amorphous silicon, it is
crucial to analyze the hydrogen content in the material. Hydrogen content is a
measure of control of defect density in the material. Hydrogen content
characterization is done by analyzing the IR spectrum absorption peaks. FTIR
measurement is done to analyze these peaks.
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Figure 2.7. IR spectrum of a-Si:H layer deposited in GUnEr

Different absorption peaks are observed in the IR spectrum of a-Si:H (see Figure
2.7). The first peak is at 640 cm™, the second and third is a doublet at 840-880 cm™,
and the fourth and fifth are absorption peaks at 2000 cm™ and 2090 cm™. The first
peak comes from the rocking-wagging mode of hydrogen to silicon (Si-H) bond.
Therefore, this peak is used to determine the hydrogen content of the film. The

second and third peaks result from vibrational modes of SiH, and mainly occur at
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low-temperature depositions. The fourth and fifth peaks combine high stretching
(HSM) and low stretching modes (LSM).

Equation 1 (Egn.1) is used to calculate the hydrogen content in the films [18]. Only
the bending mode peak located around 640 cm-1 is used in this calculation. The Peak

Fit software is used for the extraction, sectioning, and baseline correction.

Ay a(v) Ay, Z a(v) Eqn.1

= — dv = — A
Ng; v Ng; v
St Jvp sy Slvr/w

Ch

where a(v) is the absorption coefficient at the wavenumber v, v,.,, stands for the

rocking-wagging bands around 640 cm™, Aw = 1.6 x 10*° cm? is the proportionality
constant and Nsi = 5 x 102 cm™ is the atomic density of pure silicon [18].

The absorption coefficient in units of cm™ is related to the transmission as given in
Eqn.2,

—log (T) Eqgn.2
a=—"—

where d is the thickness of the film.

After substituting the absorption coefficient, the proportionality constant, and atomic
density of pure silicon into Eqn.1, the resulting equation becomes as given in Eqn.3,

6400 —log (T) Egn.3

H™ d [nm] v
Vr/w

Another analysis can be done using stretching mode absorption peaks. The
microstructure factor is determined from HSM and LSM absorption peaks. A peak
around 2000 cm™ reflects isolated Si—H bonds. A peak in the range of 2070-2100
cm? reflects Si—H bonds at the interfaces, voids, SiHz, or SiHz bonds. LSM and HSM
peaks are obtained by deconvolution of the peak appearing in the FTIR spectrum.

Microstructure factor (r) is calculated from the Eqn.4 [19],
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12090 Eqn.4
(12000 + I2000)
where I,00 and I,4901S the intensity of the FTIR signal.

r =

Device quality a-Si:H contains less than 10 atomic % of hydrogen and is

characterized by r<0.25. r should be around 0.2.

Structural Analysis of AZO

AZO crystal structure is hexagonal wurtzite as represented in Figure 2.8 [20] with
lattice constants of a=3.24 A and c=5.19A [21].

|0001|T

Figure 2.8. Wurtzite structure of ZnO [20]
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Figure 2.9. XRD patterns of ZnO thin films on a) PET b) compared with other
substrates [22] [23]
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A typical XRD spectrum for AZO thin films deposited on PET substrate can be seen
in Figure 2.9 [22], [23]. Similar peeks are observed in our films and reported in the
following chapters.

The presence of the intense (002) peak (and also (004)) implies the grains are
strongly c-axis oriented, which means columnar growth (perpendicular to the
substrate) of the film [24]. (002) peak positions and Full Width at Half Maximum
(FWHM) values are determined by using Peak Fit software. (002) position shift to
higher values implies compressive stress formation on the films (shift to lower values
means tensile stress) [25], [26]. An increase in (002) peak FWHM and broadening
of (002) peak, corresponds to the decrease in grain size. When grain size decrease,
grain boundary increases, which means the number of scattering centers for carriers

increases and Hall mobility decreases [27], [28].
The grain size (t) can be calculated with the Scherrer formula given in Eqn.5;

. 0.91 Eqn.5
" B cosf

Where A is the X-Ray wavelength (A=0.154056 nm), B is the corrected peak width,

and 0 is the Bragg angle in radians [29].

2.3.2 Electrical Analysis

Electrical analysis of layers is done according to their conductivity level. TCO layers
are characterized by the four-point probe method. The resistivity of the film is simply

calculated as the product of sheet resistance and film thickness.

Electrical characterization of a-Si:H layers is done via I-V measurement to determine
the conductivity of the layer. Measurement is done from aluminum (Al) metal
contacts evaporated on samples. 200 nm Al is thermally evaporated on samples by
using a shadow mask. Different shadow mask designs and configurations are used

and discussed below.
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Intrinsic (undoped) a-Si:H layers are first characterized via the point contact
configuration, and the design is shown in Figure 2.10. In this study, both point

contact and lateral contact mask designs are used for a-Si:H layers. Radius

dimensions are given in millimeters.

Measurements are take Evaporated metal contacts
from these contacts

& PP W ——— =V

of, SeSo =

e O8O P
0O O d=J—E—J—)

R0-12-0O O9%0 S S8

“‘B/ﬁe @ O O O p— = — =)
[y '@ O O O a-Si

&/@ 8 O 8 ITO

40308 =

a)

Figure 2.10. (a) Contact mask Design ( b) :hematic representation of the point
contact configuration

Since the conductivity relation is associated with the contact geometry, relations are
given according to this contact configuration. Conductivity relation is given Eqn.6 is
used for calculation. Dark conductivity is determined inverse of resistivity (p), which
is defined by the formula which is used for point contacts;

1 t It Eqn.6

=T ARTVA

where t is the thickness of the film, R is the resistance of the film, and A is the contact
area. Resistance of the film is determined by the I-V measurement. The inverse of

the slope of the I-V measurement will give the resistance value.

7

‘ p-aSi

Substrate

Figure 2.11. Schematic of the contact mask design for lateral contact pads
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Besides point contact configuration, lateral contract configuration is also used for the
electrical analysis of the films. Further characterization of electrical analysis is
conducted through 1-V measurements. A lateral contact mask design is used for this

purpose, and a schematic of the mask design is seen in Figure 2.11.

Dark and photo conductivity is determined inverse of resistivity (p), which is
defined by the formula given in Eqn.7, which is used for point contacts;

soi_9 _19 Eqn.7
p AR VIt

where is t is the thickness of the film, R is the resistance of the film, A is the area

that current passes, g is the gap between the contact strips, and L is the length of the

contact strips. Resistance of the film is determined by I-V measurement. The inverse

of the slope of the I-V measurement will give the resistance value.

2.3.3 Optical Analysis

The transparent conductive oxide (TCO) layer is textured for light management. An
optical analysis is used for bandgap determination and surface characterization. For

each thin film, the layer bandgap is determined from transmission measurement.
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fref

Preamp
power
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\

Figure 2.12. Schematics of the transmission measurement setup
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Optical responses of the obtained textures, such as total transmittance and haze in
transmittance, are obtained using an integrating sphere system. Transmission
measurements are done with an in-house optical setup containing an integrating

sphere, a monochromator, and a silicon detector, as seen in Figure 2.12.

A background signal is checked and measured as dark measurement (Dark) by
leaving entrance and exit ports open during measurement. A reference measurement
is done with a calibration disk called BaSO4, which has known reflectance by placing
the disk at the exit port. In order to measure the total transmission (T) sample is
placed at the entrance port while the calibration disk remains at the exit port. Total

transmittance can be calculated as follows (see Eqn.8).

Total transmittance = T /Ref Eqn.8

In order to measure haze, total transmission measurement is repeated with the exit

port of the sphere empty. Let this signal be called T* as stated in Eqn.9 and Eqn.10.

Diffuse transmittance = [T* — Dark x (T /Ref)]/Ref Eqgn.9
Diffuse transmittance = T*/T Eqgn.10

Another optical analysis for bandgap measurement is done from the transmission
measurement obtained from the UV-VIS system. Transmissivity of the films is
compared through substrates and deposition parameters and reported in the results
section. Transmission data is also used to investigate the bandgap of the films.

Determination of bandgap is done by Tauc plot analysis discussed below.

Band Gap Determination of AZO

Tauc’s optical bandgap relation for direct bandgap material such as AZO is given in
Eqn.11,
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(ahv)? = A(hv — E,) Eqn.11
where a is the absorption coefficient and is obtained from Eqn.12,

1 Egn.12
T

where T is transmission value, d is the film thickness in nm, Eq is optical bandgap,

a(d) = %ln(

and v is wavenumber in cm™. This value might be adjusted with different doping

atoms and doping concentrations.

Band Gap Determination of a-Si:H

Tauc’s optical bandgap relation for amorphous silicon is given in Eqn.13,
(ahv)¥/? = A(hv — E,) Eqn.13

where a is the absorption coefficient and is obtained from Eqn.12,

2.4 Device Characterization

The operating regime of the solar cell is 0 — Voc, as seen in Figure 2.13.
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Figure 2.13. Schematic of characteristic J-V curve.

31



The cell power density is given by;
P=] Egn.14

P reaches a maximum at a Vi and Jm, known as the maximum power point. The fill

factor describes the squareness of the J-V curve and is formulated as;

FF = ImVm Eqn.15
.]SCI/OC

The efficiency, 1, of the cell is the power density delivered at the operating

conditions divided by the coming incident light power density, Ps.

JmVm Eqn.16

It can be expressed in terms of FF, Voc, and Jsc as;

_d JscVocFF Eqn.17
-
These four quantities (FF, Voc, Jsc, 1) are the critical performance characteristics of
the cell.
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CHAPTER 3

OPTIMIZATION OF AMORPHOUS SILICON

This chapter gives the optimization studies of hydrogenated amorphous silicon (a-
Si:H) layers used in single junction amorphous silicon thin film solar cells. Due to
the nature of thin film amorphous silicon solar cells, it consists of three different
types of a-Si:H layers. Intrinsic (undoped) and Boron (B) were doped for p-type, and
Phosphorus (P) was doped for n-type silicon layers. The optimization is achieved by
varying process parameters of each layer to reach the requirements for thin film

silicon solar cell applications.

Deposition power, deposition pressure, deposition temperature, and deposition gas
ratios are the variables for the cluster system used in GUNAM facilities. In order to
reach device-quality a-Si:H layers for thin film silicon solar cells, parameters are
carefully studied. Layers, i-layer, p-layer, and n-layer are characterized separately.
Layer characterization includes electrical analysis to obtain information about the
light and dark conductivity ratio through I-V measurement to identify the change in
production parameters. The film thickness is determined by measuring the step
height with a profiler directly from the sample surface. The effect of each process
parameter on film quality is discussed, and the results are given in the following

sections.

3.1  Optimization of Intrinsic Amorphous Silicon (i-aSi:H) Layer

Unlike crystal silicon (c-Si) in amorphous silicon (a-Si) material, atoms are not well-
oriented, and long-range order is not found in its structure. Therefore, amorphous

silicon forms a continuous random network. Covalently bonded silicon (Si) atoms in
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the a-Si structure have different bond lengths and angles. These non-identical bonds
form broken and weak bonds that are considered as defects in the material throughout

the continuous random network.

By the nature of this disordered structure of a-Si, some Si atoms are bonded to three
Si atoms instead of four Si atoms. This missing bond is called a dangling bond.
Dangling bonds can be passivated by hydrogen atoms. Hydrogen passivated
amorphous silicon thin films are called hydrogenated amorphous silicon. Passivated
dangling bonds are not considered defects; thus, it is essential to determine hydrogen
incorporated in silicon films. The hydrogen content is calculated to characterize a-
Si:H films. Higher than 10 atomic % is considered disruptive to the film quality [30].

Amorphous silicon is produced by glow discharge deposition methods [31].
Hydrogen inclusion in the silicon film is done by plasma-enhanced chemical vapor
deposition (PECVD). During deposition with gas precursors, silicon thin film is
obtained as alloyed with hydrogen [11]. Silane (SiHa4) is the primary gas precursor
during deposition. Silane gas exists in different forms as hydrogen diluted silane or
pure silane. In this study, both 10% Hydrogen (H2) diluted SiH4 and pure SiHs is
used as main gas precursors for silicon deposition. Silicone layers are also doped
with other gas precursors within the same system. Doped a-Si:H has two or three

orders of greater defect density than intrinsic a-Si:H [32].
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Figure 3.1 Schematic representation of amorphous to microcrystalline silicon
growth regime
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Given the nature of gas precursor silane, the silicon layer deposited from pure silane
is also hydrogenated. In addition to passivating the dangling bonds, hydrogen plays
an important role in controlling film transition from amorphous to a crystalline
structure. This transition is dependent on the ratio of H> to SiHs and the film
thickness. Here, this ratio is defined as R = [H2] / [SiH4]. When this ratio is R<10, a
transition does not occur even if at higher thicknesses; however, for the R>10, a
transition can occur depending on the film thickness and the substrate type, as seen
in Figure 3.1 [33]. In this study, according to this discussion and the schematic given
in Figure 3.1, the intrinsic layer deposited is arranged to be on the best a-Si:H line.

Since this thesis aims to deposit thin film silicon solar cells onto flexible substrates,
different types of flexible substrates are used throughout this study. The first choice
of the flexible substrate is a transparent conductive oxide (TCO) coated PET. It is a
commercially available substrate with 60 Q/sq sheet resistance. Later uncoated PET
and ultra-thin flexible glass substrates are used. Since all the samples are transparent

to visible light, superstrate configuration is preferred for deposition sequence.

3.1.1 i-aSi:H Deposition Parameters

In this thesis, the most widely used radio frequency plasma enhanced chemical vapor
(rf-PECVD) deposition method is studied to produce hydrogenated amorphous
silicon. The aim is to optimize the process parameters of the system GUnEr. PECVD
process parameters that will affect the i-aSi:H layer is plasma frequency (F), plasma
power (Pw.), deposition pressure (Pr.), and gas flow rate (FIw.), H2/SiH. feed gas
molar ratio (R), substrate temperature (T), and the distance between the substrate and
the plasma source (d). The design of the system GUnEr limits the two of the process
parameters. The first limitation is the plasma frequency fixed to radiofrequency (RF)
at 13.56 MHz. The second limitation is the separation of anode and cathode which

is the distance between the substrate and the cathode fixed at 2 cm.
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First experiments are designed to optimize the i-aSi:H, 10% SiH4 diluted in an H
gas mixture is used; thus, the ratio R is fixed to 9. The experiments are designed to
correlate the parameters of Pw, Pr, and T. As described in the previous chapter, the
system GUNEr has separate deposition chambers for all three a-Si:H layers. The
configuration of these chambers is identical. The results of this optimization set are
received for the other two doping chambers. However, during this study system
configuration of the intrinsic chamber is changed, and the optimized parameters are
re-tested with the second design of experiments. In addition, experiments are done
with different R ratios and with higher process temperatures. R ratio variation is done
to examine the effect of the R ratio on the i-aSi:H layer. During this study, pure silane
is used for a-Si:H depositions. Since temperatures higher than 150°C are needed to
produce the doped layers, the intrinsic silicon layer is optimized again at a higher
temperature. The need for higher process temperatures leads the study to work with

ultra-thin flexible glass substrates.

3.1.2 i-aSi:H Design of Experiments (i-DOE)

The first design of the experiment (i-DOE-1) aims to associate plasma power,
deposition pressure, and substrate temperature. The effect of the change of these
parameters is investigated. In order to correlate these parameters, initial experiments

are designed as two-level experiments. Parameter ranges are given in Table 3.1.

Table 3.1 Process parameters and values (i-DOE-1)

LEVEL1 |LEVEL?2
Plasma Power (Watt) 50 150
Deposition Pressure (Torr) 0.5 1
Substrate Temperature (°C) 50 100
SiH4 Flow Rate (sccm) FIXED (350)
R =[H2] / [SiH4] 9
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For simplicity, the SiH4 flow rate is also fixed to 350 sccm. This flow rate is preferred
to obtain a stable plasma for all other variables during the deposition. Plasma power
density is varied from 80 mW/cm? to 240 mW/cm?2.The experiment set, which is

prepared with two-level variables, consists of 11 experiments, and 23 experiments,

including 3 repeat tests.

In the thin film coating system-GUnEr, other studies such as a-Si passivation are
carried out besides thin film solar cell deposition. Production problems encountered
in these studies were solved by changing the system design. The previous
experiments for the intrinsic layer were deposited in the old chamber design, which
is represented in Figure 3.2 a). In the deposition chamber of the intrinsic layer (i-
chamber), the substrate is placed at the bottom of the reactor. System i-chamber layer
is changed to the diode type reactor with plasma box as seen in Figure 3.2 b). The

plasma box enables to eliminate of contaminations and to obtain more uniform films.

RF Source RF Source

- J _____ — J : -- Pjsma Box|
Lﬂ

] _ | Pump
Gas —— _! _'_|—| Gas —— ! _'—|—|

a) Pump b) = Pump

Figure 3.2 a) Standard diode type PECVD b) Diode type PECVD with plasma box

Along with this new cluster system design, a new experiment set is planned for
intrinsic layer optimization. In addition, the production temperature is increased
according to the results obtained from the doping studies. Therefore, the temperature
value is increased for the new experiment set and arranged for the intrinsic layer.

Deposition parameters, levels, and values are given in Table 3.2.

These experiments are performed with pure silane gas as a precursor for deposition.

The films that are deposited at a higher R-value result in film delamination. Thin

37



film deformations can be caused by pinholes, oil/dirt on the substrate, and process
parameters. The source of the problem is investigated by reproducing the film under
different conditions. Thus, five-level H> dilutions are tested. However, the film
delamination continued in all iterations, which shows that process parameters are the

leading cause of delamination.

Table 3.2 Intrinsic layer deposition parameters with plasma box reactor (i-DOE-2)

Parameters Values
Deposition Power 50 W
Deposition Pressure 1 mTorr
Temperature 175°C
R=[H.]/[SiH4] 4-9-14-19-24

The final set of experiments (i-DOE-3), which are depositions of i-layer with plasma
box design in i-chamber, is planned by reducing the deposition power. These
experiments are prepared for R=9 and R=14 with reduced deposition power.
Deposition power is reduced to 30 W to solve the pealing problem of the intrinsic
layer. The effect of R on thin film properties is analyzed with the new experiments.
Deposition parameters, levels, and values are given in Table 3.3. The plasma power
density of i-DOE-3 is 48 mW/cm?.

Table 3.3 Intrinsic layer deposition parameters with plasma box reactor (i-DOE-3)

Parameters Values
Deposition Power 50 W
Deposition Pressure 1 mTorr
Temperature 175°C
R=[H2]/[SiH4] 9-14
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3.1.3 Results and Discussion of Intrinsic a-Si:H Layer Optimization

As discussed in the previous section, all samples are analyzed to characterize
different film properties. The following methods are used to examine thin films
produced at GUnEr:

e Microscope: for visual inspection

e Profilometer: to determine thicknesses of films
e FTIR: for chemical analysis

e Raman: to determine crystallinity

e UV-VIS: to determine bandgap

e |-V measurement: for layer characterization

e SEM: for structural analysis

Sample photographs from i-DOE-1 of run3 (PET sample) are presented in Figure 3.3
(a). All samples are visually inspected for pinholes and surface defects. At the bottom
of the sample, a Teflon tape is wrapped to obtain an electrical contact opening after
the process for I-V measurement. A microscope image of the same sample is given
in Figure 3.3 (b). The surface of the samples is smooth and clean (Black spots at the
edges of the picture are caused by the dirt coming from the objective of the
microscope). All the samples other than the delaminated ones are the same as this

microscope image shown in Figure 3.3 (a).

Examples of delaminated samples are shown in Figure 3.3 (¢) and (d). A microscope
image of a telephone cord blister is seen in Figure 3.3 (b). This type of blister occurs
when residual stress is present [34]. In this case, the source of the residual stress is
the substrate itself. Due to deposition parameters, high substrate bending occurred,
and thin film on that sample delaminated because of film buckling. The sample is
given in Figure 3.3 (¢), and Figure 3.3 (d) is run 4 from i-DOE-1, deposited at high

power and low pressure.
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Figure 3.3 (a) Sample of run3 from i-DOE-1 (b) microscope image of run3 (c)
Sample of run4 from i-DOE-1 (b) microscope image of run4

From the first experiment, set thickness is measured by a profilometer, film
characterization is done via Raman measurement, hydrogen content and
microstructure factor are calculated from FTIR measurement, the optical bandgap is
extracted from UV-VIS measurement, conductivities are calculated from -V
measurement, and the surface is analyzed by SEM imaging. The details of these

analyses are discussed in Chapter 2.
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Figure 3.4 Raman measurement from i-DOE-1 of runl sample deposited on PET
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Here a typical Raman measurement of amorphous silicon is given in Figure 3.4.
Since all the samples are produced in the amorphous or protocrystalline growth
regime, Raman measurement is used only to justify the form of a-Si structure, and

no further analysis is carried out.

Structural analysis is done by a deep investigation of the structure of the films via a
scanning electron microscope (SEM) image. SEM results show that the films
produced on different substrates throughout this thesis have an amorphous structure.
As seen in Figure 3.5, the films grown on different substrates are in amorphous form.

(a) (b)
Figure 3.5 SEM images (a) from pet sample (b) from glass sample

Substrates used in the i-DOE-1 set are TCO-coated PET. Since the PET samples are
already coated with TCO, the point contact design is used for I-V measurements.
Point contact design was discussed in Chapter 2. -V measurements are taken from
the middle contacts. Metal contacts with less than 1 mm in metal contact design are
too small to measure current; thus, they are not considered. Only the four contacts
with a size equal to or greater than 1 mm are used for dark 1-V measurement, and
calculated dark conductivities (given as “cond.” in the table) are given in Table 3.4.
The results of conductivities given in the table are the geometrical mean of four

measurements.
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Contacts are damaged while trying to take measurements from samples of runl from
I-DOE-1; thus, the measurements of such samples are not reliable for analysis.
Samples are bent after deposition, and the curvature of the sample depends on the
process parameters. This curvature makes it difficult to make electrical contact
through the metal pads for current measurement.

Table 3.4 Table of Results of i-DOE-1

EXPERIMENT SET MEASUREMENTS AND CALCULATIONS
Temp. Press. Pow. | Thick. Chu Eq r Cond.

C)  (Torr) (W) |(m) (%) (eV) @*cm)
runl 100 1 150 400 11.8 1,75 0.23  5.38x10-7
run2 50 1 150 450 5.9 1,72 0.14 5.53x10-10
rund 50 0.5 150 380 7.0 1,74 0.21 1.02x10-9
rund 100 0.5 150 350 3.8 1,84 0.18 PEELED
run5 50 1 50 280 2.7 1,86 0.70  1.22x10-9
runé 100 1 50 350 8.4 1,83 0.61 1.57x10-10
run7 50 0.5 50 270 14.0 1,83 0.56 1.74x10-8
rund 100 0.5 50 270 10.6 1,83 0.31 7.83x10-10
repeatl 80 0.8 100 330 10.8 1,76 0.35 5.78x10-10
repeat2 80 0.8 100 340 4.5 1,80 0.39 7.52x10-11
repeat3 80 0.8 100 410 10.7 1,76 0.42 4.37x10-11

In addition, since the a-Si:H layers are deposited at low temperatures, metal contacts
cannot be annealed after evaporation. In order to overcome these issues, first, it is
tried to make a wire bond to the contact with metal paste to take the current
measurement without damaging the contact pads, but the contact size and number of

contacts make it difficult for wires to stay on the sample. A vacuum chuck probe
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station is used for IV measurements as a second solution. The vacuum chuck probe
station avoids measurement problems due to bending, but only dark I-V
measurements can be taken with this setup. Conductivity values obtained are all in
the range of high-quality film. After these experiments, metal contact design and
substrates are changed.

All the quantities studied to optimize the a-Si:H layers are affected by the system
parameters: deposition temperature, deposition pressure, and deposition power. It is
observed that hydrogen content decreases when the pressure increases. The other
parameters, temperature and pressure, do not play an essential role in the bandgap
since the changes in the values are around 0.02. The increase of power decrease the
bandgap and the microstructure factor dramatically. As power increases, silane
disassociation into radical gets promoted, and as a result, high-quality film formation
is obtained.

As a result of the optimization matrix of i-DOE-1, it is founded that the parameter
used to produce run6 is the most appropriate parameter group for thin film silicon
solar cell application. However, as discussed previously, these results are not used
for intrinsic layer deposition for thin film solar cells since the i-chamber design has

changed.

The studies carried out until the i-chamber change contributed to the experiments
done after the new chamber installation. Accordingly, the production parameters
were fixed as 175°C temperature, 1 mTorr pressure, and 50 W power. As a result of
experiments with these variables in the new i-chamber, it was observed that most of
the films produced were peeled off. The results from i-DOE-2, where measurements

can be made, are presented in combination with i-DOE-3.

Deposition power is reduced to overcome the delamination problem. One of the
delaminated samples within the i-DOE-2 is reproduced with decreased power value.

R=9 is reproduced for this comparison.
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Dark conductivity (o4) and photoconductivity (oph) are calculated from the I-V
measurements of i-DOE-3 samples. The photoconductivity to dark conductivity
ratio, which is the photosensitivity, gives the intrinsic layer's electrical quality.
Ratios higher than five orders (opn / 64> 10°) are considered as qualified layers for

solar cells [35].
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Figure 3.6 a) Dark conductivity change b) Photoresponse change to the hydrogen to
silane change of both i-DOE-2 and i-DOE-3

The results represented in Figure 3.6 of the i-DOE-2 show that the hydrogen to silane
ratio does not affect the dark conductivity. According to the intrinsic a-Si:H
characterization study (i-DOE-3), the calculated photoresponse values do not reach
five orders. Low photoresponse is due to slightly high dark conductivity values. The
low production temperature also contributes to the result. Low deposition
temperatures result in higher defect densities in the film, resulting in higher dark

conductivity values.

According to the optimization study of intrinsic layer results, the most proper
intrinsic a-Si:H layer for thin film silicon solar cell is chosen to be at the edge of
crystallinity transition (R>10) and with high photoresponse. Intrinsic layers for
device production are deposited at 30W, 1 mTorr, 175°C having hydrogen to silane
ratio R=14.
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3.2 Optimization of Boron Doped Amorphous Silicon (p-aSi:H) Layer

Different types of boron sources, such as diborane(B2Hs) and trimethyl boron
(TMB), are used in studies in the literature. Doping is done by Boron atoms to obtain
p-type material of hydrogenated amorphous silicon (p-aSi:H). In this study, p-type
silicon layers are obtained with a gas mixture of silane and diborane during PECVD
deposition. Diborane diluted to 2% of volume in hydrogen gas is installed in the

cluster system for p-aSi:H deposition.

Diborane is a form of boron hydride, and it is a colorless, toxic, and flammable gas.
It is reported that diborane is decomposed slowly at room temperature and in
hydrogen dilution [30]. 2% diluted diborane degrades 85% of its initial value within
600 days. The dopant to silane ratio is calculated according to this decay for each

experiment.

All the p-type doping studies are carried out with pure silane gas connected to the
cluster system. For simplicity, preliminary studies do not concentrate on the
R=[H2]/[SiH4] ratio. The ratio D=[B2Hs]/[SiH.] is determined to examine its effect
on the electrical and optical properties of the doped layers. Low-temperature
production enables the possibility of deposition onto PET substrates. Thus, the initial
experiment set, prepared according to the changing D ratio, is planned at room

temperature with the lowest deposition temperature value.

According to the data obtained from the first set of experiments, it is seen that the
desired doping levels could not be reached. In addition to the low production
temperature, it is observed that diborane is not sufficient to dope the silicon layers
due to the decomposition of the diborane. Decomposition of diborane also leads to
dust particles in films and pinholes caused by these dust particles. New diborane gas
is installed in the system before further experiments are done. A comparative study
with different temperatures is planned in the second set of experiments. For this

purpose, plastic substrates are no longer used since they cannot sustain temperatures
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greater than 150°C. Ultra-thin flexible glasses are used as the substrate due to

increased temperature levels.

During doping study experiments, a third experiment set is planned to investigate the
effect of higher dopant to silane ratios regarding the previous design of the
experiment. For the third set of experiments, the working temperature is 175°C, and
additional experiments are carried out at 100°C for comparison within this
experiment design. As a result of the productions carried out for temperature
comparison, no change was observed in the conductivity value. As a result of this
situation, system heaters are tested for performance.

The heaters performance test is taken place for two days with a thermocouple placed
on the substrate surface in the p chamber. On day 1, the p chamber is heated to 275°C.
System temperature increases by 10 degrees every two minutes starting from room
temperature. The p chamber is kept at 5E-5 torr pressure, and the temperature is set
to 275°C for 2 hours, but the p chamber temperature reaches only 70.8°C during this
period. After 2 hours of wait time, a standard procedure of substrate heating, which
is heating under nitrogen (N.) atmosphere at 0.8 torr pressure for 5 minutes, is
applied. After this heating procedure, the chamber temperature only reached 83°C
temperature value. System heaters are kept open at 170°C set value overnight. On
day 2, the heating test started at 170°C set value, and the actual temperature read was
only 45°C. When the 275°C set temperature is reached, heating under an N>
environment for 10 minutes is applied. This heating procedure is repeated two more
times, and the max temperature reached is only 120.2°C. It is concluded that heaters
do not work correctly; thus desired temperature of 175°C cannot be reached in
reality. As a result of this heating test, it is revealed that the heaters of the system do
not work correctly. In addition to that, at high-temperature values setting heaters
blow a fuse and then shut down the system. After that, the system goes into

maintenance to overcome such problems.

During maintenance, a heater calibration was studied for the p-chamber. After fixing

the chamber issues, one last experiment is designed to finalize the deposition
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parameters of the p-aSi:H layer for solar cell application. The details of the design

of the experiments are given in the following sections.

3.2.1 p-aSi:H Deposition Parameters

Investigation of doping levels of a-Si layers is done by doping gasses. PECVD
process parameters that will affect the doped silicon layers are the same as the
intrinsic layer. Additional parameters that will affect the deposition are the total gas
flow rate (T.Flw.) and the dopant to silane gas molar ratio (D).

Samples for the analysis are prepared as described in Chapter 2. The p-type material
is produced in thicker layers than the solar cell structure to characterize these layers
suitably. According to the intrinsic layer optimization study results, the following

parameters are constant during depositions.
* Fixed parameters: 50 W, 1 Torr, 20 minutes deposition

The varying parameters are the flow rate of process gasses and the deposition
temperature. The rate of the varying process gases, flow rate, is given as the dopant
gas to silane ratio. Ultra-thin flexible glasses are used as flexible substrates in
experimental sets designed to see the effect of temperature on doped films. PET
substrates are not used for the experiment with a temperature greater than 150°C

since they cannot resist high temperatures.

3.2.2 p-aSi:H Design of Experiments (p-DOE)

Preliminary studies are dependent on doping of the p-aSi:H layer at room
temperatures (R.T.). Fix parameters are total flow rate (350 sccm), silane flow rate
(22 sccm), and deposition power (50W). Two-level doping and two-level of
deposition pressure are considered. Ratio (D: Ndopant/Nsilane) IS calculated according
to a decayed concentration estimation of 0.8%. Deposition pressure change is

planned to examine the deposition parameters optimized for the intrinsic layer
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deposition chamber. The first design of the experiment for p-aSi:H layer
characterization (p-DOE-1) is given in Table 3.5. According to the table given
below, 3 experiments are conducted. Samples used in p-DOE-1 are ultra-thin flexible
glass and one side adhesion promotion treated PET (OS-PET). Samples were very
resistive so that no 1-V characteristics were observed even if very narrow contact

pads were used.

Table 3.5 Preliminary design of experiment for doping of a-Si (p-DOE-1)

Sample Name pl p2 p3
Deposition Power 50 W

Deposition Pressure | 1 mTorr 0.8 mTorr 1 mTorr
Ndopant/Nisilane 0.007 0.01 0.01
Temperature R.T.

According to the results of p-DOE-1, the deposition pressure value is fixed at 1
mTorr. Also, after installing new diborane to the deposition system, a new design of
the experiment, which is given in Table 3.6 (p-DOE-2), is created. Since the
deposition temperature of this experimental set is increased to 225°C, PET substrates

are not used. A total of 9 depositions are done for the second doping study.

Table 3.6 Design of Experiment for doping study of p-aSi:H (p-DOE-2)

LEVEL 1 LEVEL 2 LEVEL 3
Deposition Power 50 W
Deposition Pressure 1 mTorr
Ndopant/Nisitane 0.015 0.047 0.07
Temperature R.T. 175°C 225°C

Due to achieving the low-temperature production target, the medium temperature is
determined as the fabrication temperature for the new experiments. After p-DOE-2,

the deposition temperature is chosen to be 175°C. As a comparison study,
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depositions at a lower temperature (at 100°C) are also done. Deposition parameters,
levels, and values of p-DOE-3 are given in Table 3.7. 9 experiments for p-DOE-3
are planned to see the effect of a lower D ratio on doping of a-Si:H.

Table 3.7 Design of Experiment for doping study of p-aSi:H (p-DOE-3)

Parameters Levels Values

Deposition Power | - 50 W

Deposition Pressure | - 1 mTorr
Temperature 2 100°C - 175°C

D = Npopant/Nsitane | 3 0.008 - 0.013 - 0.025

According to the results of p-DOE-3 productions, it is revealed that the heaters of
the p-chamber do not work correctly. Due to the unexpected system shutdown, the
system goes under maintenance, and a new set of experiments is planned. Different
dopant to silane ratio is also considered to optimize doped layers. A narrow interval
of dopant ratio is chosen to tune out the layer characterization concerning the
previous optimization set reported. Deposition parameters levels and values are

given in Table 3.8 and experiments.

Table 3.8 Design of Experiment for doping study of p-aSi:H (p-DOE-4)

Parameters Levels Values
Deposition Power | - 50 W
Deposition Pressure| - 1 mTorr
Temperature - 175°C

R = NHydrogen / Nsilang 2 4-18

D = Npopant/Nsitane | 3 0.015 - 0.055

Effect of dopant to silane ratio and effect of hydrogen to silane ratio on conductivity,
bandgap, and hydrogen content of these films is reported. According to the

optimization results, the best parameters having the highest performance were
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chosen for device production. Adding diborane to this gas mixture provides B atoms
to the a-Si:H to have p-type doping.

3.2.3 Results and Discussion of Boron Doped a-Si:H Layer Optimization

The first design of experiments (p-DOE-1) conducted to optimize p-type a-Si:H is
analyzed optically and electrically. These experiments are done with old diborane
installed in the cluster system. Ratio (D: Ndopant/Nsilane) 1S calculated according to an
estimation of decayed concentration diborane. Varying deposition parameters are
tabulated in Table 3.9.

Table 3.9 Results of p-DOE-1

Sample ~ BoHs Dep. .

Name Ndopant/Nsilane Flow Pressure Thickness Substrate Bandgap
Flex.

1.91
pl 0.007 y 1Torr 110 nm Glass
sccm

OS-PET 1.85
Flex. 172

p2 0.1 35sccm 0.8 Torr 230 nm Glass '
OS-PET 1.74
Flex. 185

p3 0.1 35sccm  1Torr  190nm  Glass '
OS-PET 1.85

In Table 3.9, calculated optical bandgaps are reported. Samples are very resistive so
that no 1-V characteristics are observed even if very narrow contact pads are used. It
is known that the dopant precursor gas decays in time. Results showed that proper
doping could not be sustained under these conditions. New diborane is ordered, and
a new experiment set is designed (p-DOE-2). In the second set of experiments,
production pressure and power values are kept constant to examine the temperature

and doping concentration in more detail.
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It is known that diborane gas decomposes by solidifying over time. Solidification
causes dust particles to form, which adhere to the film surface by mixing with the
plasma during production. Dust particles separated from the film surface after
production form pinhole structures in the film. Such pinhole structures are observed
via visual inspection and microscope imaging on the film surface in the productions

carried out.

No pinhole structures are found in the films produced after introducing new diborane
gas into the system. In the first production after the gas exchange, too many pinhole
structures are encountered, and measurements of these productions could not be
made. This situation is caused by the dust particles remaining in the gas line. The
fact that pinhole structures are not encountered in other productions of the p-DOE-2
experimental set supports the argument that pinhole structures originate from

diborane gas.
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Figure 3.7 Deposition rate dependence on doping ratio

The average deposition rate is calculated by analyzing the results of the second set
of experiments. As expected and seen in Figure 3.7, the deposition rate decreases as
the dopant to silane ratio increases. As a result of the results obtained here, thickness

estimation can be made for the parameters determined from the optimization study.

Since the amorphous silicon is used as an alloy of hydrogen and silicon, it is crucial

to analyze the hydrogen content in the material. Hydrogen content is a measure of
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control of defect density in the material where it should be in the range of less than

25% and higher than 2.5%. Hydrogen characterization is done from Fourier infrared

transform spectroscopy (FTIR) measurement, and the results are given in Figure 3.8.

The hydrogen content of the films is in the range of optimum concentration.
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Figure 3.8 Hydrogen content dependence dopant to silane ratio

Further characterization of electrical analysis is conducted via 1-V measurements.

The calculated dark conductivity values are shown in Figure 3.9 with solid shapes

and lines; photoconductivity values are given with hollow shapes and dashed lines.

dopant/NsiIane

Figure 3.9 Conductivity dependence on the ratio
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The typical value of dark conductivity of the p-type a-Si:H layer is 10°Q*cm™ [36].
Low-temperature samples have high resistivity, and therefore one of the samples
could not be measured. The lower dopant to silane ratio should be investigated to
obtain higher conductivity.

As shown in Figure 3.10 bandgap of the films decreases with increasing doping ratio,
which is consistent with the literature. The bandgap of the p-layer is lower than the
intrinsic layer. As a window layer p-layer should have a wider bandgap. Usually, it
is obtained using another alloy of a-Si, carbohydrate boron-doped amorphous
silicon. This type of p-layer is out of the scope of this thesis. In order to overcome
the low bandgap of p-layer is used as thin as possible for this study.
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Figure 3.10 Effect of dopant to silane ratio on Optical Bandgap change

According to the electrical analysis of the depositions at room temperature, the films
are not sufficiently doped to show photoresponse. Based on these two results, a
deposition temperature of 175 °C was chosen to achieve high absorption for the

device application.

The p-DOE-2 shows that the new gas installed in the system works appropriately.
For further study, low doping ratios are studied with p-DOE-3. During the deposition

of experiments of p-DOE-3, at high-temperature depositions, it is revealed that the
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heaters of the system do not work correctly and blow a fuse and shut down the
system. As a result of this problem, one of the experiments within this matrix cannot
be produced. Results of this p-DOE-3 in terms of bandgap, dark conductivity (o),
and H2 content (Cn at. %) are tabulated in Table 3.10.

Table 3.10 Results of p-DOE-3 of Boron doping study

100°C 175°C
R D Eg(eV) o(1/Q.cm) Cuyat.% | Eg(eV) o (1/Q.cm) Cyat. %
9 0.008 |1.76eV 3.28E-06 27.9

18 0.008 |1.8lev 3.25E-06 144 1.8eV  1.14E-06 10
18 0.013 |1.78eV  2.56E-06 10.1
18 0025 |1.67eV 103E-05 7.5 1.67eVv 7.71E-06 9.9

In addition to that, the last doping study experiments show that another parameter,
the silane to hydrogen ratio, is an essential and significant effect on bandgap and

hydrogen content. Subsequent experiments on doping are designed accordingly.

It is revealed that each experiment's deposition temperatures could not reach the
designed temperatures. As a result of this issue, the heaters of the system changed to
obtain uniform heating at a temperature of 175°C. New optimization sets are

designed for future studies.

Table 3.11 Results of p-DOE-4 of Boron doping study

R=4 R=18
(0
T(°C) D Eg (V) o (1/Q.cm)| Eg(€V) (1/Q.cm)

175 0.015 1.73 3.93E-05 | 1.73 8.00E-06
175 0.035 1.73 3.68E-05 | 1.73 4.03E-06
175 0.055 1.75 4.88E-05 | 1.73 2.24E-05

Results of the last doping given in study experiments show that another parameter,

the silane to hydrogen ratio, is essential and significantly affects bandgap and
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hydrogen content. Results are given in Table 3.11. The doped layer experiment
design is selected accordingly. During this optimization, setting bandgap values does
not change drastically. Results show that the bandgap does not significantly change
the doping ratio. However, the hydrogen to silane ratio (R) has a more significant
effect on the bandgap. The hydrogen to silane ratio mainly affects the bandgap of the
material. On the other hand, the dopant to silane ratio affects the conductivity of the
layers.
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Figure 3.11 Effect of dopant to silane ratio on conductivity

3.3  Optimization of Phosphorus Doped Amorphous Silicon (n-aSi:H) Layer

Investigation of doping levels of a-Si layers is done by doping gasses. Doping of
amorphous silicon is investigated to obtain n-layers. Phosphorus atom is used to
obtain n-type a-Si:H layers. The dopant gas used in the system for the n-layer is
phosphine (PHz). PECVD process parameters that will affect the doped silicon layers
are the same as the p-layer. Doping is studied in terms of changing dopant to silane
ratios. According to the previous optimization study of a-Si:H depositions, other
parameters are fixed. Parameters of deposition power, deposition pressure,

deposition temperature, and silane flow are fixed during deposition.
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Characterization analysis includes optical and electrical analysis to gather optical
and electrical properties of the films through UV-Visible spectroscopy and I-V
measurement. In addition to those characterizations, time of flight secondary ion
mass spectrometry (ToF-SIMS) is done to find the doping concentration of each

layer.

A new cylinder of dopant (phosphine) of PHs is installed in the system before the
optimization study experiments are done. After the first set of experiments, the heat

performance test procedure is applied to the n-chamber.

As a result of the heater performance test done for the n-chamber, the same heater
problem is present. Day 1 starts with a cold chamber, and the system is the
temperature set point increased gradually under vacuum. The system is heated under
0.8 Torr pressure for 5 minutes as the usual heating procedure. The maximum value

reached on day 1 is 133°C. At the end of day-1 heater is left open at the 150°C set
value; thus, day 2 starts at the 150°C set temperature. The maximum setpoint, which
is 400°C, is reached at the end of day 2. Even if the maximum setpoint is used, the
maximum value reached at the end of day 2 is again 133°C. Better than p-chamber

but still cannot reach the desired value of 175°C.

3.3.1 n-aSi:H Deposition Parameters

Varying process parameters achieve optimizations of the films to reach the demands
of a proper conductive layer for thin film silicon solar cell applications. Doped layers
are investigated in varying dopant to silane ratios (D; doping ratio). In order to reduce
some of the varying parameters, deposition power, deposition pressure, deposition

temperature, and silane flow is fixed during each deposition.

Phosphine (PH3) diluted to 2% of volume in hydrogen gas is installed in the cluster
system for p-aSi:H deposition. The parameters determined as fixed and variable for

the production are determined by considering the parameters previously optimized
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for the intrinsic and p-type layer deposition chambers. Samples are prepared as
reported previously. The following parameters are fixed during deposition.

» Fixed parameters: 175°C, 50 W, 1 Torr

The varying parameters are the flow rate of process gasses and temperature. The
flow rate of the varying gases is given as the dopant to silane ratio (R). The
production time for the first experimental set is 20 minutes, and the production time

for the second experimental set is 10 minutes.

3.3.2 n-aSi:H Design of Experiments (n-DOE)

Electrical characterization of a-Si:H layers is obtained via 1-V measurement to
determine n-type doping. New experiment matrices are designed according to the
results of p-type doping. For this study, the silane to hydrogen ratio is taken into
account. DOE-1 for the n-type doping study is given in Table 3.12.

Table 3.12 Design of Experiment for doping study of p-aSi:H (n-DOE-1)

Deposition Power 50 W
Deposition Pressure 1 mTorr
Temperature 175°C

R = Ndopant/Nsitane 0.08 —0.008
Nisitane/ NHydrogen 1/4 1/18

14 experiments are done to obtain a proper conductive layer for thin film silicon solar
cell deposition. FTIR characterization could not be done for n-type layers. The
reason is the lower film thickness of the FTIR sample. Similar to p-type
characterization, deposited films are characterized electrically to obtain dark

conductivity values.
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Phosphorus doping is done by phosphine to obtain n-type a-Si:H layers. Experiment
matrices are designed to match the boron doping study for consistency shown in
Table 3.13.

Table 3.13 Design of Experiment for doping study of p-aSi:H (n-DOE-2)

Deposition Power 50 W
Deposition Pressure 1 mTorr
Temperature 175°C

R = NHydrogen / Nsilane 4 18
D = Ndopant/Nsilane 0.015 - 0.055

3.3.3 Results and Discussion of Phosphorus Doped a-Si:H Layer

Optimization

14 experiments were done to obtain a proper conductive layer for thin film silicon
solar cell deposition. Similar to p-type characterization, deposited films are
characterized electrically to obtain dark conductivity values. Conductivity results

given in Table 3.14 are measured from flexible glass substrates.

Table 3.14 Conductivity results of phosphorus doping study (n-DOE-1)

Silan/Hydrogen PHs/Silane o (1/Q.cm) | Silan/Hydrogen PHa/Silane o (1/Q.cm)
1/4 0.0035 9.46E-06

1/4 0.005 1.14E-05

1/4 0.008 1.85E-05 | 1/18 0.008 2.94E-03
1/4 0.015 5.56E-06 | 1/18 0.015 2.50E-03
1/4 0.035 1.79E-06 | 1/18 0.035 1.00E-03
1/4 0.065 7.41E-07 | 1/18 0.065 8.33E-05
1/4 0.08 2.50E-07 | 1/18 0.08 3.00E-05

The bandgap is calculated from UV-VIS measurement done via a flexible glass

substrate. Results given in Figure 3.12 show that the bandgap does not significantly
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change the doping ratio. However, the hydrogen to silane ratio (R) has a more
significant effect on the bandgap.
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Figure 3.12 Effect of PHs to silane ratio on Optical Bandgap change

Phosphorus concentration in n-type films is obtained from ToF-SIMS results for
selected samples and represented in Figure 3.13. Doping concentration cannot be
compared with a universal reference; nevertheless, results show that films are

sufficiently doped with phosphorus atoms.
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Figure 3.13 Phosphorus concentration obtained from ToF-SIMS result (black line
is drawn to guide the eye)
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Figure 3.14 Deposition rate to doping ratio

Results obtained from n-DOE-2 are represented in Table 3.15 shows good

conductivity results after changing heaters.

Table 3.15 Results of n-DOE-2 of phosphorus doping study

R=4 R=18

T(°C) D Eg (eV) o (1/Q.cm) | Eg (eV) o (1/Q.cm)
175 0015 |1.86  1.94E-03 |1.89  1.67E-02
175 0035 |1.92  3.68E-03 |1.83  571E-04
175 0055 |1.94  4.88E-03 |1.84  3.50E-03

3.4  Summary

In this chapter, silicon-based thin-film solar cells produced in the RF PECVD type
thin-film deposition system GUnEr and the optimization of amorphous silicon layers
are studied. Amorphous silicon layers were produced in three different types
intrinsic, p-type and n-type. Each type of layer was grown in separate production

chambers and characterized separately.

Changing the deposition parameters also means changing the properties of the films.

This study determined the production parameters of the layers required to produce
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amorphous silicon-based thin film solar cells. The optical, electrical, and
morphological properties of the films were investigated to determine the effects of

production parameters.

Merit parameters for the device quality intrinsic layer are given in Table 3.16.
Results of characterizations are discussed according to reach these values.

Table 3.16 Merit parameters for device quality p-i-n layers

Parameter p-aSi:H i-aSi:H n-aSi:H

CH < 10 atomic % < 10 atomic % < 10 atomic %
Band Gap ~1.7eV 1.7-1.8 eV 1.8-2.0eV
Microstructure Fac. <0.2 <0.2 <0.2

Dark Conductivity >102Qtem? < 10" Qlem? >10tQtcemt
Photo Conductivity - 1x10° Q! cm? -

During the studies, the design of the intrinsic layer deposition chamber is changed.
The i-type chamber is re-characterized to eliminate the differences in production
parameters due to this change. The production parameters determined by the first

intrinsic layer studies are taken as the basis for p- and n-type chambers.

Table 3.17 Summary of the optimization of a-Si:H layers

Gas Flows (sccm) Ratios Conductivity |Band gap
#of Run (Type Dopant SiH, |H, |R D 1/Q.cm eV
1 p 45 60[ 196 4| 0.015 3.93E-05 1.73
2 p 105 60 137 4| 0.035 3.68E-05 1.73
3 p 165 60 78.3 4| 0.055 4.88E-05 1.75
4 p 18.75 25| 432 18| 0.015 8.00E-06 1.73
5 p 43.75 25| 407 18| 0.035 4.03E-06 1.73
6 p 68.75 25| 383 18| 0.055 2.44E-05 1.73
7 n 45 60[ 196 4| 0.015 1.94E-03 1.86
8 n 105 60 137 4| 0.035 1.25E-03 1.92
9 n 165 60 78.3 4| 0.055 2.00E-03 1.94
10 n 18.75 25 432 18[ 0.015 1.67E-02 1.89
11 n 43.75 25| 407 18| 0.035 5.71E-04 1.83
12 n 68.75 25| 383 18| 0.055 3.50E-03 1.84
14 i - 35| 315 9 - 6.94E-07
15 i - 23| 327 14 - 8.00E-08|
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Due to the high temperatures requirement for doping studies, device applications are
carried out only on ultra-thin flexible glass substrates. According to the results of the
p-type doping studies, the production temperature was determined as 175°C. For this
reason, ultra-thin flexible glass was chosen as the substrate for flexible thin film solar

cell production.

The doping study of amorphous silicon layers is finalized with top parameters that
can be reached with this cluster system. Each layer was characterized electrically,
optically, and structurally. In order to optimize doped layers, different dopant to
silane ratio samples is varied. The effect of the dopant to silane ratio and hydrogen
to silane ratio on these films' conductivity, bandgap, and hydrogen content was
reported in Table 3.17. According to the optimization set, the best parameters used

to produce high-efficient silicon solar cells are denoted in red in Table 3.17.
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CHAPTER 4

OPTIMIZATION, CHARACTERIZATION, AND LASER TEXTURING OF
TRANSPARENT CONDUCTIVE OXIDE LAYER

This chapter gives the optimization and characterization studies of transparent
conductive oxide (TCO) layers used in single junction amorphous silicon thin film
solar cells. In this study, aluminum-doped zinc oxide (AZO) is used as the TCO
layer. In this chapter, the texturing of the AZO layers via direct laser writing is also

examined.

Optimization of the AZO films is achieved by varying process parameters of the
TCO layer to reach the requirement for thin film silicon solar cell applications. AZO
layers are deposited in the sputter chamber of the GUnEr cluster system in GUNAM.
The effect of deposition power, deposition pressure, and deposition temperature on
the film quality are investigated. In order to use appropriate TCO for device
application, various characterization methods are done. Structural analysis of the
films is done by X-ray diffraction spectroscopy. The optical and electrical properties
of the films are carried out through UV-Visible spectroscopy and four-point probe
measurements. The thickness of the films is obtained by spectroscopic ellipsometry.
Structural analysis is done for crystallinity, electrical characterization is done to find
the conductivity of the thin film, and optical analysis is done to determine the AZO

film's bandgap and investigate the films' transmissivity.

The texturing of thin films is achieved by laser application. The laser is set for a
straight-line scan to obtain uniform ablation in a linear pattern. By changing the laser
frequency and direction of the scan, periodic or random various features geometries
are obtained. The resulting surface texture is characterized using scanning electron

microscopy (SEM) and atomic force microscopy (AFM). Four-point probe
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measurement is used to determine the sheet resistance of the textured films. The
optical response of the obtained textures, such as total transmittance and haze in
transmittance, was obtained using an integrating sphere system. The effect of each
process parameter on film quality is discussed, and the results are given in the

following sections.

4.1  Optimization of Aluminum-doped Zinc Oxide (AZO) Layer

TCOs have widely studied materials for various applications. Prevalent TCOs used
in photovoltaic applications are indium tin oxide (ITO), fluorine-doped tin oxide
(FTO), and aluminum-doped zinc oxide (AZO) [37], [38],[39]. For photovoltaic
applications such as solar cell production, a key issue is reducing the fabrication cost.
For this purpose, both low-cost materials and substrates are introduced. Flexible and
lightweight plastic substrates are commonly used, especially for roll-to-roll
processes. An important parameter to work with plastic substrates is temperature.
The low-temperature resistance of plastic substrates limits the production conditions,
which have been recently investigated [40],[41]. On the other hand, new low-cost
materials such as ultra-thin flexible glass are introduced for OLED displays and other
electronic applications [42],[43],[44],[45]. . These ultra-thin flexible glasses hold the
inherent benefits of high transparency, high surface quality, and high thermal

stability, yet they are still fragile.

Among the TCO materials, AZO is preferred due to its high transparency, non-
toxicity, excellent thermal stability, and low cost [46]. Another advantage of thin
film silicon solar cell applications is its compatibility with hydrogen-rich plasma
media [47]. Various studies show that AZO layers also fulfill these requirements
[48],[49]. AZO films are usually deposited by sputtering (RF or DC), vacuum arc
plasma evaporation, and pulsed laser deposition (PLD) [50], [51], [52], [53]. Among
these techniques, magnetron sputtering has advantages in the low substrate
temperature, good adhesion of films on different substrates, high deposition rates,

high uniformity, and adoption to a large-scale fabrication [54]. Therefore,
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radiofrequency (RF) magnetron sputtering is the preferred technique for low-
temperature deposition on PET and ultra-thin glass substrates in this study.

The aim is to optimize the deposition of low temperature (room temperature) AZO
films on two different flexible substrates for photovoltaic applications. By changing
deposition conditions such as deposition power and deposition pressure, optimum
high conductive and high transparent AZO films are found. Also, a systematic
comparative study is carried out for low-temperature AZO deposited on PET and
ultra-thin flexible glass substrates.

The main objective of this thesis is to produce thin film silicon solar cells onto
flexible substrates; for this purpose, different types of flexible substrates are
compared. The first choice of the flexible substrate is a TCO-coated PET. It is a
commercially available substrate with 60 €/sq sheet resistance. Later uncoated PET
and ultra-thin flexible glass substrates are used. Since all the samples are transparent
to visible light, superstrate configuration is preferred for deposition sequence. In
addition to the superstrate configuration, AZO and silver (Ag) combinations are

produced on ultra-thin flexible glasses and patterned by wet chemical etching.

Single-layer characterization of AZO is optimized for the front contact of thin film
a-Si solar cell. A multi-layer AZO stack is also intended to be used in the same
application, but it is applied to crystalline silicon for the proof of concept. Here in

the following sections, these two different studies are presented.

4.1.1 Single Layer AZO

Production is done with the most widely used RF magnetron sputtering deposition
method to produce the AZO layer. The aim is to optimize the process parameters of
the AZO layer for the system GUnEr. Sputter process parameters that will affect the
AZO layer are plasma frequency (F), plasma power (Pw.), deposition pressure (Pr.),
gas flow rate (Flw.), Oxygen/Argon (O./Ar) feed gas molar ratio (R), substrate

temperature (T), and the distance between the substrate and the plasma source (d).
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The plasma frequency and the distance between the substrate and the plasma source
are constant due to the deposition system's characteristics. The plasma frequency is
RF (13.56 MHz), and the distance between the substrate and the plasma source is 5

cm.

The main goal of this study is to optimize the layer of AZO according to the need for
an optimum front contact layer for a solar cell application. Parameters such as
oscillation number and the motor speed of the substrate holder affect the thickness
and the uniformity of the film, respectively. Since one of the substrates is PET, low-
temperature deposition is favorable. For this reason, layer optimization is done at
room temperatures. In addition, a high-temperature process is also carried out for
ultra-thin flexible glass substrates. Depending on previous experiences with
deposition, the flow rate of Ar is fixed at 125 sccm in all optimization experiments.
While the system uses the AZO source as a ceramic target, O>/Ar does not need to
be changed during deposition. Processes are done as non-reactive depositions.
However, this ratio change is studied for further investigation on the bandgap and

refractive index of the AZO layer.

4.1.1.1  System Process Parameter Optimization for AZO

The design of the experiment (DOE-1) set is prepared with two process parameters:
the deposition pressure and the applied RF power. These two parameters are

investigated on three levels. Thus, the total number of experiments will be 9.

All the depositions for the DOE-1 are conducted at room temperature (R.T.) and
under 125 sccm Ar flow. DOE-1 experiments start at low temperatures. Later, the
experiments with the best performance are repeated with relatively high-temperature

values. The deposition parameters for DOE-1 are given in Table 4.1.
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Table 4.1 AZO deposition conditions (DOE-1)

Parameter Level 1 Level 2 Level 3
Ar flow rate 125 sccm 125 sccm 125 sccm
Temperature R.T. R.T. R.T.
Power 300 W 400 W 500 W
Pressure 3 mTorr SmTorr 8 mTorr

As discussed before, different substrates and substrate orientations are present in this
study. The first productions are planned to compare the differences created by these
substrates. In Table 4.2, the resistivity results of DOE-1 are given. According to the
results of the initial deposition of single-layer AZO of DOE-1, the resistivity of
different oriented PET samples is not very different. Thus, the rest of the depositions
are done on BS PET and ultra-thin flexible glass (UTFG), and the results are

discussed accordingly.

Table 4.2 Resistivity of the same AZO layer on different flexible samples

PET (OS- FLEX
DOWN) GLASS

Thickness 310 nm 310 nm 310 nm 310 nm
Resistivity 1.1E-3Q.cm  11E-3Q.cm  1.1E-3 Q.cm 1E-3 Q.cm

MEASUREMENT  PET (BS) PET (OS-UP)

Figure 4.1 shows the XRD pattern of PET and ultra-thin flexible glass substrates. In
Figure 4.1, peaks denoted by numbers 1, 3, and 4 originated from PET substrate, and
the peaks denoted by numbers 2 and 5 come from the AZO layer. Results show that
the preferred orientation of the sputtered films is 002 (peak 2), and the second
direction of 004 also appears with lower intensity (peak 5). The presence of the
intense (002) peak (and also (004)) implies that the grains are dominantly c-axis
oriented, which means that the deposited AZO films follow a columnar growth [55].
All of the films exhibit the same XRD pattern.
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Figure 4.1 XRD pattern of AZO deposited on ultra-thin flexible glass (red) and
PET (black) substrates

From the XRD measurement, grain size can be deduced. The peak position and grain

size results of 3 mTorr, 5 mTorr, and 8 mTorr, which are deposited at the same

power, are given in Figure 4.2.
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Figure 4.2 Grain size and peak position of XRD pattern with respect to pressure
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Table 4.3 Peak Positions and Grain Sizes for different substrates

3mTorr 5mTorr 8 mTorr

Peak Grain Peak Grain Peak Grain

Pos. Size Pos. Size Pos. Size
BS PET 35.09 24.91 34.89 23.09 34.54 21.97
OS UP 35.03 24.20 34.93 23.10 35.04 21.30
oS 34.57 28.51 35.09 23.94 35.28 20.03
DOWN
Schott Felx | 34.5 22.13 34.69 22.86 34.54 21.37
Reference | 34.45 23.76 34.45 23.76 34.45 23.76

Results in Table 4.3 show that (002) Peak position shifts to higher values, implying
compressive stress formation on the films (shift to lower values means tensile stress).

For each run, the results are similar.

The influence of pressure on deposition rate, bandgap of the material, and
conductivity is investigated. The deposition pressure varied from 3 to 8 mTorr, as
seen from DOE-1 shown in Table 4.1. The following results are analyzed according

to the deposition pressure change.

Table 4.4 The deposition rate and Resistivity of AZO films with respect to changing

pressure

Power 500 W

Pressure 3 mTor 5 mTorr 8mTorr
Thickness (hm) 310 315 300
Deposition Rate (nm/pass) 62 52.5 42.8
Resistivity of PET (Qcm) 1.1x107 1.4x1073 1.8x1073
Resistivity of UTFG (Qcm) 1x107 1.2x1073 1.7x1073

In this study, the thickness of the film is kept the same as the pressure changes to

eliminate one parameter. The thickness of the film can be arranged with substrate
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movement during deposition. The deposition rate and the resistivity results are given
in Table 4.4. As seen from the table, the deposition rate increases as pressure
decreases. It is concluded that if the number of passes is kept constant, the thickness

of the films increases with decreasing pressure.

In Figure 4.3, the dependency of deposition rate on deposition pressure is plotted for
different RF power levels. Nanometers per pass (nm/pass) are used as the unit of
deposition rate. Since the substrate does not face the plasma for the whole process,
it is more appropriate to use the substrate holder movement (number of passes)
instead of time. It was observed that increasing the pressure at constant power
regimes resulted in lower deposition rates. This phenomenon is attributed to the fact
that at lower deposition pressure, the concentration of less energetic molecules in the
chamber becomes high, reducing the sputtering yield and thus resulting in lower
deposition rates [56].
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Figure 4.3 Effect of deposition pressure on AZO deposition rate for different
deposition power. (Lines are drawn to guide the eye)

The influence of deposition pressure on the bandgap of the AZO films deposited on

PET and glass substrate for different power levels is plotted in Figure 4.4. It is
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concluded that the deposition pressure has no significant influence on the bandgap
of AZO for the selected DOE-1 range.
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Figure 4.4 Effect of pressure on bandgap a) on PET substrates b) on flexible glass
substrates (Lines are drawn to guide the eye)

2.0x10°
—-O-500W PET
— M- 500W FlexGlass
1.8x10° 1 (u]
[ ]
E 1_6)(1073 i /
Q
<
£ 1.4x10° o
[0}
o 12)(10,3 i /.
D/
1.0x10°{ =
8.0x10™* T T T T T T

3 4 5 6 7 8

Pressure (mTorr)

Figure 4.5 Effect of deposition pressure on measured resistivity of AZO films
deposited onto ultra-thin flexible glass (black) and PET (red) substrates (Lines are
drawn to guide the eye)

In Figure 4.5, calculated resistivity values are plotted with respect to three deposition
pressure levels for the same RF power regimes. It was clearly shown that lowering

the deposition pressure results in less resistive (more conductive) AZO films. At
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lower pressure levels with fixed power values, the radicals in the plasma medium
have more energy; therefore, crystalline grains' continuity is higher, leading to fewer
recombination centers [57].
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Figure 4.6 Effect of deposition pressure on the transmission of AZO films a)
deposited onto PET b) deposited onto ultra-thin flexible glass

Transmission measurements can be seen in Figure 4.6. Deposition pressure improves
the transmission of the AZO films in the UV region (between 350-450 nm). AZO
films are optimized for the solar cell window layer in this study. This layer needs to
have high transmission in the UV region to use the solar spectrum effectively. In
Figure 4.6 b), the transmission of the film exceeds the 100% value, which can be
explained by the systems tolerance values in these highly transmissive regions.
Measurement systems have a 5% tolerance.

Depositions are also examined regarding changing deposition power with constant
deposition pressure. RF power is varied from 300 to 500 W for the studied DOE-1,
as seen in Table 4.1. The influence of power on deposition rate, bandgap of the
material, and conductivity is investigated.
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It is observed that RF power has a positive effect on deposition rate. Increasing the
RF power at constant deposition pressure generates more energetic radicals and the
energetic radicals in the plasma medium increase sputtering yield [30]. In Figure 4.7,

this phenomenon is plotted.
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Figure 4.7 Effect of RF power on deposition rate (Lines are drawn to guide the eye)

Power dependency on deposition rate can be seen below in Table 4.5. Deposition

rate increases with increased power, which results in more thick films

Table 4.5 The deposition rate and resistivity of AZO films with respect to changing

power
Pressure 3 mTorr

Power 300 W 400 W 500W
Thickness (hm) 145 210 310
Deposition Rate (nm/pass) 24.2 35 62
Resistivity of PET (Qcm) 1.7%1073 1.6x1073 1.1x10°3
Resistivity of UTFG (Qcm) 1.3x1073 1.1x1073 1x1073
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Figure 4.8 Effect of RF power on the bandgap of AZO films deposited on a) PET
substrates b) ultra-thin flexible glass substrates (Lines are drawn to guide the eye)

In Figure 4.8, it is seen that the bandgap of the sputtered AZO increases with
increasing the applied RF power. The carrier concentration increases at higher RF
power levels, and thus the bandgap gets broadened. This phenomenon can be
explained by the Burstein-Moss effect [58]. It is determined that the AZO films
deposited onto ultra-thin flexible glass substrates showed slightly higher bandgap
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Figure 4.9 Effect of RF power on the resistivity of AZO films deposited on ultra-thin
flexible glass (black) and PET (red) substrates (Lines are drawn to guide the eye)
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The resistivity is related to the energy of the radicals in the plasma medium, as
discussed before. As seen in

Figure 4.9, the resistivity of AZO films reduces when applying higher deposition RF
powers. The resistivity reduces dramatically, especially for AZO deposited on the
glass substrate, when the applied RF power exceeds 400 W. It was observed that the
AZO films deposited onto ultra-thin flexible glass substrates showed lower
resistivity values compared to PET substrates. These resistivities in the order of 103
is compatible with literature [59][40][60].
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Figure 4.10 Effect of deposition power on the transmission of AZO films a)
deposited onto PET b) deposited onto ultra-thin flexible glass

Transmission measurements can be seen in Figure 4.10. Since the thickness of the
films is different, the effect of deposition power on transmission is not seen.
However, if the films deposited at 500W and 400W are compared, films deposited
at 500W are more transparent in the UV region. Figure 4.10 b), the transmission of
the film exceeds the 100% value, which can be explained by the systems tolerance

values in these highly transmissive regions. Measurement systems have a 5%
tolerance.
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4.1.1.2  Study of Different AZO Layer Thickness Characterization

Information obtained from the characterization of different AZO layers provides to
optimize the device performance in the future. Characterization analysis includes
optical and electrical analysis to gather optical and electrical properties of the films
utilizing UV-Visible spectroscopy and four-point probe measurements. The
thickness of the films was obtained by spectroscopic ellipsometry. Electrical
characterization is done to find the conductivity of the thin film, and optical analysis
is conducted to determine the bandgap of the AZO film and to investigate the
transmissivity of the films. In this study, structural analysis is eliminated because the

X-ray diffraction spectrometer is malfunctioning.

Samples are prepared as reported in Chapter 2. Previously optimized parameters for
AZO deposition are used. Deposition parameters are given as follows;

» Fixed parameters: 500 W, 3 mTorr, 125 sccm Ar, Room Temperature

The only varying parameter is oscillation numbers, the number of passes under the
AZO target. One number of the pass is that the sample passes under target twice and
returns to its original position. AZO layers are deposited with 6 different thicknesses.
Samples names are coded as AZO _t1 to AZO _t6. In order to obtain AZO layers with
different thicknesses, holder movement is varied. The design of the experiment
(DOE-2) and the number of passes are tabulated in Table 4.6.

Table 4.6 Varying deposition parameters of AZO for DOE-2

Sample Code  Number of Pass

AZO t1 Y (Half pass)
AZO t2 1
AZO t3 2
AZO t4 3
AZO t5 5
AZO t6 7
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One forward and backward motion under the target during the deposition is called

one oscillation. Half pass (one forward motion) is tried for the sample coded as

AZO tl.

The result of the characterization of thickness variation of AZO of DOE-2 is

represented in Table 4.7. In this table, only the results from flexible glass substrate

are given. Resistivity values are obtained from ellipsometry (SE) and four-point

probe (4PP) measurements. In addition, SE measurements are also used to determine

the thickness. Both measurements give similar results (except for the thinnest film).

Table 4.7 Comparison of spectroscopic ellipsometry and four-point probe for

resistivity values

Number Resistivity Resistivity

of Thickness (from SE) (from 4PP) Bandgap

passes (nm) (©2-cm) (Q-cm) (eV)
AZO t1-2  1/2 32 2.3x10° 2.3x10°® 3.319
AZO 12-2 1 56 1.4x10°3 3.4x10° 3.321
AZO t3-2 2 115 1.2x10°3 1.8x10°2 3.465
AZO t4-2 3 180 0.9x1073 1.4x10°® 3.527
AZO t5-2 5 304 0.7x1073 1x10°3 3.518
AZO t6-2 7 452 0.4x1073 1x1073 3.523

The dependence of resistivity on thickness is given in Figure 4.11. Resistivity

decreases with increased layer thickness up to 100 nm, then stabilizes as expected,

consistent with the literature.
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Figure 4.11 Relation between resistivity and thickness on different substrates

For optical analysis, the bandgap of each layer is calculated and reported in Figure
4.12. As seen from the results, when the thickness increases, the bandgap increases
to a particular value, approximately 200 nm. After 200 nm bandgap of the films stays
constant. It can also be concluded that resistivity is inversely proportional to
bandgap; as the resistivity of the AZO layer decreases, bandgap increases. This

change is not huge as expected since the doping concentration is not changing [61].
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4.1.1.3  Study of Reactive Sputtering of AZO Layer

Another experiment set is designed to investigate whether the bandgap and refractive
index of the material are changing with deposition gas changes. The change in
refractive index is planned to be used in gradual refractive index change. The
effective use of the solar spectrum that enters the solar cell can be adjusted by gradual
refractive index change. Light entering the system and reducing its reflections, the
refractive index of the mediums where the light passes is adjusted gradually.

Reactive sputtering is tested for the deposition of AZO layers. DOE-3 is given in
Table 4.8. During the reactive sputtering experiment, oxygen is given as reactive gas
for the first time in the GUNnEr system. Since this gas is used for the first time for
deposition, there are unexpected circumstances such that the MFC of oxygen does
not work correctly, so the flow rate cannot be set for the designed gas ratio.

Table 4.8 Design of experiments (DOE-3)

CODE POWER PRESSURE  TEMPERATURE R (O2/AR)

al 0.1
400 W SmTorr Room Temp.

a2 (0.5)0.23

For the first experiment, the temperature is set to room temperature. Power and
pressure are fixed according to the previous AZO DOE-1 results. The gas ratios are
obtained as follows; R=0.1, O2:13 sccm, Ar: 125 sccm, R=0.5, is designed with flow
rates of 0,:13 sccm, Ar: 125 sccm. The mass flow controller (MFC) for O; has a
maximum range fixed at 50 sccm. After the second run, it is understood that the MCF
of Oz does not work correctly; thus, R=0.5 is changed. The second run is done at
R=0.23 with flows 02:23 sccm, Ar: 100 sccm.

The results of the reactive sputtering study are given in Table 4.9. Results show that
the deposition rate reduces conductivity drastically when oxygen is introduced to the

sputter. Also, the resistivity of the layers increased so that layers became non-
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conductive. It is concluded that the oxygen incorporation of the film changes the
electrical properties of the Al:ZnO layers.

Table 4.9 The deposition rate and Resistivity of AZO films with respect to changing
the gas ratio

Pressure SmTorr

Power 400 W

R (O2/Ar) 0.1 0.23

Thickness (nm) 81.8 86.1

Deposition Rate (nm/pass) 13.6 14.4

Resistivity of PET (Qcm) 21.6 NOT CONDUCTIVE

Resistivity of UTFG (Qecm)  NOT CONDUCTIVE ~ NOT CONDUCTIVE

4.1.2 Multi-layer AZO

An antireflection coating for crystalline silicon solar cells reduces the loss of light.
The loss mechanism of light can be managed by index matching. Multi-layer AZO
is designed for matching the refractive index of air to the device. A gradient change

of index will help to reduce the loss of light incoming to the solar cell.

AZO Stack

n-doping n-doping

Figure 4.13 Schematic representation of the proof of the concept of multi-layer AZO
applied on c-Si solar cell
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A schematic representation of the proposed structure is seen in Figure 4.13. The
nitrate layer is first replaced with a single layer of AZO layer. Then multi-layer
structure concept is applied to the c-Si solar cell to see the graded refractive index
effect. The refractive index of silicon is 3.1, and the refractive index of air is 1. A
smooth transition from 1 to 3 can be achieved by varying the AZO refractive index

with different layers.

This effect can be seen by investigating the reflection of the system. Reflection
measurement simulation of single and multi-layer AZO on top of the c-Si cell is
shown in Figure 4.14. (This simulation is done on web base calculator given in this

link https://www.filmetrics.com/reflectance-calculator) The thickness of layers is

decided according to the result of the simple simulation.

m— 00nm AZO_2.0
90nm AZO_1.9

— 00NM AZO_1.8

= 00nm AZO_stack

0.6

0.5 1

0.4+

0.3+

Reflectance

0.2+

4(IJO 560 660 7(IJO 860 960 10I00 1100
Wavelength (nm)

0.0 1

Figure 4.14 Reflection simulation of AZO layer on c-Si
The Refractive index of the AZO layer can be found from spectroscopic ellipsometry

measurement. Three different layers are determined for the multi-layer stack from

the previous single-layer characterization, as shown in Figure 4.15.
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N, K Values :
For Lambda= 632.80 (nm) N=1.8718 K= 5.5685E-03

AZO_L3 ~1.8
AZO L2 ~1.9 Phase 1 (A1_1 JP law)
- . — n @ 632.8 nm 1.9712
AZO—L]' 2.0 k @ 632.8 nm 0.0018
c-Si Cell . Phase 1 (AZO JP general law)
“ n @ 632.8 nm 2.0362
k @ 632.8 nm 0.00000006

Figure 4.15 Multi-layer AZO design with different refractive indices

First, each layer is deposited on the c-Si wafer as a single layer. Then the multi-layer
stack is produced and analyzed. The results of single-layer production are given in

Figure 4.16. Results show that the thicknesses and refractive index of each layer

changed.
Thickness 80.593
n @ 632.8 nm 1.9033
2 . k @ 632.8 nm 0.0062
c-Si Cell
Thickness 85.165
n@ 632.8 nm 1.9571
AZO_L2 ~1.9
k @ 632.8 nm 0.009
c-Si Cell
Thickness 89.452
n @ 632.8 nm 1.9112
AZO_L1 ~1.9 k @ 632.8 nm 0.0449
c-Si Cell

Figure 4.16 Thickness and refractive index of different single-layer AZO on c-Si cell

Reflection measurements are promising even if the refractive indices are not as
expected. The reflection measurement of the multi-layer stack deposited on c-Si is
given in Figure 4.17. The stack gives lower reflection results than single layers in

the wavelength range between 700 and 1000 nm.
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Figure 4.17 Reflection measurement of the multi-layer stack deposited on c-Si

4.1.3 Results and Discussion AZO Layer Optimization

As discussed in the previous section, all samples are analyzed to characterize
different film properties. The following methods are used to examine thin films

produced at GUnEr:

AZO films are deposited onto ultra-thin flexible glass and PET substrates via RF
magnetron sputtering with different deposition pressure and RF power levels. XRD
analyses revealed that films deposited onto both substrates are c-axis oriented. It is
observed that deposition pressure has a reciprocal effect on the deposition rate and
material conductivity, whereas applied RF power has the opposite effect. Moreover,
increasing RF power leads to the broadening of the bandgap of the material. The
optimum deposition pressure and RF power are determined as 3 mTorr and 500W,
respectively. The films deposited onto ultra-thin flexible glass substrates showed
higher conductivity values. Thus, it is concluded that ultra-thin flexible glass is
superior to PET in terms of AZO properties and also considering that withstanding
higher substrate temperatures makes the ultra-thin flexible glass more preferable than

PET flexible substrate in thin film solar cell fabrication.

The results obtained from the multi-layer study reveal that the thickness variation

should be investigated according to the changing deposition parameters.
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AZO films deposited onto ultra-thin flexible glass and PET substrates via RF
magnetron sputtering were characterized by the different thicknesses of the films.
Electrical analysis showed that increasing film thickness leads to a decrease in the
resistivity of the films. It can also be concluded that resistivity is inversely
proportional to bandgap; as the resistivity of the AZO layer decreases, bandgap

increases.

State-of-the-art AZO thin films are deposited on thick glass substrates at a
temperature exceeding 200 °C to obtain films with high transparency and low
resistivity. However, it is a big challenge to obtain AZO thin films with superior
electrical (in the order of 10-3) and optical properties (high transparent in UV region)
for PV application at low deposition temperature compatible with the used flexible
glass and plastic substrates. Results show that AZO thin films can be deposited with
superior optical and electrical properties at low temperatures (room temperature)

without affecting the considered flexible substrates.

4.2  Texturing of AZO

Light management done at the device entrance enhances the light absorption of a
thin film solar cell. The first layer, the transparent conductive oxide layer, is textured,
or the substrate can be textured. Texturing helps to reduce scattering and enhance
light entering the absorber layer. Parameters such as texture size and periodicity are

essential features for texturing.

Conventionally the texturing of AZO is done by wet chemical etching [49]. Wet
chemical texturing has the advantage in the applications of large-area samples.
Various etchants such as HCI, HNO3, HF, HN4C are used for texturing the surface
[62], [63], [64]. The etchants used for texturing can be used for substrates such as
glass. However, most of the etchants damage the substrate itself for plastic
substrates. Thus alternative methods are used for plastic substrates. Texturing with a

laser has the advantage of minor substrate damage. In addition to that, periodicity
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control gives the freedom for texture patterns. Different patterns are used in literature
for light trapping. Typical usage of industrial laser applications makes it possible for
large-scale applications [65], [66], [67], [68].

Here in this report, the main focus is to obtain surface texturing of AZO films
deposited on two different flexible substrates for photovoltaic applications. First,

surface texturing of the back contact layer is studied by wet chemical etching.

4.2.1 Wet Chemical Texturing of AZO by Hydrochloric Acid (HCI)

Several light management techniques do enhancement of light absorption in thin film
solar cells. Surface texturing is one of the most common techniques utilized in light
management. TCO layer and/or the substrate itself can be textured to reduce
scattering and thus enhance the optical path length of incoming light in the absorber

layer.

Silver and aluminum-doped zinc oxide layers are deposited in the sputter system; the
details of depositions are given in Table 4.10. Samples are prepared on ultra-thin
flexible glass. 600 nm of AZO is deposited onto 100 nm of Ag.

Table 4.10 Deposition Parameters of Ag and AZO Back Reflector

Deposition Parameters Silver AZO
Ar Flow rate 175 125
Dep. Pressure 5mTorr 3 mTorr
Dep. Power 300 W 600 W
Dep. Temperature R.T. 150°C

Experiments are designed such that the AZO layer is textured in %1.8 HCI solution
for 5, 10, 15, 20, and 30 seconds. Textured samples are analyzed optically to
determine the effectiveness of the resulting texture. The effectiveness of the textured
surface is analyzed via transmission and haze measurements. In addition, layers are
also characterized structurally via SEM and AFM. Results of structural analysis are

given in Figure 4.18, and optical analysis results are given in Figure 4.19.
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Figure 4.18 a-f) AFM images of the reference sample and etched 5s, 10s, 15s, 20s,
30s samples, respectively g-1) SEM images of the reference sample and etched 5s,
10s, 15s, 20s, 30s samples, respectively
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Surface analysis results are given in Figure 4.18 a-f) AFM images of the reference
sample and etched 5s, 10s, 15s, 20s, 30s samples, respectively, wherein Figure 4.18
g-1) SEM images of the reference sample and etched 5s, 10s, 15s, 20s, 30s samples
respectively. The top left image in AFM images is the top view of the surface. The
surface roughness of the reference (as deposited) sample is 9.6 nm. Surface
roughness is increased with increasing etching time. As the etching time increases,
the size of the features goes deeper and broader. After a particular time, features start
to cluster. 30 s etching time shows that clusters that appear on the surface are etched
through to the silver layer. It also explains the high reflectance measurement

obtained from that sample.

1004 100 —=— Reference
—e—>55s
904 90 ——10s
804 —v—15s
80+ ——20s
70 —+—30s
70 ,{3\ 60
s <
3\/ 604 o 504
o S 404
50 —=— Reference T
20 <‘ —e—55s 30+ b)
——10s 201
—v—15s
30 ——20s 104 M{‘.‘-’“./__—-
—+—30s
20 T T T T T T T 0-+— T = T T T T
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelegnth (nm) Wavelegnth (nm)

Figure 4.19 a) Total reflectance b) Haze vs. wavelength of wet chemical texturing of
AZO

Total and diffuse reflectance measurements are done with the integrated sphere—
results as shown in Figure 4.19, more than 90% of haze can be obtained by this
method. However, reflectance values should be compared with the surface analysis
to explain more than 95% haze. Samples etched for 5 and 10 seconds show
interference peaks since the thickness of the AZO layer is relatively high. Also,
samples etched for 15 and 20 seconds show broadening in the visible region, desired

for a back reflector.
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Surface roughness can be incorporated with haze values obtained from the optical
analysis. Results are given in Figure 4.20.
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Figure 4.20 Effect of surface roughness on haze a) at 550nm b) at 650 nm

Conventional wet chemical etching is applied to silver aluminum-doped zinc oxide
back reflectors to have high reflectance in the visible range of the spectrum. Optical
analysis showed that 43% of haze value could be obtained by laser texturing. More
than 90% of high haze is obtained from the HCI texturing of the back reflector. A

reflection improvement is observed in between the range 600-800 nm.

4.2.2 Laser Texturing of AZO

The focus of this study is to compare the surface texturing of AZO thin films
deposited on ultra-thin flexible glass (<100 um) substrates by RF magnetron
sputtering for thin film photovoltaic applications obtained with different laser
parameters operating at different wavelengths. The laser source used in this study is
HIPPO Spectra-Physics laser, which is a diode-pumped solid-state (DPSS) Q-
switched laser. The laser system operates in three different wavelengths, which are
ultraviolet (UV-355 nm), green (532 nm), and infrared (IR-1064 nm). The laser beam
operates at TEMOO spatial mode with less than 15 ns pulse width at 50 kHz. The
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repetition rate of the laser can be varied from 15 kHz to 300 kHz. Average laser
power at 50 kHz is 5 W, 11 W, and 17 W for UV, green, and IR.

The sample is placed on a moving stage (y-axis) which is stationary during the
process. The focusing optics are placed on another stage controlled by a linear motor
with speed varying between 1 to 600 mm/s.

Laser beam
Laser
|
——<—
Direction —— - > ———
of motion I Sample=— = = ———

In y-axis

Focusing
optics

<>
Direction of motion in x-axis

Figure 4.21 Laser system used for AZO texturing

Figure 4.21 shows the schematic of the laser system used in this study. Textures are
obtained by scanning the sample surface with a motor-controlled stage. The motor
stage carries the focusing optics. Focusing optics move only on one axis while the
sample moves in the other direction so that a specified area is scanned line by line.

Vertical periodicity is obtained by determining the distance between each scan line.

AZO surfaces are imaged by a Scanning Electron Microscope, SEM (ZEISS, EVO
HD15). Average surface roughness values of laser processed AZO are obtained using
an optical surface profiler (Zygo ZeGage Plus). Transmission measurements are
done using an in-house optical setup containing an integrating sphere, a
monochromator, and a silicon detector, as described in Chapter 2. Total and diffuse
transmission measurements are performed using an optical setup built around an 8-

inch, 5-port integrating sphere (Oriel 70679NS). The transmittance haze (H), defined
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as the ratio of diffuse to total transmittance, is calculated by post-processing the
diffuse and total transmission data from each laser processed AZO.

The laser parameters (i.e., diode current, repetition rate, motor speed) are tuned to
change the incident power on the sample. Incident power is arranged such that no
damage forms on the substrates. From initial studies, it is deduced that incident
power should be as low as possible. Since the power of the laser is too high, a green
laser is used with an attenuator to decrease laser power more. The green laser is used
to study drilling mode and single layer scan through textured glass. All other types
of laser, together with green, are used for dual laser scans.

The laser follows a straight line as it moves during the scribing mode to obtain
uniform ablation along the line. However, single spots along the scribe line can be
obtained by arranging laser repetition rate and motor stage. Increasing repetition rate
(RR), which is the frequency of the laser spot (f), can decrease the distance (d)
between each spot at a particular motor speed (v). A schematic illustration of pulsed

laser patterning of laser lines can be seen in Figure 4.22. The relation between the

parameters is given as d== [69].
f

Figure 4.22 Schematic illustration of pulsed laser patterning of laser lines

Separated spots instead of a continuous line can be obtained by arranging parameters
of RR, and v. Scan line is limited by RR and the maximum speed of the motor stage,
which is 600 mm/s. According to this limitation, RR is fixed to 20 kHz. To reduce
thermal damage and remain residues on the substrates, the power of the laser is

arranged as low as possible. An attenuator helps to reduce the laser power. In
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addition to that, another option to change/reduce laser power in the system is to
change polarization since laser sources produce polarized light. After these main
adjustments, power can be varied by changing current values. Another parameter

that can affect the power indirectly is the repetition rate.

4.2.21  Drilling Mode (t-DOE-1)

Drilling mode experiments are designed to obtain periodic structures. The first
experiment set is designed to optimize laser parameters affecting power during
drilling. Laser shooting time and current supplied to the diode are varied. The design
of the experiments is given in Table 4.11. However, the processing time for the
drilling mode takes too much time, so it takes approximately 1 hour to scan a 1x1
cm? area. The application of such a process on a large scale is not feasible.

Table 4.11 Design of experiments for drilling mode (t-DOE-1)

Repetition Rate (kHz)  Current (A) Laser Shooting Time (ms)
20 36-38 8

20 26-28 8

20 26-28 10

Investigation and characterization of these holes are done via SEM, and results are
given in Figure 4.23. As can be seen from the images, the shape of the holes is not
perfectly circular. The spots shown in Figure 4.23 are three consecutive spots
processed in one step. The laser hits several times; thus, it damages the substrate
surface. In addition, the power transferred to the layer changes during the process,
resulting in different ablation. In Figure 4.23 b) the third spot did not even form. The

approximate diameter of the holes varied from 30 um to a minimum value of 11um.
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a) 20kHz, 26-28A, LST:10 ms

b) 20kHz, 26-28A, LST:8 ms

Figure 4.23 Results of t-DOE-1 concerning the changing parameters

4.2.2.2  Scribing Mode (t-DOE-2)

Laser texture through already textured glass study

From the results of the drilling study, it is seen that laser damage done by the laser
to the substrate is very high. Two other concepts are proposed and experimented with

scribing mode. The first study proposes further reducing laser power by placing a
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material that will enter the light path but not block the light's passage. A piece of
glass is used for this purpose since the wavelength of the laser is 532 nm is used. A
glass piece is used and placed in front of the sample. Already textured glass is used
to see the effect on laser texture. The textured surface is placed on the AZO layer,
and the laser focuses on the interface. The concept can be visualized in Figure 4.24.

Soda lime glass
with surface texture

SRS

Flex Glass

LASER

Texture &
surface

SES

§ Y

'S
AZO

Figure 4.24 Schematic of laser texture through the already textured surface

The second proposed concept is targeted to reduce/eliminate laser damage. After
opening periodic holes through the first thin AZO layer, another relatively thick AZO
layer is deposited onto the first layer. Process steps can be seen in Figure 4.25.
Structural, optical, and electrical analysis of layer characterization is done. Total
transmission and direct transmission are measured for haze calculation, and the

results are represented in the next section.

J

Glass Glass Glass

AZO 140nm

Thin AZO deposition Texturing by laser Second AZO deposition

Figure 4.25 Process flow of AZO laser texture
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t-DOE-2 set according to frequency (repetition rate), diode current, and motor stage
speed is given in Table 4.12.

Table 4.12 Design of experiments for scribing mode (t-DOE-2)

FREQUENCY CURRENT M. S. SPEED

20 kHz 24-26 A 600 mm/s
300 mm/s
100 mm/s

20 kHz 22-24 A 600 mm/s
300 mm/s
100 mm/s

5 mm/s

After laser parameters are optimized for AZO laser texturing, a glass substrate area
of 1x2.5 cm? is scanned. The sample used for this study is ultra-thin flexible glass.
Since the laser ablates all the layers up to the glass, another layer is deposited onto
the textured layer. Mounting plastic substrates to the laser system is an issue because
of the curved surface of samples. During the laser process, bent structures become
out of focus, resulting in non-uniformities along the scribe line. Plastic substrates

will be studied after finding a proper mounting system.

Parameters in terms of line distances are optimized to have periodic holes. The
optimum diameter of the holes is ~20um, and the pitch is 30 um. For this laser,
parameter pitch is fixed; however, hole diameter can be changed by changing the
thickness of the deposited AZO layer. Thickness optimization should be done for the
second AZO layer deposition.

A power variation study is done on a 140 nm thick AZO layer. Samples used here
are 6 months old AZO samples deposited for layer characterization and are used as-
deposited (without any cleaning). Diode current is varied from 36-38A to 24-26A

with the polarizer. The optimum polarizer angle is found at 36°. Repetition rate

(frequency) is varied from 15 kHz - to 30 kHz, and motor stage speed is used in two

94



steps, 600 mm/s and 300 mm/s. Frequency and motor speed are arranged as
discussed in Section 2.2.1.

After some of the laser parameters are fixed, already textured glass is used. During
the laser texturing process, it is observed that residues coming out of laser ablation
are stuck on the textured glass. The textured glass needs to be cleaned after each laser
process. For only one line, process cleaning is not an issue. However, after scanning
a large area, some of the residues stuck on the textured glass cannot be removed by
simple cleaning (acetone, alcohol, and DI water cleaning). Cleaning with other
etchants can affect already textured glass surfaces so that it impinges on
reproducibility. As a consequence of reproducibility, laser texture through the
already textured glass concept is not carried on, even though SEM analysis is

promising.

An optical microscope or the camera of the laser system is used at first glance. The
surface image is taken via the camera of the laser system. A sample is illuminated
with infrared light to take a clear image. Scribe lines of laser texture through already
textured glass are seen in Figure 4.26. The first five lines are examples of laser
texture through the already textured glass concept. The last two lines are trials for
direct laser texture. Some of the lines are not visible to visible light; thus, further

characterization of these structures is done via SEM.

Al lines are scribed at 20 kHz with polarizer 36

36-38A, 600 mm/s

| 30-32A.600 mmis

Laser texture
though already
textured glass

0808080060808 000

24-26A, 300 mm/s

................
24-26A, 300 mm/s 4

__________________________

| 24264, 600 mmis 2 % } Direct texture

Figure 4.26 Screenshot of the camera image of the laser system of scribe lines after
laser texture
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SEM images show that texture though already textured glass concept, is promising,
as seen in Figure 4.27. By this concept, random texturing can be possible instead of
periodic texture. At the interface, focused laser light is scattered with the help of a
textured surface and ablate layer accordingly. In different power conditions, laser
damage to the layer differs. The damage is more at the center of the focused beam
for high power settings and gets less for the scattered light (see Figure 4.27-c). By
reducing power, the focused beam can scatter more, and the effect of scattering light
on the layer gets wider (see Figure 4.27-d). Effects of different parameters can be
seen in Figure 4.27-b, where the surface characterization of laser scribes is done

through the textured surface.

Figure 4.27 a) Laser camera image b) SEM image c-d) detailed SEM images of the
laser scribe lines

Direct Laser Ablation and HCI cleaning study

The previous study concluded that 20 kHz frequency and 24-26A current at 532nm
wavelength are the optimum parameters for texturing. The influence of motor stage
speed on laser spots can be seen in Figure 4.28. In Figure 4.28 a), the center to center
distance is 15 pum, and the pitch is ~7 um. Hole diameter varies in the range of 10-
15 um. However, the texture is not consistent throughout the scribe line. The most
unstable condition is the hole depth. In Figure 4.28 a) below, holes are not reaching

through the glass, which is favorable. Another issue is the discontinuity of the spots.
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Spot depth is also affected by the film thickness. In Figure 4.28 b) bright areas are
seen in the image are the glass, which is due to its charging property. It means that
holes are reaching the glass substrate.

um

a) 20 kHz, 24-26A, 300 mm/s b) 20 kHz, 24-26A, 600 mm/s

Figure 4.28 SEM images of the textured surface of 140 nm thick AZO showing
variation of motor speed

The structural and electrical analyses and SEM images are given in Table 4.13.
According to the results obtained from the power variation study, the best holes are
achieved with a repetition rate at 20 kHz, diode current at 24-26A, and motor stage
at 600 mm/s. By using these parameters, two areas are scanned with different line
spacing. In order to arrange periodicity, two different line spacing is applied. Line
spacing is 30 um and 200 um for areas 1 and 2, respectively. Center to center hole
spacing is the same for both scanned areas that are 30 pum for fixed frequency and
the motor stage speed. Both samples also have the same hole diameters of 20 um.
Sheet resistances are increased after the laser process. This phenomenon is due to

nonuniformity and misconnections formed by holes that reach the glass substrate.
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Table 4.13 Results of structural and electrical analysis of scanned areas

AREA-2

Hole diameter ~20 pm ~20 pm

Hole spacing 30 um 30 um
Line spacing 30 um 200 pm

Sheet Resistance | Before Texture: 59 Q/o | Before Texture: 55 Q/o
After Texture: 100 Q/o After Texture: 61 Q/oO

Textured areas are analyzed optically via the integrating sphere (1S). Here in Figure
4.29, results are given in two different IS set-ups. IS system can be arranged in two
different configurations since it has two ports. One of the ports is near to detector.
Two measurements from two different set-up configurations are compared to see the

effects on results. Results show that both systems can be used for low haze
measurements.
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Figure 4.29 Measurements obtained from two different IS configurations a) total
transmission b) haze
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From the surface characterizations, it is observed that after laser ablation, residues
remain at the edges of the holes, as seen in Figure 4.30 a). HCI cleaning is done for
scanned samples with the best laser parameter as Area-1. 0.25% HCI solution is
prepared for cleaning. Dipping time is varied in four steps: immediate dipping (DIP),
5, 10, and 15 seconds. Residues are cleaned for the sample that is dipped for 15 sec.
Crack formation is started at the edges of the holes, as seen in Figure 4.30 b) in
addition, after 10 sec. AZO layer starts etched by HCI. Direct and indirect

transmission is measured given in Figure 4.30 to see their contribution to haze

Figure 4.30 Residues after laser process are cleaned by HCI a) reference as textured
b) after 15 sec. HCI cleaning
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Figure 4.31 Transmission measurements for sample cleaned in HCI solution after
laser texture
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Double layer AZO deposition is studied in two steps. The first step is to deposit a
thin (~140 nm) AZO layer and direct laser texture. It is then depositing a relatively
thick AZO layer on top to reduce surface deficiencies and enhance the resistivity of
the TCO layer.

The same samples are used here for comparison. A comparison study of electrical
analysis is done for this experiment set. Sheet resistances are measured before laser
texture (as deposited). Then laser texture is applied before the second AZO
deposition. Another measurement is done after the thick AZO layer is deposited. The
results of the electrical analysis are given in Table 4.14. Also, the transmission
measurement results are shown in Figure 4.32, even though the sheet resistances

reduction results in a loss of film transparency.

Table 4.14 Sheet resistance values before texture as-deposited single layer and after
400 nm AZQ deposition

Reference  HCI DIP 5 sec. 10 sec. 15 sec.
Single-layer as dep. 60 Q/o 55 Q/o 57Q/a 58Q/a 57 Q/o
After second layer dep. 6.6 Q/o 8 Q/o 7.6 Qo 7.1Q/mbo 7.5Q/o

— Reference
—DP
5 sec.
w10 sEC.
— 15 sec

Transmission (%)
Haze (%)
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Figure 4.32 Transmission measurements after second AZO layer deposition
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Different studies are conducted to improve the quality of the laser process. Results
reveal that additional HCI cleaning is not necessary. Such an application can be
considered after optimizing all other parameters like the thicknesses of the films.
HCI cleaning will introduce more complexity to the whole texturing process. In a
second study for texturing, results showed that second layer deposition is essential
in reducing the value of sheet resistance of the TCO layer. In addition to that, by

controlling thicknesses, transparency can be arranged for a conductive layer.

4.2.2.3  Scribing Mode (t-DOE-3)

Laser texturing is studied on 1.2 micron thick AZO samples. AZO is deposited on a
25x25 cm? ultra-thin flexible glass substrate.

Figure 4.33 AZO deposited on the flexible glass substrate

A 1.1 mm thick dummy glass is placed onto the sample holder to support the flexible
glass. It is observed that the dimensions of the flexible glass substrates ordered from
Schott are greater than 25x25 cm? during the first time of the full-size AZO
deposition. The ultra-thin flexible glass is resized and used as one piece for the
deposition. After the deposition process, the AZO layer is cut into small pieces and

used for laser applications. Deposition parameters are given in Table 4.15.
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Table 4.15 Deposition Parameters of thick AZO samples

Deposition Parameters ~ AZO

Ar Flow rate 125
Dep. Pressure 3 mTorr
Dep. Power 600 W
Dep. Temperature R.T.

Surface analysis is carried out to investigate feature size and surface condition before

and after the laser process.

Figure 4.34 a) Cross-section view of the laser spot b) Surface of the laser-treated area
c) top view of laser spot d) edge of the laser spot
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Right after laser irradiation, the surface of the samples is examined in detail via an

optical microscope. After initial surface analysis with an optical microscope,

selected parameters are used to scan an area of 0.9x3 cm?.

Table 4.16 Design of Experiments for Laser Texture Optimization Set (t-DOE-3)

Line # | Frequency Current Motor S. Speed Line Separation
1 600 mm/s 20 pm
18-20 A
2 450 mm/s 20 um
3 15 kHz 600 mm/s 30 um
20-22 A
4 450 mm/s 30 um
5 26-28 A 600 mm/s 30 um
6 24-26 A 600 mm/s 30 um
7 20 kHz 26-28 A 600 mm/s 30 pum
8 28-30 A 600 mm/s 30 um
9 600 mm/s 20 pm
10 450 mm/s 20 pm
20-22 A
11 300 mm/s 20 pm
12 100 mm/s 20 pm
13 30 kHz 600 mm/s 30 um
14 22-24 A 600 mm/s 20 pm
15 450 mm/s 15 pm
16 24-26 A 600 mm/s 30 um
17 26-28 A 600 mm/s 30 um
18 i 600 mm/s 30 um
50 kliz 24-26 A H
19 24-26 A 600 mm/s 20 pm
20 100 kHz 26-28 A 600 mm/s 30 um

After laser illumination, as seen in Figure 4.34 a), 33% of the layer is etched by laser.

Etching of AZO layer depends on laser parameters such as diode current, in other

words, incident light power. After laser texturing, minor cracks are observed on the
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surface of the film. These cracks can be seen in Figure 4.34. The cracks are formed
as a result of absorbed energy. If the cracks are deep enough, those cracks can cause
delamination or discontinuities of the film. The best way to determine whether the
crack is deep enough to cause delamination is to measure the resistivity (or calculate
conductivity). Thus sheet resistance values are checked after each process.

Scan areas are further analyzed optically via SEM imaging. According to the t-DOE-
3 givenin Table 4.16, 20 different scans are applied by laser. The total and the diffuse
transmission is measured from the scanned area to calculate the haze value of the
textured AZO layer.

After the surface analysis, a 1x3 cm? area is scanned with selected laser parameters.
Each scanned area is optically investigated to obtain the maximum haze value. A
comparison of current, frequency, and line separation is studied. The results of t-
DOE-3 are given in Figure 4.35 and Table 4.17.

Table 4.17 Effect of Frequency on texturing

26-28 A, 600 mm/s, 30 um separation

Sheet
Resistance

Before

After

Sheet resistance values given in Table 4.17 show that film thickness is slightly
reduced but still in low values. The haze value is increased with increasing

frequency. Since the separation is constant, increasing the frequency decreases the
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distance between consecutive laser pulses. A decrease in the distance between pulses
means an increase in the pulse overlap
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Figure 4.35 a) Transmission b) Haze value of frequency comparison set

Further study is done to analyze the diode current comparison with the best result
obtained from the frequency study. Here 24-26A and 26-28A current results are

represented in Table 4.18 and Figure 4.36. 30 kHz frequency is used with different
diode current values.

Table 4.18 Comparison of diode current

30 kHz, 600 mm/s, 30 um separatlon

. @l@'lg\'&"é"‘wt
"L LA ilﬂbil' :

TaTﬁT&Ti O]

Sheet

Resistance

Before 3.5 Q/o 3.6 Q/o
After 5.6 Q/o 5.4 Q/n
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Various parameters have been studied in t-DOE-3. As discussed before, deposition
of AZO layer was produced on full-size flexible glass and cut into small pieces. More
than one sample is used for laser application for repeatability. However, areas
scanned with these values are not consistent in delamination. Thus current values
lower than 24-26A are omitted.
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Figure 4.36 a) Transmission b) Haze value of power comparison set

The increase in current increases the overlapping of the laser pulses. In addition, an
increase in current results in an increase in spot size. Since the feature size of the
laser spots is already oversized for optimum light management, getting a more
prominent spot is not desired. In other words, the growing laser spot flattens the
surface instead of roughening it. As a result, in Figure 4.36 b), the haze value has
dropped to lower values when the current increases. As seen in Figure 4.36 a), the
transmission value is dropped slightly because a higher current value removes more

material from the surface, as observed from the sheet resistance value.

The area examined for increasing the overlap, line spacing, reducing the scanning

speed (motor step speed), and double scanning are given in Table 4.19.
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Table 4.19 Comparison of line spacing

50 kHz, 24-26A, 600 mm/s

Sheet pidE 995
Resistance 20 pm spacing
Before 3.5Q/o 3.6 Q/o
After 4.2 Qlo 4.5 Q/o

The increasing frequency and line spacing introduce more laser spot overlap,
resulting in more randomized texturing. Increasing line spacing increases the

overlapping without changing feature size; thus, the haze value slightly increases, as
seen in Figure 4.37 b).

12

w50 kHz, 24-26A, 20 um spacing
w50 kHz, 24-26A, 30 um spacing
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Figure 4.37 a) Transmission b) Haze value of line spacing comparison set
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Table 4.20 Increasing overlapping by double scan

15 kHz, 20-22A, 450 mm/s, 30 um separation

Sheet

Resistance Single Scan Double Scan
Before 3.5 Q/o 3.5 Q/o
After 4.2 Q/o 4.6 Q/o

Results show that the increase of high haze value can be achieved by introducing
features having a different size to the layer. Up to now, it is obtained by the
overlapping of the laser pulse. A laser pulse can overlap by multiple scanning.

Results of dual scanning are given in Table 4.20 and Figure 4.38.
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Figure 4.38 a) Transmission b) Haze value of double scan comparison set
The laser is focused on the surface of the samples for all of the laser parameters

tested for t-DOE-3. A new experiment set is designed to test the focus position

change in the t-DOE-4 study. Parameters for t-DOE-4 are given in Table 4.21. Focus
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position can be adjusted by either inserting different thickness values into the laser
software or inserting defocus parameters at fixed thickness—either method results

in the same way.

Table 4.21 Design of Experiments for Defocus Study (t-DOE-4)

Frequency Current | Motor S. Speed Line Separation | Thickness
[.1 mm
3.1 mm
30 kHz 24-26 A | 600 mm/s 30 um
4.1 mm
5 mm

The laser system use the thickness value entered into the software to adjust the focus
of the laser beam, which means the laser is focused on the surface by putting original
(actual) thickness values. Results of the optical analysis are given in Figure 4.39. the
laser should be defocused 1 mm to obtain higher haze values due to the focusing
study. As a result of this study, it is seen that a high haze value is obtained at 3.1
mm. On the other hand, it can be concluded as the laser is not correctly aligned such

that it is not focusing on the surface with absolute values.
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Figure 4.39 a) Transmission b) Haze value of DOE-4 (defocus study)
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Having this information gathered from the DOE-3 and DOE-4, other laser texturing
is studied to obtain a high haze value of front contact texturing for solar application.
After obtaining the best parameters for two different frequencies, the subsequent
study is to double scan an area with these parameters having different scan angles
between them, and a comparison study is conducted. The detail of this study is
tabulated in Table 4.22.

Table 4.22 Design of experiment for double Scan for surface texturing (DOE-5)

Scan Tilt Line Scan Line
Frequency | Current

Area # Angle # Speed Separation

I 15 kHz 20-22 A | 600 mm/s | 30 um
DS-1 45°

2nd | SAME PARAMETER

1 15 kHz 20-22 A | 600 mm/s | 30 um
DS-2 45°

2nd | 30 kHz 20-22 A | 600 mm/s | 30 pm

1 15 kHz 20-22 A | 450 mm/s | 30 pm
DS-3 0°

2| SAME PARAMETER

1 15 kHz 20-22 A | 450 mm/s | 30 pm
DS-4 45°

2| SAME PARAMETER

1 15 kHz 20-22 A | 450 mm/s | 30 um
DS-5 90°

2 | SAME PARAMETER

1 15 kHz 20-22 A | 450 mm/s | 30 um
DS-6 90°

2nd | 30 kHz 24-26 A | 450 mm/s | 30 pm

1 30 kHz 20-22 A | 600 mm/s | 30 um
DS-7 45°

2" | SAME PARAMETER

110




Table 4.23 Surface analysis of double scan textures

DS-3

DS-5

DS-6

DS-7
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Surface analysis revealed deeper cracks on the surface resulting from the double
scanning. However, there is no significant increase in sheet resistance, which means
the crack does not go deeper so that it is separated and creates discontinuities through
the film. After the laser process, ultrasonic cleaning can remove the residues. In
addition, a thin layer of AZO can be deposited after texturing, as disgusted
previously.
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Figure 4.40 a) Transmission b) Haze value of DOE-5 (UV laser texture)

The haze value of 42% is obtained, as seen in Figure 4.40. The surface of these
samples is further investigated via AFM and SEM. Results show that AFM analysis
is not appropriate for such big features. Further analysis is done by SEM imaging

and represented in Table 4.23.

4.2.2.4  Scribing Mode — Double scan study (t-DOE-6)

The new design of the experiment is studied on 1.2 micron thick AZO samples
produced at the beginning of the t-DOE-3. In the previous laser texturing studies, it
is concluded that dual scanning introduces more random texturing. Random textures
create small and big features simultaneously, which results in higher haze values.
New laser parameters with UV laser are studied accordingly. The details of this study
are tabulated in Table 4.24.
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Table 4.24 Design of experiment for double Scan for surface texturing (t-DOE-6)

Scan Tilt Line Scan Line
Frequency | Current

Area # Angle # Speed Separation

I 15 kHz 20-22 A | 450 mm/s | 30 um
UV1-1d | 90°

2m | 30 kHz 24-26 A | 450 mm/s | 20 um

I 30 kHz 24-26 A | 450 mm/s | 20 pum
Uvi-2d |90°

2" | SAME PARAMETER

1 30 kHz 24-26 A | 600 mm/s | 15 um
Uv2-1d | 0°

2nd 130 kHz 24-26 A | 450 mm/s | 15 um

1 30 kHz 24-26 A | 450 mm/s | 15 pum
Uv2-2d | 45°

24 | SAME PARAMETER

1 15 kHz 20-22 A | 450 mm/s | 30 um
UVv3 45°

2nd 1 30 kHz 24-26 A | 450 mm/s | 20 um
UV4-1 - - 30 kHz 22-24 A | 400 mm/s | 20 um
Uv4-2 - - 30 kHz 22-24 A | 600 mm/s | 30 um
UV5-1 - - 19 kHz 22-24 A | 400 mm/s | 31.5 pm
UV5-2 - - 18 kHz 22-24 A | 400 mm/s | 33.5 um
UVve-1 19 kHz 22-24 A | 600 mm/s | 31.5 um
UVe6-1 18 kHz 22-24 A | 600 mm/s | 33.5 um

The samples are manually rotated by 90° after the first laser processing for the double

laser processing. Single spots can be obtained along the scribe line by adjusting the
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laser repetition rate and motor stage speed parameters. Thus, horizontal periodicity
can be obtained by adjusting the laser repetition rate and the motorized stage speed.
After obtaining the best parameters for two different frequencies, the following study
is to double scan an area with these parameters having different scan angles between
them, and a comparison study is conducted.

After the surface analysis of r-DOE-6, the 1x3 cm2 area is scanned with selected
laser parameters. In order to obtain a high haze value, each scanned area is optically
investigated via SEM imaging. The double scan texture results reach haze values as
high as 60%, given in Figure 4.41.
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Figure 4.41 a) Transmittance b) Haze of double scan textures of DOE-6 (UV laser
texture and one of the IR laser textures for comparison)

Surface analysis of best textures is given in Figure 4.42. Unlike the previous UV
texture study, SEM images of sample UV1-2 given in Figure 4.42 a) show that the
samples' surface is smooth and free of any flakes. Surface analysis is also carried out
with AFM, and measurements are given in Figure 4.42 b). The surface of the films
has a roughness of 84 nm. Roughness is in the order of nm; however, the texture size
is in the order of microns; thus, the roughness values will not affect the film quality

of the next layer deposited for solar cell application.
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Rgq=84.0 nm
Ra =66.0 nm

90.0 ym

1: Height 100.0 um

Figure 4.42 a) SEM image of the UV1-2 double scan texture b) AFM image of the
UV1-2 double scan texture

In the case of IR texture, the laser is coming from the glass side. Meaning loos some
of its energy inside the glass substrate and focus on the surface of the AZO layer.
Because of this reason, after laser texturizing, there appear two different regions on
the surface. Since the glass fabrication includes stretching glass from large pieces,
there appear mutual waves on the surface; this is also called surface form error. The
laser passes through these regions and diffuses inside the glass, which
enhances/helps the texture. Surface texture results of IR texture are given in Figure
4.43.
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Figure 4.43 Surface of AZO layer after IR texturing

4.2.2.5  Scribing Mode — Double scan study (t-DOE-7)

Overlapping of laser pulses is examined after the direct laser writing process by the
camera installed in the laser system. A matrix is designed for texturing after
obtaining the best parameters at two different frequencies and two different motor
stage speeds. The first parameter double scans an area with these parameters having
different scan angles between them, and a comparison study is conducted. The details
of this study are tabulated in Table 4.25 and Table 4.26.

Texturing and patterning of AZO-coated glass substrates studied in this thesis are
produced by direct laser processing using two different wavelengths. AZO is
deposited on 25 cm x 25 cm flexible ultra-thin glass (~100um) using RF magnetron
sputtering process of 2% AZO ceramic target. The process parameters such as the
deposition temperature of 250°C, deposition time, Ar flow rate of 125 sccm, RF
power of 600 watts, and deposition pressure of 3 mTorr are used to obtain a film

thickness of 1.2 um with the desired sheet resistance and film crystallinity [4].
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Table 4.25 Design of experiment for double Scan for surface texturing at 532 nm

Scan Tilt Line Scan Line
Frequency | Current

Area # Angle # Speed Separation

G3-areal | - - 30 kHz 30-32 A | 450 mm/s | 10 um

15t 30 kHz 30-32 A | 450 mm/s | 10 pm
G3-area2 | 90°

2nd | 30 kHz 31-33 A | 450 mm/s | 10 um

15t 15 kHz 28-30 A | 450 mm/s | 20 pum
G3-area3 | 90°

2nd | 30 kHz 31-33 A | 450 mm/s | 10 um

G3-aread | - - 15 kHz 28-30 A | 450 mm/s | 20 pm

G4-areal | - - 30 kHz 31-33 A | 600 mm/s | 15 um

15t 30 kHz 31-33 A | 600 mm/s | 15 pm
G4-area2 | 90°

2" 130 kHz 31-33 A | 450 mm/s | 15 um

G4-area3 | - - 30 kHz 31-33 A | 450 mm/s | 15 pm

Table 4.26 Design of experiment for double Scan for surface texturing at 1064 nm

Scan Area | Tilt Line Freauency | Current Scan Line

# Angle | # 1 Y Speed Separation
IR1-areal |- - 15 kHz 18-20 A | 450 mm/s | 15 pum
IR1-area2 |- - 30 kHz 19-21 A | 450 mm/s | 20 um

1 | 30 kHz 19-21 A | 450 mm/s | 20 um
IR1-area3 | 90°

2" | SAME PARAMETER

1 15 kHz 18-20 A | 450 mm/s | 15 um
IR1-area4 | 90°

2nd 1 30 kHz 19-21 A | 450 mm/s | 20 um

IR2-areal |- - 30 kHz 18-20 A | 450 mm/s | 25 um

1t | 30 kHz 18-20 A | 450 mm/s | 25 um

IR2-area2 | 90°

2"d | SAME PARAMETER
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Surface analysis of the best green laser textures is given in Figure 4.44. Different
than the previous UV texture study surface of the samples is defect-free. Surface
analysis is also carried out with ZygoZegage optical profiler. The surface of the films
has a roughness of 100 nm to 400 nm. Roughness is in orders of nm; however, the
texture size is in the order of microns; thus, high roughness values will not affect the
film quality of the next layer deposited for solar cell application.
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Figure 4.44 SEM and optical profiler image of the green-laser textured samples

AZO is a degenerated semiconductor with a direct bandgap ranging from 3.2 to 3.7
eV. In the case when a green-laser is utilized, the incident light energy is mainly
absorbed by the AZO band electrons and is transferred to its lattice and heats it rather
than effectively ablates the film and/or dramatically reduces its thickness since the

green light energy (~2.3 eV) is much smaller than the bandgap of AZO.

Each scanned area is optically investigated to obtain a high haze value. Results of
green-laser texture reach haze values as high as 64% are given in Figure 4.45. As
seen in Figure 4.45, enhancement of transmission of the layers in the blue region of
the spectrum is observed. In addition, apart from UV-laser texturing, green-laser

texturing covers the entire spectrum.

118



920
80
70
60 ‘

50

—a— Refference
—e— G3_areal
—&— G3_area2
—¥— G3_area3
—&— G3_aread
—<4— G4_areal
—»— G4_area2
—o— G4_area3

|
40

30

Tranmittance (%)

20

T T T T
10 400 500 600 700 800 900 1000 1100

Wavelength (nm)

—&— Refference —@— G3_areal —A— G3_area2 —¢— G3_area3
—@— G3_area4 —4— G4_areal —p— G4 area2 —@— G4_area3

T T T T T T T
400 500 600 700 800 900 1000 1100
Wavelength (nm) ‘

Figure 4.45 a) Transmittance b) Haze of the green-laser textured samples

Surface analysis of the best IR laser textures is given in Figure 4.46. Surface analysis
is also carried out with ZygoZegage optical profiler. The surface of the films has a
roughness less than 100 nm. Roughness is in orders of nm; however, the texture size
is in the order of microns; thus, high roughness values will not affect the film quality

of the next layer deposited for solar cell application.

3147 um

Figure 4.46 SEM and optical profiler image of the IR-laser textured samples
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Figure 4.47 a) Transmittance b) Haze of IR-laser textured samples

With IR texture, it is hard to achieve defect free surface which means less parameters
are available. Through optimizing the laser parameters, high conductive, high
transmittance, and desirable high haze at 1064 nm laser wavelength was reached up
the 60% in the visible region. Results of IR Iser texture are given in Figure 4.47.
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CHAPTER 5

AMORPHOUS SILICON THIN-FILM SOLAR CELLS ON FLEXIBLE
SUBSTRATES

Single junction solar cells are produced onto ultra-thin flexible glass substrates in the
superstrate configuration. In this study, p-i-n type single-junction solar cells are also
produced on the laser textured aluminum-doped zinc oxide (AZO) layers. This
chapter shows the results of amorphous silicon thin film solar cell production on

ultra-thin flexible substrates.

The following sections present the results of single-junction p-i-n type amorphous
silicon thin film solar cells. First, a preliminary deposition of p-i-n type amorphous
silicon is presented as a reference sample before optimizing each layer. Then, solar
cell results produced with optimized layers are given. Second, the solar cells
produced on the textured TCO layer are presented. Finally, the results of thin film

production of flexible modules connected in series via direct laser writing are given.

5.1  Device Structure of Reference Sample

Here in this section, three different p-i-n depositions are conducted. In each
deposition, the most straightforward cell structure is used with layers of AZO / p-a-
Si:H /i-a-Si:H / n-a-Si:H / Ag in superstrate cell configuration. All the thin film solar
cells represented in this chapter used the given configuration. The thin film a-Si:H

solar cell structure can be seen in the schematic representation shown in Figure 5.1.

First, light passes through the transparent plastic substrate. Then passes through the
transparent conductive oxide (TCO) layer. This layer is also used as front contact.

Aluminum doped zinc oxide (ZnO:Al) is one of the suitable materials for the TCO
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layer with the advantage of good adhesion and a comparable refractive index with
silicon. After the TCO layer, light reaches the silicon layer, denoted as the active

photovoltaic (PV) area

DT} seck contet

AZO TCO - front
contact
GLASS Substrate

T07 wenr TTT

Figure 5.1 Layer by layer p-i-n type device structure

The active PV area in the structure consists of three main layers. Intrinsic silicon
material is placed between two doped layers. When the light is reached this layer
stack, it is absorbed, and electron-hole pairs are created in the intrinsic layer. An
intrinsic layer between the two doped layers is needed for silicon-based thin film
solar cells since the defect density of the amorphous silicon layer is too high for
doped layers. The created minority carriers have a very short lifetime in defective
layers. In order to collect these carriers, p-i-n type structure is used. After the silicon
layers, light is reflected from the back reflector. The critical role of this layer is to

collect charge carriers from the system [13].

The solar cells are characterized electrically, as discussed in Chapter 2. The key
performance parameters (FF, Voc, Jsc, n) are deduced from the I-V measurements.
The theoretical limit of Jsc for a p-i-n type single-junction solar cell having a 1.75
eV optical band gap intrinsic layer is 21 mA/cm?. The theoretical limit of Voc is 1.3

V for the same conditions.
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5.1.1 Thin Film Silicon Solar Cell on Ultra-thin Flexible Glass Substrates

5111 Preliminary Studies on Thin Film Silicon Solar Cells

A single-junction solar cell is deposited by plasma-enhanced chemical vapor
(PECVD) on various glass substrates. A 2x2 mm? contact mask is used when
evaporating the back contact (silver). Superstrate cell configuration is used as the
device structure. 1 pm thick AZO deposited on both thick (1.1mm) and ultra-thin

(<100 um) glass. A comparison study is conducted.

Figure 5.2 Process problems after p-i-n deposition a) delamination after deposition
b) microscope image showing pinholes ¢) sample surface having both problems
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Processes are not reproducible, films were delaminating after each process, and there
were lots of pinholes in the films, see Figure 5.2. Pinholes are mainly observed after
p-type a-Si deposition. During the investigation of this study, it is realized that
doping gases decompose sufficiently for their concentration to fall out of tolerance
value. As a result of this concept, sufficient doping can not be obtained. After this
study, diborane is replaced with a new one.

As a result of the solar cell fabricated on ultra-thin and thick standard glass, photo-
production increases as the ultra-thin flex glass blocks less light, resulting in a
slightly higher current density. This study compares the productions on different
substrates. 1-V is given in Figure 5.3, and essential values are summarized in Table
5.1.
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Figure 5.3 I-V characteristics of preliminary production

Table 5.1 Preliminary p-i-n device deposition parameters

Voc (V)  Jsc (mA/em’)  Efficiency (%)  Fill Factor (%)
Bare Glass 0.751 3.43 1.85 64.56
Flex Glass ~ 0.699  4.12 2.08 65.01
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5.1.1.2  Thin Film Silicon Solar Cells with optimized layers: TYPE-1

The solar cell is obtained with the best parameters resulting from each layer's
optimization. Parameters used in the device production are given in Table 5.2.
Deposition temperature, power, and pressure are fixed for all layers as 175°C, 50 W,
and 1 Torr. Simplest cell structure is used in this process with thickness of AZO 600
nm / p-a-Si:H (12 nm) / i-a-Si:H (250 nm) / n-a-Si:H (17 nm) / Ag 300 nm. AZO
was used as as-deposited. Metal contact of the cells is thermally evaporated.

The solar cell deposited with the given parameters is denoted as a “TYPE-1" thin

film silicon solar cell.

Table 5.2 Deposition parameters used in the TYPE-1 p-i-n

Parameters p-layer i-layer n-layer
Deposition Power 50 W

Deposition 1 mTorr

Pressure

Temperature 175°C
R=[H2]/[SiH4] 18 9 18
D=[Dopant]/[SiH4] | 0.055 - 0.015

The sample is shown in Figure 5.4 a). The I-V curve of this sample is measured from
each square contact point. Since no pinholes are detected in this run, all the contacts
are adequately working. Only one contact was not working, and that was the one
scratch placing the sample for measurement. The average and the best cell

performance parameters are summarized in Table 5.3.

A counter color map is plotted in Figure 5.4 b) to visualize the efficiency map of the
sample. The blue color indicates the low cell efficiencies at the bottom of the 2 x 2
cm? area. Higher efficiencies are obtained from top and side contacts of the 2 x 2
cm? square area. These variations in observed efficiencies correlate with the sample's

banding resulting from deposition stress.
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Figure 5.4 a) Sample image of TYPE-1 deposition b) Efficiency mapping of the
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Table 5.3 Best performance results of TYPE-1 p-i-n solar cell

Voc (V)  Jsc (m A/cmz) Efficiency (%)  Fill Factor (%)
Best TYPE-1  0.724 6.88 2.88 56.77
Average 0.708 6.84 2.75 55.66

After measuring the 1-V of the sample, the sample is annealed to see the annealing

effect on the sample. The sample is annealed at 150°C under N2 flow for 20 minutes.

After annealing, the Vo value is increased. This increase in open-circuit voltage can
be explained by the decrease in resistance of the back contact. In addition to that, the

series resistance is reduced due to annealing the contact of the solar cell.

From this point on, all samples are annealed after p-i-n deposition. The I-V results
given in Figure 5.5 are the results of the annealed samples. Annealing is essential in
our device structure since another AZO cannot be deposited without shorting

between back contact and n-layer.
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Figure 5.5 I-V characteristics of TYPE-1 production

5.1.1.3  Thin Film Silicon Solar Cells with optimized layers: TYPE-2

Parameters used in the device production are given in Table 5.4. In this run, the
deposition power of the intrinsic layer is reduced to 30 W. Deposition temperature,
power, and pressure are the same for doped layers, respectively, at 175°C, 50 W, and
1 Torr. Metal contact of the cells is thermally evaporated.

AZO 600 nm/ p-a-Si:H (12 nm) / i-a-Si:H (250 nm) / n-a-Si:H (17 nm) / Ag 300 nm.

Table 5.4 Deposition parameters used in the TYPE-2 p-i-n

Parameters p-layer i-layer n-layer
Deposition Power 50 W 30W 50 W
Deposition 1 mTorr

Pressure

Temperature 175°C
R=[H2]/[SiH4] 18 9 18
D=[Dopant]/[SiH4]| 0.055 - 0.015
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The sample of TYPE-2 is shown in Figure 5.6 a). Results are given after the
annealing of the sample. The best I-V curve obtained from this deposition is plotted

in Figure 5.6 b). Table 5.5 summarizes this deposition's average and best cell
performance parameters.
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Figure 5.6 a) Image of the deposited sample b) 1-V characteristics of TYPE-2
production

Table 5.5 Results of TYPE-2 p-i-n solar cell

Voc (V)  Jsc (m A/cmz) Efficiency (%)  Fill Factor (%)
Best TYPE-2  0.738 6.47 2.77 57.47

Average 0.721 6.33 2.53 54.43

5.1.1.4  Thin Film Silicon Solar Cells with optimized layers: TYPE-3

The solar cell represented here is obtained with the best parameters resulting from
each layer's optimization. Parameters used in the device production are given in
Table 5.6. In addition to the change of deposition power, the ratio R is increased to

14. Deposition temperature, power, and pressure are the same for doped layers,
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respectively, at 175°C, 50 W, and 1 Torr. Metal contact of the cells is thermally

evaporated and is annealed after metal contact evaporation. The best I-V curve
obtained from this deposition is plotted in Figure 5.7.

AZO 600 nm/ p-a-Si:H (12 nm) / i-a-Si:H (250) / n-a-Si:H (17 nm) / Ag 300 nm.

Table 5.6 Deposition parameters used in the TYPE-3 p-i-n

Parameters p-layer i-layer n-layer
Deposition Power 50 W 30 W 50 W
Deposition 1 mTorr
Pressure
Temperature 175°C
R=[H2]/[SiH4] 18 14 18
D=[Dopant]/[SiH4] | 0.055 - 0.015
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Figure 5.7 1-V characteristics of TYPE-3 production

5.1.1.5  Thin Film Silicon Solar Cells with optimized layers: TYPE-4

The solar cell represented here is to compare different i-layer thicknesses in terms of

the performance parameter of the solar cell. Process parameters used in the device
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production are the same as in Table 5.6. Metal contact of the cells is thermally

evaporated and is annealed after metal contact evaporation. The best I-V curve
obtained from this deposition is plotted in Figure 5.8.

AZO 600 nm / p-a-Si:H (12 nm) / i-a-Si:H (300 nm) / n-a-Si:H (17 nm) / Ag 300 nm.
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Figure 5.8 I-V characteristics of TYPE-4 production

5.1.1.6  Comparison of Different Types of Thin Film Silicon Solar Cells

In each p-i-n production, doped layers are deposited with the same deposition
parameter at 175°C deposition temperature, 50 W power, and 1 Torr pressure. The
difference between each type of p-i-n production is in the intrinsic layer, and all the
varying deposition parameters are summarized in Table 5.7. The solar cell

represented here is obtained with the best parameters resulting from each layer's
optimization.
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Table 5.7 Deposition parameters of each type of p-i-n solar cells

TYPE-1 TYPE-2 TYPE-3 TYPE-4
Deposition Power 50 W 30 W 30W 30W
R=[H2]/[SiH4] 9 9 14 14
i-layer thickness 250 nm 250 nm 250 nm 300 nm

50 W power deposition is done to compare the process parameters with the old i-

chamber. Even if the results of TYPE-1 deposition are high, the deposition at 50 W

power in the new i-chamber is not stable. As discussed in Chapter 3, deposition at

these conditions results in delamination, which is not consistent and reproducible.

TYPE-2 and TYPE-3 show that the intrinsic layer becomes well-ordered as expected

due to the hydrogen to silane ratio increase. When comparing TYPE-3 and TYPE-4,

the increased intrinsic layer increases open-circuit voltage (Voc). An increase in Voc

can be explained by the increase in thickness which means that the deposited layer

reaches the microcrystalline regime. In addition, an increase in short circuit current

means more absorption due to increased layer thickness. Annealing also improves

this condition as well.
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Figure 5.9 I-V characteristics of four different types of solar cells deposited in

GUnEr
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The best parameters of 3.43% efficiency, 0.741 V open-circuit voltage, 6.51 short-

circuit current density, and 69.72 fill factor is obtained.

Table 5.8 Results of different types of p-i-n solar cell

Voc (V)  Jsc (m A/cmz) Efficiency (%)  Fill Factor (%)

TYPE-1 0.761 6.28 3.09 63.29
TYPE-2 0.738 6.47 2.77 57.47
TYPE-3 0.704 6.21 3.12 70.62
TYPE-4 0.747 6.51 3.43 69.72

5.2  Device Structure of laser textured AZO samples

Light management in the first layer of the device enhances the light absorption of a
thin film solar cell. The first layer, the transparent conductive oxide layer, is textured,
or the substrate can be textured. Texturing helps to reduce scattering and enhance
light entering the absorber layer. Parameters such as texture size and periodicity are

essential features for texturing.

Ag

Contact

""" """ 1o

Substrate

Light

Figure 5.10 Schematic representation of amorphous silicon solar cell in superstrate
configuration
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The focus of this study is to compare the surface texturing of AZO thin films
deposited on ultra-thin flexible glass substrates by RF magnetron sputtering for thin
film photovoltaic applications obtained with different laser parameters operating at
infrared, green, and ultraviolet. Laser textured samples studied earlier are used as the
substrate for p-i-n type single junction thin film silicon solar cells. Metal contact of
the cells is thermally evaporated directly onto the n-layer. A schematic representation
of amorphous silicon solar cell superstrate configuration is seen in Figure 5.10.
Device structure with layer thickness is; laser texture AZO (1200 nm) / AZO (100
nm) / p-a-Si:H (12 nm) / i-a-Si:H (250 nm) / n-a-Si:H (17 nm) / Ag 300 nm.
Parameters used in the deposition are given in Table 5.9.

Table 5.9 p-i-n parameters used in the deposition of textured samples

Parameters p-layer i-layer n-layer
Deposition Power 50 W 30W 50 W
Deposition 1 mTorr

Pressure

Temperature 175°C
R=[H2]/[SiH4] 18 9 18
D=[Dopant]/[SiH4] | 0.055 - 0.015

5.2.1 Results of Thin Film Silicon Solar Cell on Laser Textured AZO

Different textured samples processed with three different laser wavelengths are
presented in Figure 5.11. Samples used in this study are laser textured samples
discussed in Chapter 4. In order to overcome the degradation of the AZO layer and

improve the conductivity, 100 nm AZO was deposited onto AZO textured samples
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P-V:0.136 um P-V: 1.7 um P-V:0.619 um
RMS: 10 nm RMS: 351 nm RMS: 59 nm

Figure 5.11 Optical profiler image of the UV, green, and IR laser textured TCO
samples that are used for solar cell application

Laser textured samples studied earlier are used as the substrate for p-i-n type single
junction thin film silicon solar cells. Most textured samples having high P-V values
do not work due to shorting. The green laser textured sample given in Figure 5.11 is

worked. This sample contains a large island that has extensive surface coverage.
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Figure 5.12 Solar cell results of textured samples of UV, green, and IR laser textured
TCO samples (inset shows Jsc values in detail)
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From the I-V results of these samples given in Figure 5.12, it can be seen that an
increase in short circuit current (lsc) is observed where a slight decrease in open-
circuit voltage (Voc). A slight decrease in Vo is observed and can be explained by
the resistance resulting from texture. A decrease in Vo can be explained by the
resistance resulting from texture. 3.35 % for IR, 5.59 % for green, and 5.22 % for

UV increase in I are observed due to AZO texturing.

Table 5.10 Summary of best results of textured p-i-n solar cells

Efficiency (%) Voc (V) Jsc (mA/cmZ) Fill Factor (%)

IR texture 2.29 0.713 6.93 46.07
Green texture 1.88 0.671 7.04 39.47
UV texture 2.57 0.699 7.06 51.47
Reference 2.20 0.731 6.67 44.60

5.3  Monolithically series-connected flexible device

Large-area thin film modules are made using laser processes. Successive cells can
be separated from each other using precision laser scribing. Laser processing
separates the cells and ensures they are connected in series by applying it between
the solar cell production steps. The schematic diagram shows the monolithic series
connection of cells in Figure 5.13. Contrary to the crystalline solar cell technologies,
laser scribing technology gives us the flexibility to arrange the size of each cell and

their connections with each other during cell production [70].
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Figure 5.13 Thin film silicon solar cell module cross-section shows monolithic
connection scribes

The module is obtained by three main scribe lines called P1, P2, and P3, shown in
Figure 5.14. Each laser process takes place during cell production. P1 removes the
transparent conductive oxide (TCO) layer, which provides electrical isolation of each
cell. Scribing of P1 is mainly done by laser with a wavelength in the range of infrared
(1064 nm). Ultra-violet (355 nm) laser is also used for P1 scribing. The wavelength
used in the P1 scribing process can be selected according to the TCO material used
in the solar cell. After P1 scribing is done, the p-i-n structure is deposited. P2
removes the silicon layer up to the TCO layer, which provides an electrically series
connection between cells. P2 scribe is done by a green laser (532 nm). Back contact
is deposited after the P2 scribing process. P3 is the removal of the back contact,
which provides the series connection of each cell. In addition to these scribes, a

fourth scribe isolates the whole structure to form the resulting module [71].

Green: 532 nm

P1

Substrate Substrate Substrate

AZO AZO
DO s S | R i p-i)
[ ] P Ag
P2 P3

AZO

UV: 355 nm

Figure 5.14 Laser Scribing Stages
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After layer characterization of thin films for silicon solar cells is completed, a-Si:H
thin film module will be studied. The thin film module is obtained by monolithic
series connection via laser processes. In order to obtain an electrical connection
between each cell, layers are cut via laser, and then the next layer is deposited on
top.

531 Laser scribing of P1

Preliminary P1 scribing study using an IR (1064 nm wavelength) laser are studied
on 600 nm AZO deposited on standard 2 mm glass substrates. Laser scribe lines can
be seen in Figure 5.15.

Current 24-26 A 8x Microscopic view

300 mm/s 350 mm/s

Current 25-27 A 8x Microscopic view

350 mm/s 400 mm/s 450 mm/s
Current 29-31 A 8x Microscopic view

300 mm/s 400 mm/s 550 mm/s

Figure 5.15 P1 scribes at 50 kHz with IR laser
At constant frequency, it is observed that increasing current (increasing laser power)
and increasing motor stage speed damage the glass underneath. Other experiments

are designed accordingly.
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P1 scribing is studied using a UV (355nm wavelength) laser. 1 um AZO deposited

flexible glass substrates are studied.

The design of the experiment (DOE) is prepared according to the AZO texturing
study, and process parameters are tabulated in Table 5.11 and Table 5.12. Frequency

and the current values are increased to have complete layer removal.

Table 5.11 DOE for 30 kHz frequency (Is-DOE-1)

Frequency Current M. Speed
30 kHz 34-36 A 600 mm/s
2 30 kHz 36-38 A 600 mm/s
3 30 kHz 34-36 A 300 mm/s

Table 5.12 DOE for 50 kHz frequency (Is-DOE-2)

Frequency Current M. Speed
4 50 kHz 34-36 A 600 mm/s
5 50 kHz 36-38 A 600 mm/s
6 50 kHz 36-38 A 300 mm/s
7 50 kHz 34-36 A 300 mm/s

Optimization of any of the scribe is related to the film thickness. The essential point
of this process is the total TCO removal. The simplest and most effective way to test
total removal is to look at the electrical connection of the two separated pieces with
a multi-meter. Further characterization of the scribe line is done by analyzing optical

microscope images.

Samples used here are 1 um thick AZO-coated ultra-thin flexible glass substrates. A
UV laser operating at 355 nm irradiates from the film side. Laser scribing lines are

investigated by optical microscope imaging, and results are given in Table 5.13 and
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Table 5.14. Electrical disconnection of each laser line is also checked via multi-

meter.

Table 5.13 Optical microscope images of DOE for 30 kHz frequency

Frequency |Current [M. Speed |Reflection Image Transmission Image
30 kHz 34-36 A |600 mm/s

30kHz  [36-38 A 600 mm/s B 3%, P d

30 kHz 34-36 A |300 mm/s |§

Table 5.14 Optical microscope images of DOE for 50 kHz frequency

Frequency |[Current [M. Speed |Reflection Image Transmission Image
50kHz  [34-36 A 600 mm/s |is

50 kHz 36-38 A |600 mm/s

50 kHz 36-38 A {300 mm/s

50 kHz 34-36 A |300 mm/s
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UV irradiation is absorbed by both the Aluminum doped zinc oxide layer and glass
substrate. As a result of that, films are illuminated from the film side. However, the
Gaussian nature of the laser beam results in high energy in the center and relatively

lower energy at the edge of the laser spot.

Microscope images reveal a region around the centerline that is the thermal effect
caused by the laser during ablation. When the motor stage speed is increased thermal
effect reduces; however, the scribe line width broadens. The width of each scribe

line defines the dead regions between cells in a module.

5.3.2 Laser scribing of P2

P2 scribing is done via a green (532 nm) laser process. At low powers, more debris
is observed. The performance parameters of this scribe are to obtain a narrow and
clean cut. The line width of the scribe defines the death zone of the connected cells—

the cleanness of the scribe results in excellent electrical isolation.

100 kHz
30-32A 36-38A

ARy .
600 mm/s 500 mm/s

60 mm/s

Figure 5.16 Parameter study of P2 scribe
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The debris formation can be controlled with increasing frequency and motor stage
speed. In addition, the layer thickness also influences the material removal. Figure
5.16 shows the parametric study of the P2 scribes, which are determined individually

for each production. Optimized parameters are given in the following section.

5.3.3 Laser scribing of P3

P3 scribing is done via a green (532 nm) laser process. Since the P2 and P3 scribes
are both done with the same wavelength, it is essential to find the suitable parameter
to ablate the metal layer and not damage the a-Si layer, as seen in Figure 5.17, at low

frequencies even if at shallow currents underlying layer is also damaged.

| 22-24 A, 500 mm/s

22-24 A, 500 mm/s

gt s i i e SN N
e SRS Biie

|. oetwd 1 1

Figure 5.17 P3 scribe at 30 kHz operating at 532 nm

Low powers create more debris, as observed in Figure 5.18. The line width of the
scribe defines the death zone of the connected cells. A clean scribe is crucial to
obtaining electrical isolation. Any residue such as debris or flakes is short of the

structure.
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100 mm/s 100 mm/s 100 mm/s

Figure 5.18 P3 scribe at 90 kHz and 100 kHz operating at 532 nm

5.3.4 Results of Thin Film Silicon Solar Cell Module Monolithically Series

Connected

A laser scribing study is conducted on ultra-thin flexible glass substrates, also used
for solar cell production. Initially, samples are coated with 600 nm thick AZO with
previously optimized deposition parameters. Then samples are cut into 3 cm x 3 cm
square pieces. These small samples are processed from the film side by UV laser
with a 355 nm operation wavelength (P1 scribing). Electrical disconnection of each

laser line is also checked via multi-meter. Parameters used for P1 scribing are
e 20 kHz frequency, 36-38 A current, and 550 mm/s motor stage speed.

The simplest and the most effective way to test the P1 scribe line is to look at the
electrical connection of the two successive cell areas with a multi-meter. P1 line aims

to define and separate the cell regions.
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UV irradiation is absorbed by both the aluminum-doped zinc oxide layer and glass
substrate. Therefore films are illuminated from the film side. Due to the beam profile,
high energy in the center and relatively lower energy at the edge of the laser spot
result in deeper grooves in the middle, as seen in Figure 5.19. However, due to the
Gaussian nature of the laser beam, scribe lines are deeper in the middle. Figure 5.19
shows the profile of the P1 laser scribe on a p-i-n solar cell measured from the metal
contact surface. This profile is observed in each scribe line (P1-P2-P3).

Figure 5.19 Profile of P1 laser scribe on pin solar cell from the contact surface

After p-i-n deposition, samples are removed and scribed with a green laser from the
film side. Since the output power of our laser system is high for silicon thin film
layers, an attenuator is used. The profile of the P2 line is shown in Figure 5.20.

Parameters used for P2 scribing are

e 80 kHz frequency, 27-29 A current, and 700 mm/s motor stage speed.
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Figure 5.20 Profile of P2 scribe line

Optimization of any of the scribe is related to the film thickness. The essential point
of this process is the total layer removal. Residues coming from damaged removal
shorts the whole structure or due to the application of high power resulting complete
removal of front contact resulting in loss of monolithic connection to next
consecutive cell. These problematic issues make the P3 scribe the most critical scribe
since metal contact layer removal defines the isolation of each cell. Parameters used

for P3 scribing are
e 80 kHz frequency, 27-29 A current, and 700 mm/s motor stage speed.

Each scribe line after total cell production is shown in Figure 5.21.
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Figure 5.21 Profile of P1-P2-P3 scribe lines

5.3.5 Results of Laser scribed p-i-n deposition and Discussion of Module

Results

In order to test laser scribes and monolithic series connection, a complete device
production is conducted, as can be seen in Figure 5.22. The results of the first p-i-n
module done by laser processes in the GUnEr cluster system are shown in Figure
5.23.

This study uses the standard device structure for laser scribes: AZO / p-a-Si:H / i-a-
Si:H / n-a-Si:H / Ag in substrate cell configuration. The solar cell deposited for the

module application is TYPE-2

145



Figure 5.22 Monolithically serries connected first thin film silicon module deposited
in GUnEr
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Figure 5.23 First p-i-n module done by laser processes in GUNER cluster system

Table 5.15 Results of the p-i-n module deposited with TYPE-2 parameters

Voc (V) Jsc (m A/cmz ) Efficiency (%) Fill Factor (%)
1 cell 0.677 5.48 1.50 40.21
2 cells 1.199 2.29 1.39 46.52
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CHAPTER 6

CONCLUSION

The main focus of this thesis is to optimize and produce intrinsic amorphous silicon
(i-aSi:H) layers, laser scribing for monolithic series connection for module
formation, and deposition of thin amorphous layers for p-i-n type single-junction
silicon solar cells. Thin-film deposition optimization in CVD chambers and laser
processes is optimized. The aim of this study is to optimize the flexible solar cell
process by investigating the effects of deposition parameters on a-Si:H thin film
properties and cells, to obtain surface texturing on transparent conductive oxide by
a novel texture, which is done by direct laser writing, to scale-up from cell to

monolithically series-connected flexible solar module.

Surface texturing studies are of great importance to increase the efficiency of thin
film solar cells. This concept is widely studied currently in research groups [72]. In
this study, the roughening of transparent conductive thin film layers of solar cells
was studied. The texturing of the surfaces with laser application shows the
significance of this study. Laser texturing is also a new concept studied as periodic
surface texturing [73]. The difference in this work is that random texturing obtained
high haze values through a wide spectral range. Unlike wet chemical etching, laser
texturing stands out as a method that can be included in the roll-to-roll deposition

process.

Silicon-based thin-film solar cells produced in the RF PECVD type thin-film
deposition system GUnEr and the optimization of amorphous silicon layers are
studied. Amorphous silicon layers were produced in three different types intrinsic,
p- and n-type. Each type of layer was deposited in separate production chambers and

characterized separately.
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In order to optimize i-aSi:H layers, samples having different hydrogen to silane ratios
are produced. A narrow interval of ratio change is discussed to fine-tune the intrinsic
layer characterization concerning the previous optimization set reported. Each layer
was characterized electrically. The effect of the hydrogen to silane ratio on the
conductivity is reported. According to the optimization results, the best parameters
having the highest performance were chosen for device production.

The transparent conductive oxide layer is deposited by the RF magnetron type
sputtering thin film growth method and characterized. The layer optimized is used
as the top contact layer for thin film flexible solar cells in the superstrate

configuration.

The effects of system production pressure, production power, and gas flow
parameters on AZO growth were investigated within characterization studies. Since
different substrates will be used to produce flexible solar cells and PET substrates
with low-temperature resistance are included, the optimization was carried out at

room temperature.

Surface texturing studies for the effective use of light in thin film solar cells are
studied. A new method, direct laser processing, is developed for surface texturing of
the AZO layer. As a result of this study, the texturing is optimized with the laser
operated at three different wavelengths. Results of green-laser texture reach haze
values as high as 64% and cover the 350nm to 1100 nm spectrum. UV laser texture
reaches haze value as high as 55% at 380 nm wavelength. IR texture reaches the haze

value as high as 60% at 380 nm wavelength.

The novel part of this thesis study is to achieve light trapping of amorphous silicon
solar cells with direct laser writing as a non-chemical method. Samples produced
with this method reached an efficiency value of 2.57 % in ultra-violet, 1.83 % in

green, and 2.30 % in the infrared wavelength.

Module formation of amorphous silicon solar cells is achieved via three main scribes.

The first laser scribed thin film silicon solar cell on the flexible substrate was
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produced. A monolithic series connection is obtained for two subsequent cells. Thin
film scribing is also studied to achieve monolithic series connection of thin film

silicon solar cell (TFSSC) by laser processes.

The device structure given here is adapted from literature to obtain the top efficient,
flexible solar cell produced in the GinEr PECVD system. Single junction p-i-n

silicon solar cells are achieved with 3.43% cell efficiency.
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