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ABSTRACT

POLYSILICON THIN FILM PROCESSING ON GLASS AND
PHOTOVOLTAIC APPLICATIONS

Karaman Mehmet

Ph.D., Micro and Nanotechnology

Supervisor: Prof . Dr . Rakit Tu
Co-SupervisorAs s o C . Dr . ¥zge T¢gzeéen ¥zm

August 208, 154 pages

In this PhD study, crystallization of amorphous silicon on glass and its photovoltaic
applications have been investigated. The crystallization of dmagpsilicon (e5i)

was studied in two parts; Metal Induced Crystallization (MIC) and Laser Induced
Crystallization (LIC). MIC method was first implemented by gold nanoparticle

( AuNP) fabricated by dewetting techni que
aluminium doped zinc oxide (AZO) coated glass were annealed for nanoparticle
formation. ASi was then deposited bybeam evaporation onto metal nanoparticles.
Silicon yl ms were annealed for crystalli
oC and 600 G. It was observed that inclusion of AUNPs provide the crystallization at

lower temperatures with higher rates. Raman and XRD results showed that the
crystallization starts at temperatures as low as’60énhd an annealing at 660 for a

short processtim provi des sufyciently good cryst

studied by Aluminium Induced Crystallization (AIC) of& Firstly, AIC study was



started with the silicon nitride (SiNbuffer layer optimization by depositing different
types of SiNx fims with varied NH3/SiH4 content during the PECVD film deposition.
Furthermore, the effect of buffer layer content on final ilyproperties was
investigated by this way. AIC process was started with Al film evaporation onto SiNx
and AZO layers. Then-8i deposition was carried out bybeam evaporation. The
crystallization, in other words the layer exchange of Al and Si, was provided by
furnace annealing at 50C. Based on Raman, EBSD, XRD results, the best buffer
layer was chosen in terms of Si crystaty and grain size for the further AIC
experiments. The next AIC experiments were followed by basic characterizations. The
crystallization of AIC process at different temperatures and durations was monitored
by optical microscopy (OM) and the activatienergy of the process was calculated.
The Al content of the polgi layer was detected by Secondary lon Mass Spectroscopy
(SIMS). The effect of AlQmembrane on the kinetics of crystallization was monitored
through optical microscopy by changing the forimaiconditions of AlQ. Then solid
phase epitaxy (SPE) experiments were carried out. Raman and SEM analysis showed
well-established SPE layer. To investigate the improvement of the final AIESpoly
layer quality, some modifications on the process wasduoited. The effect of Al
annealing in a vacuum environment on the AIC kinetics and final-olayer
properties was investigated. The layer exchange process was monitored by optical
microscopy and it was observed that Al annealing reduces the crysitaflicztie. XPS
measurements showed that annealing of Al creates more stable and denser AlOx layer
compared to Al layer with no annealing. EBSD results indicate that Al annealing
notably increases the grain size of Al layer and also improves the graituistrat

final poly-Si layer surface. Another improvement on the AIC gdiyayer quality is

seen by comparing the differentSa deposition methods of-Beam evaporation and
PECVD. Two techniques are compared for their effect on the overall AIC kinstics a
well as the properties of the final petyystalline (polySi) silicon film. Raman and

FTIR spectroscopy results indicate that the PECVD grovii lms has higher
intermediaterange order, which is enhanced for increased hydrogen dilution during
deposiion. EBSD analysis showed that increasing intermed&ige order of the-a

Si suppresses the rate of AIC, leading larger{®lgrain size.
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In the second part of this work, laser assisted crystallization was carried out. Three
layered stack of SiNy/SIOx/SiNx was deposited by PECVD onto borosilicate glass
as the buffer |l ayer. 10 -§paaSiH (ddipinglaydr)nsi c
was deposited by PECVD. The crystallization was carried out by 808 nm continuous
wave line laser. Moderately dep absorber layer was obtained during laser
crystallization by intermixing of doping layer and intrinsic layer. After crystallization
the homojunction solar cells were obtained by spirdopant coating with following

laser doping and the mesa cells wemestructed. Two different laser doping velocities

of 1 and 5 mm/s were applied. For comparison some of the cells were hydrogen
passivated. SunsVoc measurement was accomplished and up to 579 m\vakV
measured. EQE and solar simulator analysis werédaout both for substrate and
superstrate conditions. EQE measurements show thpassivation decreases the
emitter diffusion length (short wavelenths) due to the increase in surface
recombination whereas tladsorbediffusion length increases

Keywords: Amorphous SiliconMetal Induced CrystallizatiomAluminum Induced

Crystallization, Gold Induced Crystallization, Lazer Crystallization, Laser Doping
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¥Z

FOTOVOLTAKK UYGULAMALAR K¢KN CAM ALTTAK | Z
POLKKRKSTAL SKLKSYUM KNCE FKLMLERKN URET

KaramanMehmet
Doktora, Mikro ve Nanoteknoloji
Tez Y°neticisi : Prof . Dr .

Ortak TezDd®nebDrci¥zge T¢zeén ¥zZmen

AJ u s2016, §54sayfa

Bu tez -alékmaseénda, amorf silisyumun cam ¢
uygul amal ar é arackter &li mékkréirs.t aAmarafsyemnb i 3§ ku
i ncelenmi ktir,; Met al Knd¢kl emel i Kristali z:
Kristalizson (LIC). MIC y°ntemi il k olarak a
cam ¢ zetriilnen ¢salet én i nce filmlerin tavl anar e
ol ukt ur ul mas é.y$ an ruaysgéunl daan maett &lr naopar -acékl a
demet i buhar | aktSédr mau hyr r takmiér €1 mé kat eér . Si |
kristalizadGQwedCiali as&®da tavl anmékter. D¢ K¢k
il e ye¢ksek oranda kristalizasyon sajl anmas
sonu-1|lareée kri %t aliibziasdysormegukn s500a kiCa&dkt a bakl ad

avl amanén késa s¢safiéadeifénki gRstetrtai ktasyo

I K1 eSniduan UuAl ¢mi nyum Kndg¢gkl emel i Kristalizas
ol ar ak, Al C -al eékmaseée PECNHYSIHf ok mmnl¢éarreét i mi n
kull anél ar ak f axar&athbakaopgmizheyn ¢ rielte |keank I1Sa Mékt ér .
bu kKekilde farkl é &diaftamhalkaleaoémansgeekilenap
i Kl emveSIAMO tabakal ar iczerine Al buharl akt é
elektron demetiile-& | buhar | akdleirZ2dangxn erbakKkhka sdeyi kK1l e

viii



tabakal arénén yYe@rdaef awltamanRaare EBS®D{el an meé

XRD sonu-1 ar @énaondraaykainaAhk deneyl eri i -1n
kristalizasyonu vV e damar boyuraki AICé n a g
deneyl erine t emel karakterizasyonl ar i
s¢relerdeki Al C krsitalizasyonu optik r
Kri talizasyonun aktivas-$ontabaekpnégn BAek:

S
Kkinci ¢t Kgoin Epectroskopi si {Sd rMSt) ab d ka nté¢
s

kristalizasyon kinetijine olan etkisi zar
mi kroskop i1ile g°zlenmiktir. Sonrasénda
yapél méektver . SERMarmaannal i z | er i SPE tabakal ar
g°stermi kt-Sr. tAb@kpméry kalitesini artte
modi fi kasyonl ar ekl enmiktir. Vakum-i-eri|
Si tabaka ©°zealrlaikkléearéeilme ke eéki siTabakal ar é
mi kroskop ile izlenmik ve Al tavlamanén Kk
XPS °] -¢mleri, Al tabakanén tavix@aarmas éneé

ol ukturdujunu g° CpaySmi taibmakaBkral dit jesi nAln

el ektron demet i buhar !l ak-8ermmaetviem PBEBEV Dt
karkeéel akt éréel maséyla g°zlemlenmiktir. K k
cretil-8n polym ©°zell ilkalketréirred mgrRtrer .k aRam

spektroskopi si sonu-Siarfei IPnHGCWDId ei loer tar emel
cretim s¢gresince y¢gksek hidrojen seyreltr
analizler,aSi orta mesafe d¢zerpzBrne bdastéer dEéjna.

daha b¢$ekdpmbhy boyutl areée ol ukturdujunu o

Bu -al eékmaneén i ki nci bel ¢m¢gnde |l azer 0
Borosilikat cam ¢zerineN/BG/SINNDarial e@ ahbak &s
crettiilrmilkko Om kat k &giagi vk (1l0a tnkmé Ipa mae tnab a
ile ¢retil miktir., Kristalizasyon 808 nm
kristalizasyonu boyunca katkéseéez ve katk
kat kmé@lcé &€ abaka el de edil mi ktir. Kristald
ve |l azer il e katkélama yapélarak homo ek
ve 5 mm/ s ol mak ¢zere i ki farkl é& | azer Kk

yapeéneashii la- éséndan bazée h¢gcrelere kidroje
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analizl eri yapfllmg mgxkt 379 MBWEVvVe g¢egnek sim

hem alttack hem de SSttacxk kokul |l ar énda yap
pasivasyonunbnnggyeygunekamttérdejeée i-in yaye
(d¢ke¢k dalga boylaré) azalttejené gP9stermi kKt

artmecxkter.

Anahtar kelimeler: Amor f Si |l i syum, Met al Kndg¢kl emel i Kt

Kndg¢kl emelyionKr iAslttaélni zkansd ¢ k1| e me |l i Kristalizas
Lazer Katkeéel ama
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The rising population of the world increases the carbondioxide amount in the
atmosphere. The fossil fuels result in greenhouse gases which affects the biologic life
resources like clean water, food. Especitily petrol addictive life style destroys the
environment gradually and the creature life is under threat. In addition, the rising
population increases the energy demand as the energy resources are running out with
an uncontrolled way. The new clean resegrare needed for a sustainable healthy life

on the earth. According to the scenario of International Energy Agency (IEA) the
energy consumption will grow by one third2040[1]. In this perspective, the energy
production road mp must shift to renewable energy rather than fossil fuels. Among
the renewable energy sources lg@ar power, wind power, wave power, biomass,
hydro power, and geothermal, solar energy is the most applicable one on the earth due
to the abundance of tls®urce which is the sun. As a result of this, conversion of light
into electricity (photoconversion) can be used in many fields like buildings, vehicles,
clothes, vegetation and especially in isolated places. Another advantages of using solar
energy is thait is environmenfriendly and silicon based ones contain +ioxic
material. The solar panel prices are far from being expensive like the prices in 90s. In
Figurel, the global cumulative installed PV capacity is given with respect to the region

contributions.



250 -

200 -
150 A
m Asia
m Americas

[Gwp]
E

Middle East and Africa
m Europe

Global Cumulative Installed PV Capacity

o S
_
N
I
~ I

Figure 1: Global Solar panel installation of regions until 20152]

As stated in Figure,la notablerise insolar panel installatiobegins at the end of
2000s Europeseems to be the leaderPV installation. Howevan 2015, Asiacathes

up with Europe intotal PV installations worldwidd-urthermore America alsa@ives
significant contributiorto the total amountThis picture also indicates that there is a
great interest in solar eledity in terms of clean energy production and the price drop

of wafer based technologies correspondingly affects the other silicon based PV
technologies.Historically, the story of photovoltaic conversion started with the
discovery photovoltaic effect andhe operation of solar cell by French physicist
Edmond Becquerel in 1833]. Then in 1888, Russian physicist Aleksandr Stoletov
constructed the first cell based on the outer photoelectric effect discovered by Heinrich
Hertz[4]. In 1905 Albert Einstein introduced a new quantum theory on light by which
he explained the photoelectric effect and win a nobel prize in[592The first silicon
photosensitive device was patented bg$al Ohl in 19416] and the first silicon solar

cell with 6 % efficiency was announced by Bell Labs in 184 In the second half

of the last century there has been significant developments on sdatan cell
technology and today more than 25 % efficiency was achieved by Panasonic company

with the monocrystalline silicon based heterojunction technd®lgpBesides, around
2



21 % efficiency was introduced by Trina Solar foe tiulticrystalline silicon based
technology[9].

There are different types of solar cell technologies, however most of the market is
dominated by silicon wafer based technology. In addition, multicrystalline and
monocrystalline bsed solar cells have been studied for many years and technological
limits are nearly approached. Besides, the decline of the wafer prices are not enough
becauseavafer based technology has quite production adversity which inhibits further
decrease of priceslowever, in general there is a much more commercialized rate of
PV industry with respect to the beginning of 2008morphous silicon thin film
approach is an alternative way to lawst technology. However due to limited
efficiency values and light inded degradation effects, amorphous silicon studies
show a decline ithe last 5 yearand some of the manufacturers left #orphous
silicon thin film market[10,11] In this sense photovoltaic industry aims to head
towards new technologies. Thin filmystalline approach is a promising alternative to
bulk silicon due to its lower material consumption, i.e.-mst production, wittigh
conversion efficiency. High quality, low cost and lagea applications of polgi

thin film constitutes an alternag material to crystalline silicon. In this approach the
idea is combining the crystalline silicon properties with easy anettst/production

of thin film. In addition, polySi thin films are not subject to liginduced degradation
effects[10].

In this work we have carried out extensive studies on several aspects @ifnth
crystalline Si for PVapplications. Metal induced crystallization (MIC) and laser
induced crystallization (LIC) approaches wstedied. MIC techniquerasrealizedby
Au and Al induced crystallizatiorEspecially, thedeep investigations on Aluminium
induced crystallization (AIC) interms of process kinetic#\l structure, different Si
deposition methods atbe core of the thesisThe solar cells wereonstructed by the
laser assisted process. LIC was used forfilmncrystalline fabricatiorand junction

formation was accomplished yserdoping (LD)

This thesis is organized &schapters. In Chapter 1, we give an overview on solar

energy conversiorethnologies and our motivation behind this kvor



In Chapter 2,a shorthistorical backgrounénd the importance gbolycrystalline
siliconin industry is discussed hestructuralproperties of polycrystalline silicois
given with the thin film polycrystine silicon (polySi). Then the thin film pohSi

fabrication methodwith photovoltaic applicationasrepresented with literature survey

In Chapter 3, MIC is handledirst with Au induced crystallization. The effect of
AuUNPs on crystallization of amorphbs silicon isgiven. Then, standard AIC process

is carried oufrom buffer layer optimization to final poli fabrication. AIC kinetics

is studied with basic characterization techniques and finally some SPE experiments

are given.

In Chapter 4the AIC piocess is investigateektensively byannealing the Al layer in
vacuum environment. The structural properties of Atlentified and the effects on

poly-Si layer isobserved

In Chapter 5the effects of different Si deposition techniques-bkeam and PEVD
on the AIC process is researchadd comparedn terms of process kinetics and
structural differences. Moreover, taking the properties of initial amorphous silicon into

account, the final pohgi properties are discussed

In Chapter 6laser assistedrpcess of Si is presented. The crystallization of amorphous
silicon and the following doping of poi8i layers are both carried out by CW diode
laser. The thin film pol&i solar cells are constructed and basic characterization results

are given.

In Chapte 7, all of the major outcomes are summarized in an @slgiven throughout

the thesis



CHAPTER 2

POLYCRYSTALLINE SILICON THIN FILMS

2.1. A Brief Background of Polycrystalline Silicon for Photovoltaic
Applications
Silicon has an important role in semiahrctor technologylt has been used for
integrated circuitgIC) for more than four decadeblp to now, bythe increasing
demand on electronic products, silid@htechnologieslominated the market with the
development bnewtednologies. Especially, thepid increase in the use ICs was
result ofdevelopment of complementary metadide semiconductor (CMOS) ICs,
which enabléuilding of high density memoriesn a single silicon chip. Gateway for
the fabrication of the dense CMOS chips was the uselptnystalline silicon as the
gate electrode materiallhe use of polycrystalline silicon reduces the parasitic
capacitance by allowing formation of a self aligned structure and also because of its
compatibility with high temperature it permits the fabrigatof more complex
structure. In addition to IC based applications polycrystalline silicon can be used for
thin film transistos (TFTshor switching pixels of liquid crystal displays (LCDs) and

mechanical elements of microelectromechanical systtasAS) [11].

More than 80% of polysilicon was used by the semiconductor industry before 2000,
however more than a decade, there is a great attention for polycrystalline silicon and
now, it is mostly used for manufacturing PV cel[@2]. Polycrystalline
(multicrystalline)silicon is theprominentfeedstock in the crystalline silicon based
photovoltaictechnologysincethe fabrication cost of polycrystalline silicon is lower
and simpler to make than monocrystadlisilicon.60i 80% of polyrystallinesilicon

was used by the solar industry between 28082014[13]. The percentagef global
production ofmulticrystalline, monocrystalline and thin film PV productions during

the 35 years p&d is given in Figure 2t is clear in Figure 2 how the production of



multicrystalline PV has grown in yeairs comparson withmonocrystalline and thin
film technologies.

Production 2015 (GWp)

Thin film 4.2

BOO%
. B Multi-Si 439
B Mono-si 15.1

Percentage of Annual Production

Year

Figure 2: The percentage of global production of N technologies[1].

Beside the growing wafer based PV technology, the cost of crystalline silicon wafer

production is stilhigh. The wafer thickness as been reduced from 500
180e mwhich is much above theecesary light absorptioron 1 'y a few Om is eno
for the absorption of the light, and the rest of the wafer is unnecdsksking thinner

wafers also brings a difficulty such as easy cracking of wafers which results in
complicated processes. Furthermorakimg thinner wafers willincrease th@rocess

cost of the technology. Howevesincethicker material means high cost, the trend

must be to use less material for the declination of PV prices. In this mahmefijm

approaches aim to reach low cost rtshg with a low-cost material system wheae

thin layer of semiconductor is deposited on a-tmst substratdt is then of a great

interest to fabricateespecially crystallinethin films on a cheap substrates like glass

This concept is called poly®ion thin film on glass.



2.2. Properties of Polycrytalline silicon thin films

Bulk polycrystalline silicon consists of different crystalline regions separated by
boundaries. Every dividual crystalline region isalled grain and boundaries are
called grainboundaries. Every grain has @#n crystal orientationin Figure 3 the
difference between mono and polycrystalline silicon wafers can be easilyTéeen.
size of the grains differ from a few nm upseverakcm. The properties of boundaries
have crucialeffect on the propertiesf polycrystalline material. Especially the

boundaries are the barriers for carrier transpsttiey create recombination centers.

Figure 3: Monocrystalline (left) and polycrystalline (right) silicon solar cells[14]

The grain boundariesre the edges of the crystalline regions timattain disordered

atom chains and incomplete bondingshese defects and dangling bonds in grain
boundaries form trapping states for carri€angling bonds and defects foreep
energy states within the bandgap of polysilicoaterial[13]. Theseenergy states
behave as recombination centers near the midgap for the free carriers in conduction
and valence banddike in &Si, the strained bomsdconstitute the tail states near

conduction and valence band edges as shown in Mgure
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Figure 4: The effect of dangling bonds and defects

Another problem of polysilicon thin film is doping. Like free carriers, dopant atoms
are also trapped at the grain boundaries. The dopant materials segregate in the
boundariesThe substitutional dopant atoms choesergetically favourable places

and they segregate at the boundaries and they lose their electrical prdpéities
These arriers in the boundaries create extra charge which constitutes potential barriers
for carrier movementL8]. As a result,lie trapped charges at the grain boundaries are
compensated by oppositely chargdepletion regionsround the boundaries. The
opposte charge in the depletion region causes curvature in the energy bands which
creates potential barriers. The movement of the carriers between the grains is inhibited
by the potential barriefd.8,19].

Solving the Poissonds e dgranaport and electeomic ex pl ai n

structurein grain boundaries;

e-

Qw no 1)
Qw -

Here,0 is the dopant concentration at the grain boundanjés the charge; is the
permittivity. From equation (1the barrier height can kaefinedin terms of dopant

concentratio) and the depletion region width as;

10
f 6, @

Potential barriersare significantly dominated by thesubstitutional dopant

concentrationtrap density and energkt low dopant concentrationstal number of

8



carriersO Oper unit arean agrainof length0 is less than the number of trapsper
unit area at the grain bounda’dmost all the free aaiers of substitutional dopant
atoms are trapped at the grain boundaries if the enewgysl®f trap states are
adequately deep. Besides this, very few carriers arelfrehis case, the depletion
regions extend through the grains and the potential bafeeris small whichis
representedn Figure5 for a ptype polycrystalline sition. As a result of the small

barrier, the carriers can move between the grains.

Figure 5: Grain boundary modelling of polycrystalline silicon with low dopant

concentration

In the case of completely depleted grains, tbpletion region of the corresponding
grain boundary broadens to a distanceXaf on both sides of the boundary. According
to this situation, the barrier height can be defined as;
T T 3)
(A) —_— — ——
¢- C U
As the dopant concentration is increase, number of trapped carriers are increased
at the bandarieswvhich creates highgyotential barrier (Figuré). This impedes the

carrier transport between the grains.



Figure 6: Grain boundary modelling of polycrystalline silicon with high dopant

concentration

In addition to thelopant concentration amourtietnumber of trap states hawrecial
importance for the potential profit the interfacelrap states are usually completely
filled and neutralizedat very high dopant concentratianr relatively low trapstate
concentrabn. Since the available states are filledira carriers are not trapped by the
grain boundaries anymore (Figum®. The extra carriers, which are not trapped,

constitute neutral regions within the grains.

Figure 7: Modelling of polycrystalline silicon with completely filled trap states

at the grain boundary

In Figure7, it can be seen that when the available sites are completely thiked
potential barrier idowered.When the dopant concentration exceeds a critical value
[19] of 0° 0 70 the trapped carrier per unit area is constart aat the boundary.

Thedepletion regiomwidth is lowered according to the formula

(4)



Using equation (2) the barrier height can be defined as;

, noo no %)
w - —_—
¢- ¢ U 0

Thecarrier transport between the grains is easier since the barrier is lowered. As a
result, when the dopant atoms are introduced to polycrystalline silicon, the potential
barrier around the gmaboundaries first increases, reaches a maximum and finally

decreases.

In polycrystalline silicon (polysilicon) thin film case the grain sizes are much lower
than the bulk polycrystalline material and this limits the carrier transport with respect
to thebulk polcrystalline silicon. Since the material is thin film the substrate like glass,
alumina, stainless steel must be used to hold the polycrystalline silicon film. In Figure
8 the schematic of polysilicon thin film on glass is given inahgdgrains andjrain

boundaries.

Grain boundary

Figure 8: Polysilicon thin film on glass

Generally polysilicon thin films have thickness of- Qe m whi ch consti t uf
surface/volume ratio. Then the surface becomes an important parameteriér car
transport.The surface containgany dangling bondswhich creates recombination

and scattering centers for carriers. In addition to surface effects, the grain boundaries

are also the obstacles as recombination centers for carriers.

11



The different sddering mechanisms like impurity and phonon scattering dominates

the carrier mobility in a materialn the case othin film polycrystalline materials,

additionally, the possible scattering mechanism is specular reflection which is an
elasticscatteringgh e carri ersé velocity component perp:¢
reversed after scattering and there is no change in momeiitus) leads tono

contribution to conductivity andiffuse reflectionwhere the velocity changes with

respect to the incidemine andhe scattering is random. Thieange in the energy of

the carrier affects the conductivity

In solar cell applications, minority carrier transportsignificantly important to
achieve high efficiency values. However, due to the trapped majoriigrsaat the
grain boundaries, the minority carriers recombine with them. Tigdkes the
lifetime T  of minority carriers low when compared to the crystalline structures. The

minority carrier lifetime can bexpressed g4.3]:

N CQA QD%Q..Y (6)
o ©O O (0]

® is the height of the potential barri@, is the interface trap density a@ h'O

are the quadgtermi levels. It states that both the barrier heightgrath size have an

important effect of the carrier life time.

2.3. Types of Silicon Thin Film Production Methods
2.3.1. Solid Phase Crystallization (SPC)

SPCtechnique is the most widespreaxthod forproducing polycrystalline silicon
(poly-Si) thin films [20]. Besdes it is a direct deposition approach for p&y
production. Simply, amorphous silicon-&) is deposited by any technique like
Plasma Enhanced Chemical Vapor Deposition (PECVD), Hot Wire Chemical Vapor
Deposition (HWCVD), Sputtering, Electron bearrb@am) evaporation on a substrate
and following thermal annealing results in p&ithin film. Generally speaking, SPC

is mostly associated with crystalline silicon on glass concept. Thermal annealing

induces nucleation sites and further annealing expidnedsites into grains with grain

12



boundaries (GBs) between them. The temperature and annealing duration can change
the resulting material properties. Increase in temperature or time can further support
the grain growth. High temperature results in smaltamgsize than low temperature

does however the full crystallizatiors reached faster. In contrashsufficient
temperaturecannotpromotea crystallization within a reasonable time. The typical
annealing temper at ur eCbutstheniost commomnnedimy0 A C
t emper at Ci28a]. PolgSi fn® ProdAced by SPC can be undoped, as well

as lightly doped and heavily dopedsitu by PECVD and effusion cells or-sku by

spinon technique. The doping control is significant for solar aeelblicationsto
maintain the carrier separation and photoconversion. The typical film thickness is
bet ween 1 em and 3 em. SPC pr oduemswiiidhns
means many GBs that consist of defect and the imperfect crystallin@isgroghtains

twins and dislocations. Since peBr films have smallgrain sizes that can be
comparable with diffusion length of carriers the carrier lifetime is [@2}. Another
property of SPC material is that it shows a preferred orientation of <11lith Wwas

been attributed to the anisotropic rate of crystallizgd@&24]. Serious works opoly-

Sisolar cell was carried out in 2000s anfél & efficiency was achieved by Basore in
2004[25] and after this, CSG Solar achieved a record of 10.5 % eftizilem poly-Si

thin film solar cell on glass which was fabricated by SPC technizfileThe greatest
advantage of SPC method is that it is simple and cost effedtio@ever long
annealing durations (286 h) and small grain sizes are the drawbacks®tdékhnique

[27]. Small grain sizes increases the volume of GBs which means that the defects and
recombinations also increases. This situation decreases the film quality and can be

improved by well optimized hydrogenatif2B,29].

2.3.2. Liquid Phase Crystallization (LPC)

2.2.2.1 Laser Induced Crystallization (LIC)

Laser processing is used for solar cell applications for a decade in many aspects, like
grooving, drilling, mesa etching, local dopirsgribing[30,31]. For silicon thin films,

laser beam was used forystallization of amorphous silicon layers deposited on glass

or metal foil. In contrast to direct deposition approach like SPC, LIC is based on the

13



lateralseed layer approach which totally decouples initial nucleation from the actual

growth of the ative layer.Also seed layexrcan be fabricatefor epitaxal growth.

First a seed layer is formed by LIC of amorphous silicon and then in the second phase,

an epitaxial deposition process is applied, that is a deposition process that reproduces

the underjing crystal structure. The seed layer has a good crystallographic quality,

however, to be used as an active layer in a solar cell it may be either too thin or too

highly doped, or both. Laser crystallization induces crystallization by using laser light

pulses to melt the silicon locally which is called liquid phase crystallization (LPC). As

only a small volume of silicon is liquid for only a very short time, the substrate itself

remains atelativelylow temperature Poly-Si films with high electronic quigy with

high homogeneity can be achieved over large areas, even on glass substrates. LIC of

aSi i s mostly used by the electronics indust.|
pat panel displays. The standard technique LIC of silicon is excimar dasealing

(ELA), in which a thin amorphous Si layer is crystallized by repeated pulses of a wide

excimer laser beam. However this technique results in a material with a relatively small

grain size (< 1 &m). BppropmidteidivTE TS Yput oinfa | | grain
solar cells due to the limited efficiency by the density of (@s33]. In addition, the

excimer laser is not suitable for epitaxial thickening or annealing of silicon films as

the laser penetration is very limited in silicon becadstort wavelength (< 350 nm).

An advanced technique on laser crystallization can be given by phase modulated

excimer laser annealing (PMELA) which yields high quality micron sized single

crystals[34]. New techniques were investigated by means of obtapahy-Si layers

with better structural quality and larger grains. Another laser crystallization technique

i's the sequent i alS)whahisarpamising procegh 86y that i on ( SL
idea is toform grains as seeds for further lateral crystallion. Local melting and

crystallization is spatially and temporally displaced from the previous crystallization

event.It was observed thahe laser pulse frequency, power anflidghicknesshave

great effect on the final width of grainBhe lower theg7/lm thickness, the laser power

or the pulse frequency, the higher the quenching rg8¥]sA high quenching refers

to fast crystallization and small grains. Grain sizes intherangdofZ2 m was achi eved
by SLS proces$38] and it is possible to reackalues up to 7 mm under specific

conditions[39]. So far the most notable efficiency values for p8iythin film solar
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cells prepared by diode laser crystallizatias arefficiency of 8.4 9%440] which is

well below SPC recordf 11.7% with Voc of 585 nV [41]. Another laser approach

is continuous wave (CW) diode laser and in this perspective, in 90s, some detailed
studies by Toet et al. were handlg®,43]. Here CW laser (514.5 nm wavelength)

with a 1 Om spot size wasilous@m aparftor mA
Shimokawa et al. announced CW laser recrystallised solar cell with a 6.52 % efficiency
which was produced by CVD method onto alumina subgidie The crystalliation

was done at 408650 UC in a nitrogen amlayerent an
(SkN4/SIO) was wused to protect the ylm from
diffuse from glass substrate to silicon layer. 400 nm of-golfilm with high mobility

(690 cm]/Vs) was obt abR0o0H4ab]. bwas Godevedrihat CW |
the cracking in the film limits the crystal size and by using the stripe adjustment some

of the cracking problems were solved with up to 4 mm of grain size. Later on, this

technique was improved by using pulsed UV and infrared CW laser and <111>

preferent a | orientation was ac-S8ifilmsweglas§d6y. r ecr y
Met hod of obtaining | arger grains of up
the | ateral growth of grains. CW diode |

k W/ c wes applied with a diamond like carbon phatzsorbing layer coated onto

the surface of the silicon film to improve the heat transfer to the silicon layer. Laser
crystallization can be used for SPE approach in which laser crystallized regions behave
as sed layers for the post deposited and anneak&d. &PE process enables the
standard SPC temperature of 6@to be lowered. The activation energy during the
SPC process was calculated for nucleation as 3.62 eV and for lateral growth as 2.64
eV. Thus it wa concluded that SPC temperatures can be lowered for further crystal
growth. Inrecentyears line shaped CW diode laser is mostly the preferred technique
in solar cell applications. The line shaped laser also enables larger area crystallization.
In this pespectiveabsorbergrain sizes up to centimetre and solar cell efficiency of
12.1% are achieved on a 5x5 €glass substraf@7].
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2.2.2.2. Zone Melting Crystallization (ZMC)

Zone melting crystallization is also another liquid phase approach where Si material is
melted by the heat of halogen lamps. In this method a microcrystalline silicon layer is
deposited on a substrate and focused light of halogen lamp is scanned over the surface
of the sample. The melted microcrystalline silicon is recrystallized which ledcal
zone melting recrystallization (ZMR). ZMR was first introduced by Leitz960[48]

and in 60s it was researched for growth of low melting point semicond{48jrsn

80s, interest on ZMR increased in terms of silicon material when silicon ontorsula
(SOI) film concept became of interest. In 1990s the PV applications of ZMR were
published by Mitsubishi50] and Fraunhofer ISE51]. In 2000s extensive studies on
ZMR of silicon was conductefb2,53]. Basically light of halogen lamp is focused on
silicon surface by the elliptical reflectors. The zone, where the light is focused,
becomes locally molten around 1493 and during the scanning the molten region
quickly solidifies as a crystal just after the focal beam line. The crystallized regions
act aseed layers for the further growth and it is possible to obtain grain sizes of several
milimeters in width and seval centimeters in length by ZMRchnique[54]. The
experiments showed that percentage of <100> orientation depends on the scanning
velocity and thickness of the filni55]. The bean and scanning parameters has a
significant role on the properties of resultant pSiymaterial. To obtain reasonable
efficiency values, low dopant level may be necessary for absorber layer.tisnce
substrate is xposed to high temperatyréhis technique is not suitable for glass
substrate hang low softening point. Most ahe experiments were done on foreign
substrates like graphite, ceramic, SiC. The intermediate layer on the substrates has an
important role a the material propertieZMR on samples withouhe intermediate

layer did not yield larggrained silicon layerfs6]. Conversion efficiencies of 11 %

and 8.3% were obtained on both graphite and SiC subdgbatess)].

2.2.2.3. Electron-Beam Crystallization
Electron beam crystallization (EBC) has the same process approach like zone melting

crystallization.Instead of using focused lamp source, electron beam is used to melt the
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silicon material. Electron beam is released from a heated tungsten filament aedifocu
into a line using electrodes.

In 1968,John C. introduce&BC of amorphous silicofb9]. Amorphoussilicon was
deposited onto glass microscope slideg evaporation and sputteringlhe
crystallization was supplied by electron beam scanning and eledisam
bombardmentSince the thickness of the film was a few hundred angstrem
sufficient crystallization was not achieved for photovoltaic applicatior2011,EBC
wasdemonstratedon8i Yyl ms on gl ass s adflayerrdde s Uusi
efficiency with 545 mV of \4c was achieved by heterojunction solar d¢slldectron
beam crystallized absorbeiayer. Films were prbeated at 700°C before

crystallizationand grains up to 1x10 nfrwvas achieved by EBC.

2.2.3. Metal Induced Crystallization (MIC)

Although SPC has several advantages, such as cost effective, simple, etc., the major
drawbacks of this technique are quite long crystallization annealing tirt0(BPand

small grainsizeof 2 Om. |t is al so -Jfinsashsebdayert o us e
as |l ong as | arge grained (> 10 ¢&m) mat e
crystallization temperature ardlration can be lowered by tlagldition of certain
metalssuch as Al, Ni, Au, Ag, Pd etavhich alsopromotedarger graing60]. These
techniques are commonly referred to a metal inducgdtallization (MIC). In this

MIC, metals lead to lower thermal annealing temperature below eutectic temperatures

of the Si/metal systems for the crystallization efiaThe process starts with the
intermxing of metal and semiconductor. This can happen even at room temperature
[61]. The metal atoms induce an instability in the bonding character of semiconductor
andweakens the Si bonds to promote Si nucleatWithout the effect of metal this
instability can hardly occuat temperatures below 58G. The physical origin of this

instability is due to the ability of metal to screen coulomb interaction by its mobile
electrond62]. Some metals like Ni, Pd are compound forming metals and others like

Al, Ag, Au constitutes eutectic metsilicon system. All MIC processes are based on

the difference in chemical potentials (amorphonsstalline) which provides a driving

force for dissociation and nucleati@#B]. Like Ni, compouneforming metals result
17



in crystdlization after the formation of the most stable Si rich silicide pf@ée For
example in the Ni case, the crystallization happens by & Hlifgide phase moving
through the &i and not by the metal itself. The chemical potential of Ni and Si is
different at the &i/NiSi> interface compared to the peBi/NiSi; interface. As a
result, Ni atoms will diffuse through the N}Soward the eSi/NiSi; interface while Si
atoms diffuse toward the peli/NiSk. interface [64]. It is hard to remove the
remainng NiSk phase and it will be incorporated in the active part of the solar cell.
As such MIC with compoundforming metals is not suitable for solar cell applications.
Eutectic metakilicon forming systems are much more desirable due to the limited
solubiity of the metal in the growing-8i layer,whereinthe metal will be rejected
from the silicon. Howevemot all eutectic forming metals are suitable for solar cell
applications. The crystallization with eutectic systems occur in three steps; (1)
dissocation of silicon atoms into the metal, (2) diffusion of silicon atoms through the
metal layer, (3) nucleation of silicon atoms and coalescence of available nuclei and
silicon atoms. For example Aand Ag forms deefevel defects in the band gap of
siliconwhich are detrimental for polgi electrical quality[63]. In this manner Al is

the suitable eutectic forming metal due to the associated defe¢tdévaV below the
conduction band which leads to dype doping of around 3x1dcm3[65].
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CHAPTER 3

METAL INDUCED CYSTALLIZATION

In this thesisMIC is realizedthrough Au andlominantlyAl induced crystallization
(AIC) techniquesAu was used as nanoparticles (AuNBiB)ained after annealiraf
very thin Au layer on Al:ZnO (AZO). In this manneesk metal contaminatiam final
poly-Si layer was aimed by this technique. AIC technique exésnsivelystudied In
this chapteeffects of buffer layer on AIC proceasdbasic characterizations of final

poly-Si films formed by AIC are given dominantly.

3.1. Gold Induced Cystallization

Gold is one of the eutectic metglicon forming metal which has a low eutectic
temperature in contact with silicon (383) with respect to ABi eutectic temperature

of 577 °C. In 1980s, reaction between Au, Al, Pd, Pt amdorphous silicon was
studied and it was found that the crystallization of Si by Al and Au is possible much
below at 25CFC [66]. the characteristic of Si/Au bilayers were observed and electron
spectroscopy studies showed that although no definite compouaick formed at
room temperature, some intermixing takes place, giving Si a metallic fafire
[68]. It was shown that Auf&8i system has a metastable phase likeSAwhich is
formed at low temperatur¢69] and the existence of Au silicidegere confirmed by
Green and Baure befoféqQ]. In Figure9 the AuSi phase diagram is given.

Gold induced crystallizatioof aSi results are used by the permission of Elsevier publishingliegthce number
of 3921330547990
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Figure 9: Au-Si equilibrium phase diagram[71].

It has been known that metals like Ag, Ni, Au create deep level defects and
recombination centef§3]. This truth is limited by metal dusion and solubility and

is related with the metal amoutiépasited on the €6i and the annealing temperature.

3.1.1. Crystallization of a-Si by gold nanopatrticles (NPSs)

In this part of the thesis the Au induced crystallization dfeam evaporated
amorphous silicon {&i) was investigated. Au nanoparticles (NPs) instezda
continuous thin film was used as NPs was expected to generate less metal
contamination than conventional metal film. Since Au can be&etéed by annealing

it is easy to shape Au film into N contrastAl and Ni cannot be easily deetted

to NP hamogenously by annealing a thin film. Generally, Al and Ni NPs are

synthesized by chemical methods which require complicated process steps.

3.1.1.1. Sample Preparation
As a substrate, AF 32 Schott glasses with a thickness of 1.1 mm were used. 400 nm of
AZO (Al doped ZnO) was coated by sputtering technique. The AZO sputtering target

has 2 % AlHere, AZO film also provides good conductivity for SEM analysis of Au
20



NPs.For nanopatrticle formatiod,andl 5 nm $wereyd pmsi t ed ont o
by ebeam method and then the samples were anned@@ 4 in a classical furnace

under N atmosphere. Au NPs were imaged by Scanning Electron Microscopy (SEM).

Figure 10 shows th8EM imageof NPsformed by 5nm and 15 of Au films.

Figure 10: SEM image of AuNPs on AZO film after 1h of annealing at 500C by

5 nm Au film (a) and 15 nm Au film.

SEM images of NPs indicatihat the best NP formation was achieved with 1 h
annealingof 15 nm Au filmat 500°C. 5 nm annealed film results very small and
agglomerated NPs whereas 15 nm annealed film creately spacegdlarger particles

with NP distribution chanmg between 50 nm and 150 nidPs formed with 15 nm
annealed film is usefibr the silicon crystallization experimenttter NP formation,

1 em thickness 0-5i)wasdepoyptdd bywesam with b depositon ( a

A

rate of 1 j/ s. During the silJwaskeptateposi

200°C and the presure of the vacuum chamber was 5 %T0rr. The samples were
annealed between 500 and 600C in N> atmosphere for crystallization process. The

fabrication process is shownhkigure11.
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Figure 11: Fabrication process ofAu induced &Si crystallization

3.1.1.2. Results

As mentioned beforeconventioml SPC process requires more than 20 h of annealing

at 600 °C for polySi formation [72]. Moreover, the crystallization at lower

temperatures expands the annealing duration. Heré*Aghitalyzes the crystallization

process and lower the crystallization duration and temperature ureEthe Raman

measurements of the samples with AuNPs that were annealed &,580°C and

600°C for 12 h are given. It can be easily inferredrfrot hi s ygure that the
structure is maintained for the sample annealed atG00
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Figure 122 Raman measurements of samples annealed for 12 h at 3) 550°C
and 600°C.

The small peak at 520 chshows that crytallization starts with 558C annealing after

12 h. However 500°C annealed sample is still in amorphous phake.tihy peak at

the top of theamorphous profile is due to some leakage of light from environment
during the measurement. The Raman peak08f°€ annealed sample shows large
amount of crystallization. As expected, higher the temperature the more
crystallization. However, normally SPC process results in less or no crystallization at

600°C for 12 h with respect to AUNPs induced crystallization.

The crystallization was also analyzed byra&y diffraction (XRD) measurements,
which also shows the possible grain orientations. Unless the surface is scanned, only
small portion of the sample is invggited since Raman analysis is limited by the spot
size of the laserOn the other hand, XRD measurement is not restricted by a small
probe size, X ray is emitted to a larger surfécd=igure 13the XRD measurement of

each sample is given.
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Figure 13: XRD measurements of samplewith annealed for 12 h at 500C, 550
°C and 600°C.

In Figure 13, the crystalline silicon orientations of <111>, <220> and <311> are

detected for the sample annealed at®X)@veakly appears at 580 andbarely visible

at 500°C. Among these orientians, <111> peak dominates since it has the lowest

free energy73] and the approximate grain size was analyzed by the Scherrer equation

given below[74]. Thenot abl e peaks at 2d angles around
the AZO interlayer.

08 (7)
F8&é i —

0O

Where O is the average grain size,i s t he Scherisehedkmy constant,
wavelength (1.542 ), b i sHM) of the deaklaid wi dt h at
d is the Bragg angle. The calculated average
annealed at 60T for 12 h is 15.6 nm. The XRD results show that the crystallization

starts at temperatures as low as S0@nd reaches a high ftam at 600°C. In order

to ynd out i f the crystallization can occu

experiments were performed for an annealing time of 2 h at@®0Bor comparison
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samples both having AuNps and without AUNPs were annealed. The Resulis of
the samples having AuNPs annealed at 8D(for 2 h and those without AuNPs
annealed at 608 for 12 h are given in Fige 14

| 600deg 12h (no AuNP)
! 600deg 2h
‘ —— 600deg 12h
|
5 I
5 i
> H‘
= I
2 i \i
[ M
£ il
= ,-‘.x"",-’ |
\,d'w"’(, Il
T O |
a.#‘:as(‘):'&'w:m::g,.;g.‘.ww*‘“‘r :M " - ?};
= RN
W R )
T i T ¥ T 4 T % T ' T X T
200 300 400 500 600 700 800

Wavenumber (cm™)

Figure 14: Raman measurements of the samples with and without AUNPs
annealed at 600C

Figure 14shows that, AUNPs induderystallizationwithin 2 h, however the sample
without AUNPs has no crystallization even after 12 h annealing. Short ann@akng

of 2 h is attractive when compared to classical SPC method. It is clear that as the
annealing time increases, the crystalline amount increases. Also, the annealing for 2 h
is still giving acceptable crystallinity with respect to 12 h annealing in terms of AUNPs
induced crystallization. The crystalline amoudt was calculated by deavolution

of Raman spectra. The deconvolution was used with three different peak components
of crystalline, intermediate and amorphous phases which corresponds to 5Z&16m

cm! and 480 crit respectively® was calculated by using ndni n eiagrmetfiod t

and Gaussian distributicaaccording td75]:
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0 O (8)

Where'diOandOare the normalized intensities of the crystalline, intermediate and

amorphous peaks. The calculatedstailine amounts are presentadrable 1.

Table 1: Crystallinity amounts of AUNPs induced samples with respect to

different annealing temperature and time

Annealing Temperature  Annealing Time (h)  CrystallintyAmounts (%)

500 12 amorphous
550 12 25
600 2 66
600 12 73

The calculated crystalline amountsnéirm the Raman results in Figures 14 and 12.
The crystallinity increases both by time atenperature. Furthermore, there is no
notable difference between 2 h and 1&ftannealing at 608C which indicates that

metal NPs have great effect on crystallinity.

One can think about Al diffusion from AZO into silicon dhg annealing, as stated in
Figurel4, 12 h of annealing is applied both for the samples having AuNRsitalit
AuNPs. Sample without AUNPs shows no crystallization which rentagtshere is
no aluminium induced crystallizatigAIC). Furthermore, AIC process necessitates Si
dissolution in an Al matrixwvhich is not the case herBuring the growth, some of
metal atoms are expected to be dissolved in the crystal matrix. This cause a serious
source of contamination which may degrade the electrical properties of resultant poly
Si film. This problem can be reduced by a post processing using technique like metal
gettering. However, here only the effect of AUNP on crystallization was studied.
Alternatively, using less Au nanoparticles would generate less contamination. It is then
ofinteest to determine the minimum Au ¢t hi
optimum nanopatrticle size and distribution.
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3.2.  Aluminium Induced Crystallization (AIC)

MIC has the advantage of low temperature crystallization, however, metal
contamination is therdwback of this technique. When the metal is incorporated into
the Si matrix the electronic properties of silicon is changed by the metal atoms. Some
portion of the metal atoms resides in the active sites of Si matreamecases the
metals create defestates. In this sense, Al is the most suitable one as it acts as an
acceptor dopant in Si and diffuses relatively slowly in Si. Crystallization by Al is called
Aluminium Induced Crystallization (AIC). As a result of AIC of amorphous silicon
highly p dopé (p*) poly-Si layer is formedAIC method has beamsedto crystallize
amorphousilicon layers on substrates like gldg6] and cerami¢77]. Briefly, AIC

(also called Al induced layer exchange or ALILE)-&iais based on the overall
layer exchange of adjacent Si and Al films and transformation of amorphous to
polycrystalline Si during thermal annealing78,79]. In 1977, Majni and Ottaviani
investigated Swafer/Al/a-Si stack where Al and Si layers were deposited-bgam
evaporation nto <100> Si wafef80]. After annealing at 538C for 12 h the layer
exchange of Si and Al was observed. Also, the epitaxial growth of Si on wafer was
observed and the process was called solid phase epitaxy (SPE). About two years later
the same authorsistovered that a barrier layer at the Al and Si interface has an
important role on diffusion control during the layer exchange and resulting epitaxially
grown Si layer is dominated by the initial Al thickn¢8%]. In 1981 Tsaur et al. used

this techniquend constructed solar cell ortype monocrystalline wafer and obtained
efficieny of 10.4 %482]. In 1998 Nast et al. demonstrated the layer exchange process
on glass and obtained uniform paéyfilms on glass§0]. Each of the Al and Si layers

are depased onto glass by-beam evaporation, PECVD or sputtering. The Al/Si stack

is annealed between 4505 0 AC for durations of 30 min
process the crucial point is the formation of Al@ few nm) membrane between Al

and Si laye The AlIQ, layer, has an important role as it is fixed between the Al and Si
layers, controls the diffusiofB3] The typical AlQ layer is formed by after the
deposition of Al layer the film is exposed to air (for 2 h, 24 h, 1 @eek During t
annealig, the dissolved Si atoms diffuse through the Al layer. When a certain
concentration of Si in the Al grains of the Al sublayer is exceeded the Si nucleation

takes place.
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3.2.1. Aluminium -Silicon interaction

AIC process simply occurs whenSa is in contact withAl under the temperature
below the Al-Si eutectic temperature (5%3). This process is called aluminium
induced layer exchange (ALILE). The driving force behind the crystallizatiorSof a

is the Gibbs free energy difference between amorphous and engsfdiases. Since
crystalline phase is more stable than amorphous phase Gibbs free energy is reduced by
the transformation of amorphous to crystalline silicon. The covalet Sond has a
relatively strong bonding of 2 eV/bond. Téimndard solid phaseystallization (SPC)
process of i about 34 eV which isrelativelyhigh [84]. This is the reason of having

long crystallization durations of SH85]. However, when silicon is in contact with
aluminum the metal atoms behave as catalyst and lowers tistatlization
temperature and duration. Thus, this process has a lower activation energy which is
also stated by Gall et al. as 1.® eV[86]. Before diffusion of Si atoms into Al layer

the Si bonds are dissociated by the metal atoms. This dissociagicimanmsm of
amor phous silicon has two [8adal s(:2)( IHi rTakd 6 s
screening moddb2]. In model (1) It is accepted that the initial intermixing of Al and

Si atoms takes place at the interface. Th8i%ionding nature is chgad by the jump

of Al atoms into Si and forming metal interstitials in the silicon sideSiSiovalent

bonds no longer remain in the original localized state due to the interstitial defects.
The bonding structure shifts to a rRoovalent bonding structukehich is weaker than
covalent bonding. As a result of bond weakening the dissociated Si atoms diffuse into
the Al layer. In model (2) rather than jumping of Al atom into Si, the weakening of Si

Si bonding at the interface is due to the ability of the hetacreen the Coulomb
interaction by its free electron. Screening effect causes a transition -ohetahto
metatlike bonding of Si material within a few monolayers at the interf@8¢ A
uniform electron gas is formed in this region and also valetesrons of Si in this
region are not associated with specific atoms anymore. The atomic motion in the
electron gas of a metallilke compound is more mobile than the motion in the bulk

counterpart of semiconductor where covalent bonding takes place.

Hiraki 6s model was supported by the analysis
Au on Si surface. The necessity of the existence of a critical kyekness (4
monolayers) was understood in order to start a reaction between Si anf62)8&jl
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If the aitical thickness is not achieved the metal acts as anmetal and even if the
crystallization temperature is around 8% the metal shows no reaction with the
silicon. The instability of the covalent-Si bonding is broken if the metal layer is
deposied at least at the thickness of critical value. The same situation was observed
with Al by Radnoczi et al. as 3 or more monolayers is necessary for the screening
effect[89].

Once the dissociation of amorphous silicon is provided, the Si atoms stafuse dif
into Al layer[90]. In Figurel5 Al-Si equilibrium phase diagram is given. This system
shows that 1.5 % Si atoms can dissolve in Al up to eutectic temperature®cf [927.
After dissociation of Si the Al is subjected to Si supersaturation durieg th
crystallization.
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Figure 15: Al-Si equilibrium phase diagram[92]
This supersaturation is maintained by the difference in Gibbs free energies of
amorphous and crystalline phases. In gertamthange of Gibbs free energ§O is

evaluated;
YO YO "¥Y (9)
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WhereY'OandY"Yare the enthalpy and entropy changes respectid/the system
temperature. In AIC case, change in Gibbs free energy can be expressed with the
difference in Gibbs free energies of amorphousauystalline phases as;

9

YO O O O YY (10)

Where’O and™Y are the molar excess enthalpy and entropy on the transition from a

Sito ¢Si. This excess Gibbs free energy is related tathigity [93];

YO YYa¢ d (11)

Where'Y is the gas constant antis the temperature. Here, activity is related to the
supersaturation of Al with Si solute which can be calcultied specific temperature

if the molar excess enthalpy and entropy are known. The meatagss enthalpy and
entropy of aSi in relation to €Si are determined before as 11.9 kJ/{8d] and 1.66
J/(mol K)[95]. In the light of these values, for example, the actixiyof aSirelative

to ¢Si can be calculated as 6 for £t Accordingto equation10) 'O  and™O

are the chemical potential of Siin Al when in contact with amorphous and crystalline
silicon respectively. Both the-@i/Al and ¢Si/Al phases are in thermal equilibrium

and chemical potentials of each phasesequal in individual systems.
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Figure 16: Schematic of Gibbs free energies of-8i/Al and c-Si/Al systems[83]

Figure B shows the Gibbs free energy level difference betwe8itAd and c¢Si/Al
systems. The two systenase not in equilibrium. The excess amount of chemical
potential,Y"Qnis the driving force of crystallization. The whole system will equate the
chemical potentials to create a stable structure. The Si diffuses {BifAlanterface

to Al/c-Si interface. The chemical potential is in relation with the dissolved Si
concefration in the solvent (Al). Up to Si solubility limit of Al, in other words before
being saturated, near the-8I interface the solution mssumed as idedilute Al-Si

solution and the chemical potential of a dissolved compon§d6jis

'O 0 Y'Yde (12)

Where Ois the standard Gibbs free energy (chemical potentialjxaisithe relative

concentration of the solute. Simply the system can be defined as:

"0 Y'Ydéy YO O Y'Yy (13)

YO Y Yidiy YUYy (14)

Where® y and® 5y denotes the Si concentrations in Al when in contact with a

Si and €Si. If equation {3) is combined with11) it can be defiad as:
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Gz O (15)

When the system is satuedt in other words when Al reaches the maximum Si
solubility in accordance with a specific temperature the nucleation starts as indicated
in the ALSi phase diagram. Within thd, the silicon crystals are released as a result

of supersaturation and the growth of silicon grain starts. During the growth, the Gibbs
free energy of Si solute is increased by the diffusion of Si atoms into the Al solution.
This chemical potential i®Wered as a result of extraction of the Si from the solution
by the crystalline Si phase and the Si atom joins the growing nuclei or grain. During
the layer exchange, silicon crystals grow until each grain comes in contact with other

grains if there is andequate amount of Si and Al.

A Si nucleus is formed within the Al layer at the A8a interface after a short
annealing time. The Si nuclei become grains and grain growth occurs laterally due to
the confinement by the AlOayer and the substeatuntil the Al is replaced by
the growing Si grains. Si nuclei grow into the Al layer up to touch the adjacent Si grain.
The steps at different annealing durations of ALILE process are shown with the

Focused lon Beam (FIB) images in Figuie 1

32



Si-grain

Figure 17: FIB images of ALILE process. (a) before annealing, (b) after
annealing at 500AC for 5min, (c) anneal i
annealing at 500AC-SWA+Sid83r esul t of gl

As seen in Figure7l an Al+Si residual layer is formed on the top of the struchtre

the end othe exchange process. Al part is segregated on top@étindarysi islands

due to the Al repulsion by the growing silicon nucleates. In order to use the formed
poly-Si layer theresidual layer must be removed. It can be removed by selective
etching or direct polishing. The most notable properties of AIC-Bolfiims are

having continuous, nearly 100 % crystalline fraction and large grain sizes more than

10 em. SinSley &t € aoé yhi dlend)ythey arpnetduitdble [ 3 x
for using as absorber layers in solar cell configuratipitaxial thickening is

necessary on AIC pol§i films as absorber layer for longer carrier lifetime.

The easiest way of understanditige crystallization is doing Raman spectroscopy
characterization. In Figure8the normalized Raman analysis of AIC p&yfilm and

reference crystalline silicon wafer-8i) is given.
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Figure 18: Raman spectroscopy of monocrystalline silicon and AIC pohSi

As seen in Figure8lthe AIC polySi film hascomparablecrystalline characteristic
with the reference monocrystalline silicon. This sample was producéd aN A M
laboratories with Al thickness o8B0 nm and &i thickness of 360 nm. Prior teSi
deposition the Al film was exposed to air in clean room conditions fox fEiation.
After annealing at 47%C for 8 h the residual layer was removed directly by mechanical

polishing.

3.2.2. Buffer layer optimi zation and AIC poly-Si formation

In this part of the thesipolycrystalline silicon (poh8&i) thin films were fabricated by
using Aluminium Induced Crystallization (AIC) of amorphous silicois{pon SiN-

or AZO- (Al-doped ZnO) coated glassésitially the buffer layer between the glass
and Si wa optimizedAlthough, oth SiNc andAl-doped ZnQAZO) layers were used
as the buffer layethe studies were dominantly concentrated on Bijer. Generally,
SiNx and AZO buffer layers are used f@ilicon baed thin film studies[97,98]].
Different types of Silayerswere deposited by varying the deposition conditions.

AIC poly-Si films wereprocessed on the SiNMind AZO layers. The effect of the
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different buffer layers on the peli films were investigattby meansf electrical
and dominantly structural analysis other words, the standard AIC process was

established.

3.2.2.1. Sample Preparation

The buffer layer between the glass and silicon fanrexpected to influence final

material quality. Buffer layes mostly aims blocking the diffusion of contaminations

(O, B, Na, K, Al, Fe, etc.) from the substrate into silicon film during thermal processes.

Also buffer layerimproves the adhesiobetween the substrate and the film.
Accordingly, the morphology andontent of the buffer layer can affect the electrical

and structural properties of flm$he effect of buffer layer on the diffusion of the
contaminants from the gl ass absawhicreisgperi e
confirmed by Secondary lon Mass Spectrasc(SIMS) shown in Figure 19
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Figure 19: SIMS measurements of Si thin film on glass without (a, c) and with
(b, d) SiN« buffer layer [99].

Al and Ca detection was carried aumSi thin films after annealinlgaving SiN buffer
layer (Figure 1B and 19d) and without buffer layer (Figure 19a and.I9®intensity
of SIMS resultsshow that theAl and Ca diffusion is nearly stopped when there is a

buffer layer.

Schott AF ECO 32 Glass with a thickness value of 1.1 mm was usedudsstrate

which resists high temperatures up to ~750 A
of the further AIC experimeniresented in this worlEirst, the glasses were cleaned

in ultrasonic bath with acetone, isopropanol and distilled watdi0fomin in each step.

Then the glasses were dipped into 10 % HF (Hydro fluoric acid) solution for 15 sec

and then cleaned with distilled water. Silicon nitride ($ideposition was carried out

by Plasma Enhanced Chemical Vapor Deposition (PECVD) systerohwhas
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designed and manufactured by Vaksis Ltd. ThexSliNn was deposited by
decomposition of ammonia (NHand Silane (Sik) precursor gases. During the SIiN
deposition the gas pressure inside the chamber was kept at 2.Bx1@nd the
substrate tempature (§) was 2 Q &nd S gasedvidth different N#SiH,
ratio were used to obtain different combinations of,SilMffer layer. The deposition
conditions of SiN layers are given in Table 2.

Table 2: PECVD deposition caditions of SiNk layers

NH3 SiH4 NH3/SiHs  Power(W) Thickness(nm)
a 150 150 10 100 85
b 200 100 20 100 134
C 100 200 5 100 107
d 50 250 2 100 110
e 50 250 2 200 114

Here, NH is purewhile SiHs is used as 10 % inddFor this reasothe real NH/SiHa
ratio of the mixtures are given in Table 2. The properties of I8\yérs were examined
in terms of refractive index. The refractive indexes of the samples were investigated

by ellipsometer. The ellipsometer results are giveFigare 20.
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Figure 20: Refractive index results of deposited SiNlayers with different
NH3/SiH4 fraction

The ellipsometer results show that refractive index increases gSiNikHamount is

decreased. Normallyor a good SiN layer, the refractive index is accepted around 2

[100]. Sample Addo seems to be having the highe
fed thhravy esame amount of gas mi xtures however
times samplg fiddot hhAcseomradisml ts sample fAdod sec
the further AIC experiment3he effects of buffer layer on AIC pelyi film properties

were investigated by using different Sildyers.Because of thisone more SiNlayer

having the highest NiSiHsa mount whi c hinTable 3she SN layers i f 0 .

will be used in the AC poly-Si formation are given.

38



Table 3: SiNx layers used in AIC poly-Si formation

Sample name NHs(sccm) SiHs(sccm) NH3/SiHs  Power (W)

b 200 100 20 100
d 50 250 2 100
e 50 250 2 200
f 250 5 50 100

Since fnao and fAibodo have not very differen
has the highestamountof W8iH+. fAdo and fAeo has the only

power.

For this studyonly one type of AZO layer was deposited. The AZO layer was
deposited by sputtering system. The AZO target, which contains 2 % Al, was used
while Argon gas pressure was kept at 0.40 Pa during the sputtering process. Moreover,

RF power and substrate temperaturwer e 600 W and 150 AC, r

sputtering.

After the buffer layer formation, Al deposition (180 nm) was followed which was
carried out using thermal evaporation method. During Al evaporation, the deposition

rate was about 3 nm/s, and presswas kept between 8xt@nd 1x1& Pa. Prior to

aSi deposition the samples were exposed to ambient air in clean room conditions for

1 week to form native Aluminium oxide (Al As discussed before, AlQayer

provides a controllable layer exchangé\band Si. After the formation of AlQayer,

360 nm of aSi was deposited by electron beamb@am) evaporation system
manufactured by Vaksis Ltd. The deposition Biavas performed by evaporation of

ultra pure (99.9999 %) silicon chunks. The processa® accomplished by 8.5 kV

fixed ebeam voltage and 600 mA current emission. During the process the pressure

was kept beanveenPRIN1Whi |l e the deposition
temperature were 10 | /-BeamasystenalbWwsOa godd, res
homogeneity of the layers thanks to rotating holder. The deposition systems-have in

situ thickness measurement facility by quartz thickness monitor. In addition, for
convenience, after deposition of Al aneéSafilm, thicknesses of the fiimsve r e

measured with Dektakdeposifitl en.t At eampl e
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classical tube furnace (PROTHERMowtdt d. ) at
crystallize the &i by the layers exchange process, which forms the continuous
palysilicon (poly-Si) thin films. The high resistances around the middle of the quartz

tube provide a stable temperature profile through the furnace. Finally, the
"glass/SiN/poly-Si/(Al+Si)" structure was obtained after thermal annealing. In order

to charaterize the resulting crystalline silicon layer, the residual Al+Si layer formed

on top of the Si film should be removed. This residual layer was removed by
mechanical polishing with colloidal silica to obtain smooth surface. The schematic of

AIC poly-Si formation is shown in Figure 21

. Thermall
————> SIiNx or AZO y grown
/ 0 nm) v n Al (180
Al deposit_fon nm)
= Schott AF

ECO 32 N

|.<—

l—QELJQédzNB 02 A 6
—7

Formed
= AlO

/ A-Si deposition by €
—_—

Ly ySEEAYA @K p
(Layer Exchange) Poly-

Figure 21. AIC poly-Si formation steps on SiN or AZO buffer layer

40



The crystallinity of the continuous AIC pelyi layers wereanalysedby Raman
spectroscopy which is Horiba 800 JobinYvon system supportéd @iympus
microanalysis systemyhich has a charge coupled device cameith a resolution of

1.0 cmt. Data acquisition of Raman spectroscopy was done by 632.8 nm wavelength
He-Ne laser. The crystal orientations and crystallite size of the samples were analyzed

by X-ray Diffraction (XRD) measurement-pay diffractometer was Raku Mini Flex

with monochromat i ¢ 0134056 rim) operated dtShkV arldl e a m
15 mA. XRD scanning wasarried oub e t we e n 1 @ values with a St€pAf 2

0. O Zhk grain size and crystalline orientation maps of {Rilyfilms were
investgated by EBSD measurements. Quanta 400F Field Emission Scanning Electron
Microscopy (SEM) was used for EBSD measuremenie surface of theelected

SiNx layers were investigated by AFMi t h t appi ng rhareadheon 1 0 X
accuracy of the orientatiahe t er mi nati on from the Kikuchi
measured orientation imaging map has the size®fl ¢¢®f or sampl e fAdo
The orientation map was measured with a mapping step a&f 3 he electrical

properties were performed by fopoint probe system (Jandel RM®R) for sheet

resistance analysis and Keithley 2400 sourcemeter for ciwoéiage (-V) analysis.

3.2.2.2. Raman Results

Raman spectroscopy is a crucial technique for the characterization 8igblyg films

which is also fast ahsensitive method. The bond structure of silicon atoms can be
monitored as a result of absorption and emission spectra by a laseAceandingly,
Raman spectroscopy is used for monitoring the crystal quality by giving information
about bond peaks, fullidth at half maximum (FWHM), crystalline fraction and stress

of the films. In this study, Raman spectroscopy was used to analyze th®i fitrty

in terms of crystallinity and stress as a function of buffer layer content. The result of
Raman measurementd poly-Si films grown on different buffer layer on glass

substrate are shown in fige 22.

Some of the results in AIC of&i areused by the permission of John Wiley and Sons Publishitiglicence
number of 3924720283855.
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Figure 22: The Raman analysis of reference-8i and poly-Si films produced by

AIC technique on different SiNx and AZO coated glass

In Figure22, also the Raman analysis of referen& s given with AIC polySi films
produced on AZO and different SiMoated glass. The spectra were normalized with
respect to the LO/TO line of8i at 521 crit. The Raman results in Figu2 have
very sharp and symmetric peaks at 521'cifhe Raman peak at 480 ¢nwhich is

the signature of-&i, is not observed. Meover, peak positions is close to that-@&ic

(521 cm?b), it means that all films with different buffer layer are under negligible stress.

Another indicator for the crystalline properties is the full width at half maximum
(FWHM) which is found by calculatg the Raman peak width which corresponds to
the half of the peak intensity. FWHM values give information about the crystallization
quality for polySi films. In this sense, the lowest FWHM value points the best
crystallinity. In Table 4, the FWHM valued c-Si as a reference and the samples are

given.
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Table 4: FWHM values of the poly-Si layers and eSi as a reference

Sample FWHM
b 4.83

d 4.75

e 4.75

f 4.81
AZO 4.84
c-Si 4.16

As seen in Tabld, FWHM values of the samere between 4.75 chand 4.84 cm

! for different buffer layer used samples, which are not very far from the reference c

Si value (4.16 cmi). These results show that samples have high fraction of
crystallinity. Every individual SiNbased sample contairstructurally different SiN

layer due to different NkSiH4 fraction amount. There is a small difference between

the samples in terms of FWHM values which indicates the crystallization. The
difference of FWHM for polySi films compared by that of8i can be due to the grain
boundaries of pohbi films which contain high density of interface states. The
presence of grain boundaries decreases the long range order of crystalline structure,
which results in broadening od fMReadawi tph atl
same NH/SiH4sr at i o as 2 have very close FWHM v
Afeo contain t he 33iHiwteSiN |dyer ahen doropareddy thaN H

of the other buffer layer content used p8lyfilms. This can be due to thégher Si

content in the buffer layer by using lower BSiHs ratio (=2). At the same time, the

Raman analysis indicates that the AZO based sample has the FWHM value relatively
close to the FWHM value of Sihhased samples. Howevéne FWHM values do not

indicate a notable difference in crystallinity. Raman results show that the crystallinity

has no dependency on the buffer layer content and crystallization was achieved for all
poly-Si films fabricated by AIC technique on glass substrates, which were dpated

different buffer layer contents.
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3.2.2.3. X-Ray Diffraction Measurements

Another analysis on AIC pol$i films is X-Ray diffraction (XRD) measurement and

the different orientations, crystallite sizes were examined-bgyXdiffraction (XRD)
measurement. In oed to obtain the texture of pely films, crystallographic
orient at i mrweré roanaliaed svith febpect to different diffraction peak
intensities obtained on a randomly oriented polysilicon powder which was taken as
reference. The preferentialr i e n twg%)iis dafinedlfor 3 spectral peaks by using
[101,102]:

‘0 70 (16)
B O 10

(@) p TIGI

where) and) indicate the diffracted intensities ineU-2U spectra of the poty

Si film and Si reference powder for each <hkl> orientation respectively. The XRD
peak intensity for pohBi was normalized by [éxp¢2¢e fsinU)] to take the
calculations through finite film thickness. In this normalization dtdin, €, t andU

are the Xray absorption coefficient (143.1 cip film thickness and Xay incident
angle, respectively. The preferential orientation factor of -@blfilms, which was
obtained after annealing at 500 for 5 hours and mechanical polisy, is given in
Figure 23
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Figure 23: The calculated preferential orientation factor of polySi films by

XRD measurements.

The normalization was applied for three peaks of <111>, From Fidnié i2 clear
that the orientations of <111>, <100> and <311> are visible for all of the samples as
independent of buffer layer content.

The crystalligraphic orientation calculations show that the orientation
distributions of <111>, <311> and <100> have smdifiledénces for each sample
fabricated by using different buffer layer content. It can be understood that the
preferred orientation is <100> and it is found that760% of the surface indicates
<100> orientation for all cases. Itpgssible to determine ehcrystallite size of poly
Si films by using Xray diffraction analysi$103]. Theaverage crystallite size of the

samples can be calcul at[®4: by using Scher |

o= 09 a7
bcosg
Here,D is the average crystallitesizg( =1. 54059 ) i s the wave

X-ray, b is the full width at half maximum (FWHM) value of the measured peak in
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radians andl is the diffraction angle. The calculated average crystallite sizes are given
in Table 5.

Table 5: The average crystallite sizes of pohsi samples calculated by
Scherrero6s equation

Sample Crystallite Size (nm)
b 37.12
d 48.48
e 33.77
f 32.29
AZO 36.75
The results in Table 5 show that ssample 0do

the lowest fraction of NEISiH4 (=2) in SiN layer.

The crystallite size results shows that, among the Baded samples, increase in the

NH3/SiH4 fraction decreases the crystallite size, which means, increasing the SiH

content in SiN deposition crei@s larger crystallite size. Si clusters can be formed by

The silicon atoms in Sifjl and, since SikHcontains Si atoms, the amount of $iH

content can change the size of clusters. The increase afe3pdnds the silicon

clusters and induces Si amorphoanaparticles in SiNlayer [105]. Nanoparticles

can be induced by the further increase ofsSidhen Si crystallites gets in touch with

SiNx layer during the layer exchange of Al and Si, the Si clusters and nanoparticles in

SiNx can promote the Si crystalhtion beside the AIC of amorphous silicon. Larger

Si clusters and nanoparticles may form larger crystallite sizes. 48.48 nm of crystallite

size, which is the | argest one in Tabl e 5, [
highest amount of SiHduring the SiN deposition as described in Table 3. On the

ot her hand, although the s a&SHin8iNiaget has t he

as sample fido, sample fiedo has smaller crysta
of RF power values during PBAD deposition of SiNf i | m f or sampl es fAdo

as depicted in Table 3. Two times more RF power (200W) was used for the SiN
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deposition of sample fieo whi JdeposRién ofp ower
sample Ado. Doubl i ng ciatioreof SiHhavceNH. At loveen g e st
RF power SiH bonds would be preferentially broken relative to thel Honds due to

bond energies of 81kcal/mole and 120 kcal/mole fdd &hd NH bonds, respectively

[106]. This results in higher silicon content in SiMyer. For this reason, although
sampl e fieo h#SsH;ftrhaec tsiaoome INHKke sampl e dAdo,
silicon is affected by the RF deposition power of SIRF power increment decreases

the Si content in the SiNayer which causes smaller@usters and nanoparticles size.

Since the crystallinity of Si layer can be promoted by the silicon clusters and
nanoparticles located on top of Sikyer, the smaller clusters and nanoparticles
makeshe Si crystallization weaker than that of largerstérs and nanopatrticles. As a
result the crystallite sizes of 48.48 nm
sample Aed respectively. Meanwhi |l e, AZO
much as SiNbased samples. The XRD results show thabtifter layer content has

no effect on the preferred orientation of p&ifilms resulting <100> for all samples

while the crystallite size shows differences depending on the content of buffer layer

and the RF power of PECVD deposition system.

3.2.2.4. Grain Sizeand SurfaceAnalysis

In order to see the effect of SiNurface roughness on peBy properties, the surface
roughnessfoSiNy coated glass was investigated by Atomic Force Microscopy (AFM).
Especially, in thin film analysis the substrate surface rougiessure has great

impact on the film propertiest has been known that,raducedsurfaceroughness

leadsto lessSi nucleationcenterduringthe AIC of amorphous silicoprocesg§107].

This finding isa significantresultsince the numbers of nucleati sites specify the

average grain size of the film. To observe this statement, AFM analysis was performed
foronSiNkbuf fer | ayer deposited by Ado and i
and the highest N#ASiH4 fraction, respectively. AFM images these two sampleare

given in Figure24a and24b, respectivelylt can be seen that, fi

condition used SiNhas a smootheaurface than that of
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Figure 24: AFM images of poly-Si films on SiN« buffer layer deposited by

Af o

(a)

Ado and (b) #Af O con

c ondi &filmo The noat reedn s§uard (RMS), which was deduced from
AFManay si s of Ado

condition used fiiSm i s

film on fAed a.dtoadhettanduded that mugheBsurfdce was obtained
by wusing ndf 0 xdepasition whiclo mas theghest ISH/S\H4 fraction
when conpared by lowest NEISiH4 fraction used SiNl ayer | abel |

0. 74

ed as ndo.

Electron Back Scattering Diffraction (EBSD) analysis was perfororedhe final

poly-Si layers EBSD enables the crystalline mapping of surface by using the

diffraction of backscattered efgons. The grain size has a significant role on the

carrier transport in the pol8i films and, therefore, the photovoltaic performances.

Since

sampl e

ido

has the | argest and

EBSD measurement was performenl these two samples. Alsas obtained from
has the | owest F WHM

FWHM value. In other wordshe EBSD analysis of samples having the largest and

Raman analysissamplefi d 0

and

smallest NH/SiHa fraction during the deposition dhe SiN layers are compared.
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Figure 25: EBSDanalys s of samples (a) fAdo and

The inverse pole figure on the right bottom of the EBSD maps give information about

the grain orientations according to the colour. Graded red colour indicates silicon
grains with an orientation that differs less tHeB from the <100> parallel to the

surface, while the blue and green colours correspond to an orientation deviation of less
than 18from the <111> and <101>, respectively. EBSD surface mapping also enables
understanding the grain size. In Fig@® accoding to the pole figure, orientations

around <100> seems to be dominant among the other orientations. Furthermore <111>
orientation is very rare. XRD analysis showed that the preferred orientation is close to
<100> and besides, the same result can be dddoyg EBSD analysis. The average
grainsizeupto2@ 5 e m was achieved by wusing the
buffer | ayer on glass substrate. However
Since silicon is in contact with SiNayer the clustestructure in SilY has effect on

the grain size as well as crystallite s
(NHs/SiH=2) whereas sampl e nfSi6l,=50)ansSiNtldyer. s mal |
The increased amount of Si content provides larger cluststesad of scattered and

isolated Si atoms in SiNayer.As a result, the large Si grain sizes are achieved due to
regular crystallization enhancement by large silicon clusterSilNk. Also, the

roughness of the SiNx layers deduced by AFM measuremeffitraotihe EBSD
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results. Crystallization on rough surface increases the number of possible nucleation
sites compared to a smooth surface which leads to smaller grain sizes.

3.2.2.5. Electrical Analysis

Beside the structural analysis, electrical measurement wasdppiithe polySi films

for the AZO based sample and Silased sampl es of Ado and Af o
analysis was done by four point probe (FPP) technique which is conventional, easy

and nordestructive way of obtaining the resistivity of the filrflR08]. After

measuring the sheet resistance of the samples the resistivity waltezsalculated in

accordance with the corresponding p8iyfilm thickness. In Table 6 the resistivity of

the three samples are given.

Table 6: The sheet resistance and resistivity values of pelgi films

Sample Ri }
(kal/sqgr) (qcm)
d 4.06 0.101
f 4.16 0.104
AZO 0.33 0.008

As discussed before, Ahcorporation in AIC polySi films resultsin p-type doping

wi t h ar é®onm®donc@nitration65]. The substitutional doping of silicon with

aluminium createshsllow acceptor in silicofil09]. Table 6 shows that, SiNased

sampl es have resi st iwhich gjatevaaldwuesistivitipvaloeund 0. 1
when compared with commercial silicon wafersl(D Y ©mnthe. other handzO

based sample has a very losgistivity. The reason maybe the electrical measurement

through the AZO layer since the pdBy film is very thin with respect to the probe

distances. It can be understood that, for the Baded samples, different buffer layer

content has no notablefeft on the electrical properties of the p&liyfilm.
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Here, formation and characterization of p8ythin films, fabricated by Aluminium

Induced Crystallization (AIC) of-&i on different buffer layers was investigated. The

poly-Si films were obtained bthe layer exchange of Al and Si layers through ,AlIO
membr ane after annealing at 500 AC for 5
in terms of structural and electrical quality. The Raman analysis showed that the fully
crystallization was achievddr all samples independent of the buffer layer content. In

the light of above investigations, stable p8lyfilms were obtained both on AZO and

SiNx interlayers. Howeer for the further AIC procesSiNxdeposi ti on wit

conditions will be used as thaiffer layer.

3.2.3. AIC Kinetics and Temperature studies

In this part, the AIC process is investigatminprehensivelpy additionaltools like
Secondary lon Mass Spectroscopy (SIMS) and microscopy andlsimfluence of
annealing temperatuteas beerstudied, both fomucleation and growth rate during
AIC, and annealing temperatures between890°C are commonly practicgd 10].

In additionto temperaturgseveral parameters are known to effect the crystallization
kinetics, including Al bulk oxygen contefit11], thickness and structure of the AIO
membrane at the Si/Al interfaf¥12,113]and the Al grain structuf@14]. Due to this
wide range of parameters the specifics of the AIC process stesven variations
among the diff er en tnekcellenediscussion ojwhhuby Gall wo r |
can be found if110]). Here, study on the AIC kinetics ofoeam deposited&i films

is reported as carried out iG] N A Nlaboratories. The influence of process

parameters on the final pe§i grain structure is ab discussed.

3.2.3.1. Sample Preparation

The main stages of the AIC experiments are same as discussed before which is outlined
in Figure21. All of the aSi/Al/SiNx layer stacks used in this study were grown in the
same respective deposition runs, in order tammize any experimental variation. As

the substrate, 1.1mithick Schott AF ECO 32 glass was used. This type of glass has a

well matching thermal expansion coefficient (3.2 x61BY) to that of silicon (2.5 x

51



10° K1), low surface roughness (<1 nm RMShdahigh luminous transmittance
(83.2% at 1.1 mm with an optional 91.9% at 0.5 mm) that could be beneficial for
potential superstrate configuréad solar cell applications. Further, due to its relatively
high transformation temperature (?CJ, it permitsprocessing temperatures around
60C°C. Prior to deposition, the glass substrate was cleaned by a series of ultrasonic
cleaning (acetone, isopropanol, DI water; 10 min. each) and a final 15 sec. dip in 10%
HF solution. The substrates were then coated witlmBhick silicon nitride (SilH)
film with Ado conditions given in Sec.3.2.1,
diffusion of any possible contamination from the glass in the subsequent processing
steps. Following the buffer layer deposition, &1@ thick Al layer was deposited by
thermal evaporation at processing pressures typically between 5 to®@Tor0at a

rate of 3 nm/sec. The deposited Al film was then kept in atmosphere in clean room
environment for one week in order to form a thinokide layer on the surface. This
layer is known to be beneficial in regulating the Si flux during the AIC layer exchange
procesg113]. After exposing the sample to air a 360nm thick Si layer was deposited
using electron beam-{geam) evaporation techniquehe base pressure of th&éeam
system was -R x 10’ Torr. The deposition rate was 1.5 nm/sec (as determined by
quartz crystal microbalance), which was attained at 8.5 kV beam voltage 4itd 60
mA emission current. The substrate temperature was k2p@&. The samples were

then annealed in a classical tube furnace (diameter: 10 cm, length: 190 cm) ainder N
flow (4 sIm/min) in order to realize the AIC layer exchange process. In order to
understand the thermodynamic mechanisms of the crystallizatiotegsrofour

di fferent annealing temperatures, 450, 475,
formation was monitored by optical microscopy (OM) through the glass side of the
samples at incremental durations of annealing for each temperature. After layer
exchange process the Ai mixture that is left on top layer was removed directly by
mechanical polishing. The structural properties of the fully crystallized-$oly
samples were studied by a Horiba 800 Jobin Yvon Raman spectroscopy system. The
Raman systemds a charge coupled device canmaviding a resolution of 1.0 cf

Data acquisition of Raman spectroscopy was done by 532.8 nm wavelenjh He
laser. Further information on the grain size and crystalline orientation of th&poly

films were obtained sing Electron Back Scattering Diffraction technique (EBSD),
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which was stationed in a Quanta 400F Field Emission Scanning Electron Microscope.
The Al concentration in the final polgi layer was monitored by Secondary lon Mass
Spectroscopy (SIMS). For eleical characterization Hall effect measurements were

carried out with ECOPIA HSM 3000 using four symmetric contact holders.

3.2.3.2.  Microscopy Analysis

Optical microscopy (OM) offers a simple and effective way to monitor the crystal
growth during AIC. When viewethrough the glass substrate, the growing silicon
clusters can easily be identified due to the contrast difference between Al and
crystalline Si (Al appears much brighter than Si in reflection mode, and vice versa in
transmission mode). The effect of aniveatime andemperatur@n the evolutionof

poly-Si can thus be easily observed by viewing theSAinterface.In order to
accomplish this, a series of rigorous annealing experiments were carried out. Four
different annealing temperatures, 450, 475,800d 525 AC, were chos
AIC process. All samples used in this study were taken from the same sample set, i.e.,
SiNx, Al, and aSi layers were deposited in the same runs to minimize any possible
experimental variation. A typical optical micnagh taken from the Si/Al interface is

given in Figire 26. The image was taken by reflecting the light through the glass
substrate (sample was placed upside down onto the microscope glass). It is apparent
from Figure 26 that the AIC process is partially mpleted under the conditions the
sample was annealed at (2 hrs at’€C}5
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L®
Figure 26: Optical micrograph taken from a-Si/Al/SiNx/glass sample annealedt

473C for 2 hrs. Image was taken in reflection mode through the glass subate.

Three distinct features can be identified in the image; the first is the Al phase with
relatively high reflectivity, appearing as the yellow background. Within the Al matrix
poly-Si crystallites can be easily seen, as the process is well witlyroitgh phase.

A third type of feature that can be seen at a closer look are the small black dots that
are widely spread within the Al matrix. These are the Si nuclei that were formed during
the cooling of the sample. This phenomenon is explained in dgt8ithneider et. al.

[115]. At the end of the furnace run (prior to the cooling of the sample) the Si
composition in the Al matrix (&) is high enough to promote growth of the existing
grains, but not sufficiently high to induce new nucleation procefsethe sample is
cooled down the solid solubility of Siin Al diminishes, renderigg@&be high enough

for nucleation to dominate. Further evidenc
that are formed around the large grains where the smabirarel not observed (see
Figures27a and27b). This is explained by £€next to the grains being very low due

to the ongoing growth process. Based on the above consideration, the small
precipitates were regarded as artefacts of the cooling process andmvieel from

the crystallization percentage calculations discussed below. In FRyaethe
magnified OM image of the sample annealed af@7%6r 2.5 h and in Figurg7b the
corresponding Scanning Electron Microscopy (SEM) image of one crystalline island
are given. Unlike OM, SEM analysis cannot be carried out through the glass substrate;
therefore the sample surface was mechanically polished prior to analysis.
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Figure 27: Micrographs taken from a-Si/Al/SiNx/glass sample anneed at

47%C for 2.5 hshowing the formation of depletion regions, a) optical

micrograph of large grains shown, a depletion region around them where no
nuclei formation is present can be seen; kgcanning electron micrograph of a
crystalline Si cluster where the sample was polished partially to expose the Si
particle yet leave some of the surrounding ABi matrix. A high contrast region

surrounding the Si grain is visible, indicating the Sifree (depletion) region

The crystallization experiments were dobg carrying out annealing runs at
incremental durations (approximately 10 runs) for each temperature. Selected optical
micrographs showing the evolution of the Al/gilNterface for all temperatures are
given in Figires28 through31.
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Figure 28: Optical micrographs taken from samples annealed at 45Q at
varying annealing times (given in the upper left corner inset for each
micrograph).

150 min

Figure 29: Optical micrographs taken from samples annealed at 4P& at
varying annealing times (given in the upper left corner inset for each

micrograph).
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Figure 30: Optical micrographs taken from samples annealed at 50CQ at
varying annealing times (given in he upper left corner inset for each
micrograph).

Figure 31: Optical micrographs taken from samples annealed at 528 at
varying annealing times (given in the upper left corner inset for each
micrograph).
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It is apparent from igures28-31 that the rate of crystallization increases drastically
with each temperature increment of°@5In other words, the full crystallization is
reached earlier by increasing the temperature. Using the accumulated micrographs, the
% crystallizatiorfor each annealing time and temperature combination was calculated
with public domain image processing software ImageJ. The % crystallization vs
annealing time curves are plotted as shown iniféig2.
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Figure 32 Percent crydallization vs annealing time curves for AIC experiments
carried out at 450, 475, 500, and 526.

Typical-tiypenamir yshavofll6]canbetseen for all temperatures,
with an initial slow rate regime that is associated with nucleaongasinear
intermediate region associated with the growth of the nuclei, and a saturation tail near
the end of the crystallization process. Therefore an Arrhenius type relation between
the growth rate and temperature can be inferred fromr&&p, which would enable

the calculation of the activation energy of growth for the AIC process. The Arrhenius
relation is given in Equation 18

— "EI (18)
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Where k is the rate constant (% crystallization/min.) obtained by line fitting the
intermediate (growth) region of the Avrami curves for each temperature, A is the pre
exponential factorka is the activation energy for growth (e\Ws is the Boltzmann
constant (8.617 x 10eV/K), andT is the annealing temperature in K. The expression

can then rearranged in the form of Equatién 1

(19)

The equation above can be written in y = ax + b form to represent a line. Accordingly,
the In(k) vs 1/kT shown in Figire 33 would have a slope equalitd.. Based on this
consideration, our experiments reled that the activation energy for growth during
the AIC process was about 1.93 eV, which is well in accord with the 1.8 eV reported
in Gall et.al. [86] and 1.9 eV by Schneider &il. [112]

In(k)

1 ¥ =-1.9333% + 30.06 "

14.40 14.60 14.80 15.00 15.20 15.40 15.60 15.80 16.00 16.20
1/kgT

Figure 33: In(k) vs. 1/kst graph plotted using the data given in Figure32. The

activation energy calculated from the graph corresponds to 1.93 eV.

The effect of annealing temperature on the final grain size was investigated through

OM images and EBSD maps. It is important to notét thae ach of t he Si
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in the optical micrographs given above do not necessarily constitute of a single crystal.
EBSD mapping of a partially crystallized AIC sample (obtained by incomplete
annealing) is given in Figu@. As apparent from the caldistribution the grains can

be of single crystalline as well as palgystalline nature. Nevertheless, the size
distribution of these poly/single crystal grains provide an effective way of qualitatively
comparing the final crystal structure, particulasligen coupled with EBSD analysis.

-~
90 p l é
| — e

Figure 34: EBSD images taken from partially crystallized samples annealed at

500°C. The grainy (predominantly grey colored) background is Al, whereas the
solid colored features are the Si grais. Some of the features consist of only one

color (single crystal), whileothers have multiple colors (multicrystalline).

The optical images of the fully crystallized samples that were annealed at varying
temperatures are given in big 35athrough35d. A near steady decrease in the grain

size with increasing annealing temperature can be easily observed. In order to acquire

a quasiquantitative comparison of the grain size distribution, the areas of each grain

in the given micrographs were measurethgigmageJ (since the thickness of the Si

film, ~0. 2 Om, was significantly smal |l er
measurement was found to be sufficient to calculate the grain size). The approximated

grain size for each measured area was then @otéip assuming a circular shape and
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calculating the corresponding diameter. The grain size distribution histograms for each
temperatue are given in Figur@5e through35h. The histogram plotted for the sample
annealed at 45CQ (Figure 35e) shows the higlst deviation from a standard Gaussian
distribution, possibly related to the high error margin of areal measurement due to the
small number of total grains seen in the micrograph. As the grain size reduces (i.e. the
number of grains visible in a micrograjpicreases) the shapes of the histograms
appear to better match the Gaussian distribution. Furthermore, the tightest grain size
distribution is seen for the sample annealed afGZbigure 35h), which has the
smallest average size. This can be seen meeglglin Figire 36, where the average

and the standard deviation of the approximated grain sizes at each temperature is

plotted.

e) 450°C f) 475°C g) 500°C h) 525°C
3 ‘ p .

1

1

1

4 grain size (jm)

Figure 35: Effect of annealing temperature on polySi grain size: optical
micrographs taken from fully crystallized samples annealed between 450 and
52%C (a through d), distribution of approximated grain size for fully
crystallized samples annealed between 450 ab@5°C (e through h)
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Figure 36: Annealing temperature vs.approximated average grain size and
standard deviation. The referred grains do not necessarily represent a single

crystal.

In order to verify the observation above, electron backscatter diffraction (EBSD) maps
were taken from fully crystallized samplasnealed at 48C and 528C (Figures 37a

and37b, respectively)EBSD images in Figurd7 are indeed in correlation with OM
images. Increasing the annealing temperature decreases the grain size. The sample
annealedat458C has gr ai n s imzheweeesthernampla anaealedat0 O
525°C shows distinctly smaller graifrsBSD analysis also provides information about

the orientation of grains. In both cases the orientation of the grains appears to be close
to (100) and (111), and a distinctly prefarahorientation is not apparent in either

case. This observation does not agree with B&f|[ which states that lower annealing
temperatures result in preferred grain orientations of (IM@. possible influence to
consideffor explaining this discrepry is the presence of the Sibuffer layer in this

study, which was not the case in Rei7]. However, as the said study explains, the
nucleation process initiated at the &i/Al interface, far away from the Sifayer. In

as much as the grain oriatibn is chiefly determineduring nucleation, the SiNayer

is not expected to have a significafiect on the preferred orientation tbke final

poly-Si layer.
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Figure 37: EBSD images taken from fully crystallized samples argaled at a)
45(°C and b) 52%C. The colors represents the orientation of grains according to

the color code given in the lower right corner inset.

3.2.3.3. Raman Analysis

The structural qualityof the fully crystallized samples annealed at different
temperaturesvere examined by using Raman spectroscopyrgigBa shows a wide
wavenumber range scan while &ig 38b shows the same spectra focused around
crystalline silicon (eSi) peak at 520 crh A ¢-Si peak obtained from a single crystal
wafer at the time of # measurements is also added to the graph as reference. From
the wide range scans (kg 38a) all spectra show a sharpSt peak comparable to

that of the single crystal sample. At a closer look ({Feég8b), a slight increase in
width towards lower wavemmbers with increasing annealing temperature is visible.
This is believed to be related to the grain boundaries, which result in a small,
amorphoudike contribution to the spectra. Lower annealing temperatures promote
higher grain sizes, which result iask grain boundary area, therefore, the Raman
spectra appears closer to that of the Si wafer. Nevertheless, the structural quality of
samples annealed at 475 and ®D@ppear to be similar to the sample annealed at
450°C.

63



a) -------- C-5i (Ref] b) ________ o5 [ref

NORMALIZED INTENSITY (A.L.)

NORMALIZED INTENSITY (A.U.)

Figure 38 Raman spectroscopy taken from fully crystallized samples annealed
at varying temperatures: a) wide wavenumber range, b) near-8i peak

(background subtracted).

3.2.3.4. Secondary lon Mass Spectroscopy Analysis (SIMS)

The incorporation of aluminum in then@il poly-Si film after the AIC process is well
known [65]. The Al atoms dope silicon within the solubility limit§herefore, the
doping characterization of the Al profile was of interest. A key tool for this purpose is
secondary ion mass spectroscopy (S)Mrhe SIMS depth profile taken from an AIC
sample annealed at 5@is given in Figre39. From the SIMS profile, the Al appears

to be distributed along the thickness of the Si layer homogenously, with a
concentratiorof approximately 9x1 cm3. The 30nm Al plateaunearthe surface
suggests that the aluminium layer was not polished off completely from th&poly
surface.To measurehe Al thatis electricallyactivein the poly-Si layer Hall effect
measurement was carried out, which revealed an ggktyge) carrier concentration

of 1.2x10® cm®. This resultis consistentvaluesreported inliterature [65]. These
findings suggesthat only a small fraction (approximatelyl%) of the residualAl is
electricallyactiveafter AIC. The SIMS analysis wadoneby EvansAnalytical Group
(EAG) in USA.

64



1 = Al ey
1023_: —u—Si #

1
\ E 10

1022 _:

1021 _:
3 - 10°

] [ ]
10% A /
E n

Concentration (Atoms/cm %)

10 _:
3 F 10

(095/51UN0D) Alsualu| Uo| Alepuodas

18

107 94— . . . . . . . . .
-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Depth (A)

Figure 39: SIMS profile of standard AIC poly-Si film

AIC experiments carried out i@, N A Mboratories revealed that crystallization of
e-beam deposited amuhous silicon films can be realized effectively at temperatures
as low as 451, resulting in polySi films with grain sizes of tens of micrometers.
Activation energy associated with the growth of Si crystallites was determined as 1.93
eV, which correlate well with previous studies. Raman spectroscopy on the final AIC
poly-Si layers shows a slight increase ifSCpeak (near 520 cf) with increasing
annealing time, which is likely related to the increase in grain boundary fraction of the
films. The residal Al that is left in the final poksi layer is aroun®x10° cm?®, as
measuredy SIMS. HoweverHall effect measurementshow that the active Al is

approximatelytwo ordersof magnitudesmallerthan the total Al.

3.2.3.5. Transmission Electron Microscopy (TEM)
TEM is an alternative way amicroscopy fordetailed imaging analysisin TEM
techniguea beam of electrons is transmitted through a thin speciffenimage is
provided byinteraction of the electrons with the sdmgdn this manner, the standard
AIC poly-Si samplewvas prepared for TEM analysis. ThREM images of the pohgi
sample is shown in Figuo.

65



Figure 40: TEM images of standard AIC poly-Si film

TEM imageswvere taken with different resolutions. Figure40g the ful stack can be
clearly seen with the individuddyers of 186200 nm polySi, 80 nm SiN and the
glass substrate. Besides some boundaniatefective regions are visible in peBy
layer. When the magnification is increased, in Figd®e the atomicarray of Si
structure isalso seen, especially close to the pBISIN interface. TEM images
indicate that good quality of AIC polySi film has been established.

3.2.4. AIOx Membrane Studies

Additional experiments were carried out to examine the effect of Al€nbrane on

the AIC process. For this purpose, three samples gf @dss (from the same batch)
were Al coated (180 nm) by thermal evaporation. The first sample was directly taken
to the clean room and inserted to theeam evaporation system which wasnped

down immediately and kept under high vacuum (“Tidrr level), corresponding to an
atmospheric air exposure of about 10 min. The second and third samples were kept in

the clean room under atmospheric pressure prior to their insertion intebteare
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system for 24 h and 1 week, respectively. All samples were then coated with 360 nm
thick aSi layer using standard deposition parameters. Each sample was then cut into
4 pieces and were annealed at®Dfdr durations of 30, 60, 180 and 300 minutes. The
optical micrographs obtained from the samples at various stages of annealing are given
in Figure41. As seen, the AIC process was the fastest in the sample with the Al layer
that was exposed to atmosphere for the shortest duration. This was an expected
outcame, in as much as the-fhix limiting AlOx layer has the smallest thickness for

this sample. There was, however, little difference between the crystallization
behaviours for samples with Al layers exposed to atmosphere for 24 h and 1 week.
This could bendicative of the fact that the majority of the Al oxidation occurs within

the first day of exposure, and further exposure has little effect on thedd@brane

formation.

Al oxidation
10 min

Al oxidation
24 hrs

Al oxidation
1 week

Figure 41: Optical micrographs taken at various duraions of annealing at
500°C of AIC samples with different Al-oxidation conditions.
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3.2.5. DefectEtching of AIC poly-Si layers

A common method to investigate the grain boundaries and defects is the use of etching
solution. In addition, the grain quality of thénfs can be explored. The etching
solution preferentially etches the defects and grdihs.etching process for materials

like Si, SiGe or Ge, requires an oxidizing agent and a fluoride component which
dissolves the oxidized material. Generally the oxndjagents are nitric acid (HN)
peroxide hydrogen (¥D2), and chromate in the form of hexavalent chromium ¢CrO
K2Cr207) [118]. Some solutions require a dissolving agent in order to dilute the
solution and provide a control on the etching rates. The b&tween the different
components determines the mechanism of the reaction. Whatever the type of etchants
used, defectselective etching requires a moddition of the surface potentiadtveen

the perfect crystallinenaterialsand defects. Chromiwiased etching solutions, such

as Sirtl, Secco, Wright or Schimmel techniques have been known for defects indication
in crystalline materials[119].The etching mechanism for €€rcontaining etching
solutions is not welknown. A strong adsorption of chromaten the Si surface via
silanol groups is expected, resulting in the formation eéD&r-(02)-O-Cr(O2)-OH

[120]. It is important that the density and arrangement of any surface dislocations can
be determined. Schimmel etchants are used to reveal thageedesurface threading
dislocations[121]. Here, Schimmektching technique was used to reveal out the
defects and to see the effect of solution with different concentrations, BFoand

H>O solution was prepared for etching. Three different solutwitk different
concentrations were prepared as seen in Table 7 and in Table 8 etching time with

respect to the solution type and sample is given.

Table 7: Different concentrations of CrOs - HF - H2Osolution

CrO3s(cc) HF (cc) H20 (cc)
Sol A 20 20 15
Sol B 20 20 100
SolC 20 20 2000
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Table 8: Etching time with respect to the solution type and sample

Sample Solution used Sample type Etching time (s)
1 Sol A AIC 1
2 Sol A SPC 1
3 Sol B AIC 1
4 Sol B AIC 4
5 Sol B AIC 10
6 Sol C AIC 1
7 Sol C AIC 10
8 Sol C AIC 30

After etching, samples were analysed by SEM. The SEM images are gikguia

42 where thesample numhbws are written on the pictures.
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Figure 42: SEM images of Schimmel etched AIC and SPC samples

The white dots seen atme images are charged regiamscurreddue to pinholes.
Solution A is used for the comparison of AIC and SPC samples. The grains are clearly
seen on AIC sample however SPC sample has no indication for grain structure. The

surface has some island structuréfter the solution is diluted, in other words
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converted into solution B, the grains of AIC sample becomes more apparent as the
etching time is applied as 1 s, 4 s and finally 10 s. When the solution is diluted further,
as solution C, even up to 30 sat€hing the surface shows no difference with respect

to 1 s of etching. Here the Schimmel etching most clearly shows the grains at sample
5 which is etched with solution B for 10 s. However the desired boundary etching is
not achieved in this etching studifter Schimmel etching another chemical etching
technique was tried on AIC sample. The solution was preparetiN®g:HF (100:1).

The advantage of using this solution
etched for 5,10 and 30 seconds. In FigtBghe SEM images of this etching study is

given.

Figure 43: SEM images of HNQ:HF solution etching
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As itis clear in the Figuré3, 30 seconds etching destroys the surface too much. When
5 s and 10 s etchings are compared this technique seems to be more efficient for grain
boundaryetching. Because theching is clear around the grairihis method may be

more promising for surface defect analysis among the other etching techniques.

3.3. Solid Phase Epitaxy (EPS) Experiments

Absorber growth experiments on the AIC seed layers werecalsied out and three
samples of the stackedSWAl/SiNx/glass layers were produced. Like in the previous
section, the samples were furnace annealed at 450, 500, & &&&pectively, to

form fully crystallized polySi structures before the /Ai toplayer was removed by
polishing (crystallinity was confirmed by Raman spectroscopy, which vyielded
identical spectra to that given in ki@ 38 for each corresponding annealing
temperature). The samples were then dipped in 10% HF solution to ensure tessurfa
were completely hydrophobic (i.e., no native oxide was present), and were inserted in
theebeam deposition <c¢hamber -Sifabsorbemglayersyt h o f
Deposition was carried out at 8.5 kV beam voltage and 100 mA emission current,
resultingin a deposition rate of 2 nm/sec. The samples were then annealef8Gir600

N2 atmosphere in incremental steps in order to induce solid phase epitaxy ithe a
layers. Raman spectroscopy measurements were carried out on all samples before and
after eactannealing step, as plotted in Figdee In all cases, a gradual crystallization
process is observable with increased annealing time, which is expected as the epitaxial
growth would begin at the seed/absorber interface and corttnwaeds the absorber

suface.
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a) b)

c)

Figure 44: Raman spectroscopy taken from absorber layers before and after
600°C SPE annealing steps; grown on AIC seed layers annealed at: a) 450b)
50C°C, and c) 525C.

A difference in the crystallization t& however, is clearly visible when one compares
the evolution of the Raman spectra: majority of the crystallization is done within the
first 210 min. for the sample with 48D annealed seed (Rige 444), 360 min. for the
sample with 508C annealed seedFigure 44b), and 660 min. the sample with 525
annealed seed (Rige44c). A possible explanation for this trend is the amount of grain
boundaries on the seed layer diminishing the rate of crystallization. A discussion of
the grain boundary contributioa already done regarding the Raman spectra given in

Figure38. As mentioned, the seed layer that was annealed iC48@xpected to have
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the smallest amount of grain boundaries, i.e., the greatest amount of crystalline surface
for the epitaxial proces® toccur, therefore the crystallization rate is the highest. A
second possible explanation is that it is possible that for seed layers annealé@ at 500
and/or 528C, no epitaxial process occurred, possibly due to a thin layer of native oxide
that was forme in between the HF dip and the insert of the samples intolteara
system. Instead, homogenous solid phase crystallization was the dominant process.
Initial observations using scanning electron microscopy (SEM) showed that the seed
layer surface of thd50°C annealed sample morphology is indeed atei on the
absorber layer (Figuré5). Further SEM analysis concerning the samples with seed
layers annealed at 500 and 325bas well as EBSD analyses for all samples is expected

to shed more light on thisgpnomenon.

Figure 45: Scanning electron micrographs taken from the seed layer annealed at
45(°C (a), and the absorber grown on this layer following 6(C annealing (b).
The surface features visible on both images are thought be discontinuities in

film thickness where twocrystals coalesced during the AIC process. Similar
features being present in both surfaces is indicative that the epitaxial growth

occurred in the absorber layer.

Further investigation on SPE studies aoméd with subsequent experimertince
the process is based ongiu epitaxy, the properties of the interface between the poly
Si seed layer and amorphous silicon is crucial. Any oxide layer can inhibit the epitaxial

process. However, during the loagliaf samples into the chambaifter HF cleaning
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the surface of the samples were kept in methanol. Another possible problem could be
the residual Al on pohbi layer since after layer exchange of Al and Si the residual
Al+Si mixture was removed by mechaalcpolishing. To address this issue, the
possibility of residual Al on the seed surface (left after the mechanical polishing step)
was investigatethy SIMS analysisvhich was carried out on a stacked sample with
the following layers: intrinsic pohBi (SPE1 O m) /- (@IC,y~180nm)/SiNglass
(Figure 4@). All layers were prepared based on their respective standaditions
established in the previogsctions SPE was carried out at &Dfor two days under

N2 atmosphere. As seen in Eig 46h the Al SIMS profile suggests significant Al
concentration at the seatd¥sorberinterface, which diffuses into thabsorber layer

during annealing.

Absorber  Seed: Glass substrate

SPE Poly-Si “absorber layer” (1um)

AIC poly-Si “seed layer” (*180nm)
SiNx buffer layer [~80nm]
Glass Substrate

a) by

Figure 46. SPE absorber a) a sketch showing the consecutive layers, and b)
SIMS depth profile of after annealing at 550C at 48hrs (w/out Al etch prior to
absorber deposition).

In order to ensure a seed surface with no Al residue, a selectetelAbtep prior to
absorber layer deposition was added to the standacdgstn this maner, just after

the mechanical polish step, the seed layers were treated witfO4 KBO) i
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CHsCOOH (5)1 HNOs (5) 1 H20 (10)etchsolution for approximately 20 seconds. A
subsequent 10% HF dip wascomplishedo remove theoxidesleft on the surface.
Then, during the sample mounting on the holder and inserting into -theam@
chamber, the surface of the samples were wetted by high purity methhadilm
structure shown in Fige46a was obtained by SPE. Both Raman FWHM and EBSD
analysis (Figres47a ard 47b) revealed that the epitaxial growth was successful,
producing large grains with (100) preferred orientation. A control sample that was
prepared without the Al step (identical otherwise) did not result in epitaxial growth, as

evidenced by Raman analy¢data not shown).

Intensity (a.u.)

510 515 520 525 530
Wavenumber (cm™)

a) b)

Figure 47: Structure of the SPEabsorber layer (A etch prior to absorber
deposition), a) Raman peak with a Lorentzian/@ussian fit, and b) EBSD image.
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CHAPTER 4

INFLUENCE OF VACUUM ANNEALING OF ALUMINUM PRIOR TO
AMORPHOUS SILICON DEPOSITION ON A LUMINUM INDUCED
CRYSTALLIZATION

It has been known that many factors like temperdi@6¢ Al bulk oxygen content
[111], properties of AI@[112,113], Al grain structue [114,122] affect the formation
of final AIC poly-si layer. Especially, Al grain size has a significeffiéct on the final
grain size of pol\Si layer, the larger the Al grain size, larger the grain size ofgbly
film. After some basic characterizat®of AIC procesghe effect of Al grain structure
on the polySi film and on the AIC kinetics was investigated.

4.1. Sample Preparation

Two sets of samples were prepared in tH&/Al/SINY gl ass conygur at.i
annealing experiments. The two sets have the same Al deposition run. However, just
before the Si depositon, one set was annealed in vacuum for 2 h whidriedefs
Ap-aaneal e dandthe atmepsetavas kept in vacuumoam temperature for

2 h which is referred as the fAcontrol 0 se
was cleaned by ultrasonic cleaning with a sequence of acetone, isopropanol and
distilled water 10 min for each. Finally samples are dipped into H8%olution for

15 s prior to 80 nm SiNdeposition. SINf i | mMm was deposited with
discussed in the previous sections. Then 180 nm Al was deposited by thermal
evaporation after reaching a base pressure below%kag. In order to form ahin

Al-oxi de | ayer on the surface the deposite
room for approximately 5 days. After this step, the samples were separatedanto tw
groups, aanmalei hseampte set was mount-ed on
beam chamber to be kept at 3@at 7 x 10 Torrlee | s f or 2 h,0 whil e
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sample set was placed in the same chamber and kept at room temperature. Following

this step, samples were placed onto the substrate holder of electron Heesamje

evgporator to deposit 360 nmSi layer. The substrate temperature was set tdQ00

After reaching a base pressure betwe&nx310’ Torr the deposition was started and

the deposition rate was adjusted to 1 nm/s.xA@rface layer between the Al and a

Si yl ms was exami ned brgy pHotddlectrbrOspe@tros¢apy s a Pr ob e
(XPS). Each layer was examined following a 1.5 mirsputtering at 1.5 kV. The

samples were annealed in a classical tube furnace between 420 i@ Chfical

microscope (OM) waiused for tracking the crystal formation through the glass side of

the samples at incremental durations for each temperature. After layer exchange of Al

and Si the residual (Al+Si) layer at the top was removed by mechanical polishing.

Colloidal silica haing 60 nm particles was used for polishing. Electron beattering

diffraction technique (EBSD) was used to analyse the crystalline orientation maps and

grain size of the samples. Quanta 400F yeld

(SEM) was used for EBSD measurements at 30 kV electron beam acceleration.

4.2. Microscopy Analysis

Optical microscopy (OM) serves a simple and easy way of observing the
crystallization behaviour during layer exchange process. The contrast difference
between Si crystallites and Al enables observing the growth of Si crgatalg[123].

In Figure 48, the OM images taken from control and -prenealed samples

immediately after €i deposition is given

The results irthis sectiorare used by the permission of John Wiley and Sons Publighihdicence number of
392471226792
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Figure 48: Optical micrographs of asdeposited samples: (a) control and (b) pre

annealed.

Both in Figuires48aand48b the nucleation can be seen clearly that is occurred during
the Si deposition at 20 substrate heating. For éasample set the AIC annealing
temperatures of 420, 435 and #8Dare were used. In Figurdd and50 the selected

OM images show the Si/Al interface evolution of the control ardkep®sited samples
during annealing at 428C. To achieve the full crysiaation, the time required for

the asdeposited sample set was longer than control sample set. This observation was

independent of annealing temperature.

81



Figure 49: Optical micrographs taken from control samples annealed at 42%C
for varying durations: (a) 40, (b) 65, (c) 90, and (d) 120 min.

Figure 50: Optical micrographs taken from pre-annealed samples annealed at
420°C for varying durations: (a) 220, (b) 420, (c) 1080, and (d) 1200 min.
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4.3. X-Ray Photoelectron Spectroscopy Analysis

Depthresolved XPS was used for the control andgreealed sample sets (prior to

any furnace annealing) in order to examine the effect of va@nmealing of the Al

layer. Figure®laand51b shows the XPS spectra takfrom control and prannealed

samples. The selected depths represents the transition{forfiira to Al layer. For
comparison, all spectra are normalized with respect to their maxima. In both cases, the
Al2p near 72 eV peak was visible within seveiers into the & i yl m, whi c
suggests that the layer exchange process has already been initiated. The transition from
aSi to the Al y |l m t hlayerusganned dvez 80isputteeingf a c i
processes for the control sample, however the samsiticen was observed only

within yve sput taenealelsgmpteuns f or the pre

Alo r A|D
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Scan #87

Scan #7
Scan #6

Scan #65 Scan #5

Scan #7 Scan #4

71 69 77 75 73 71 69

77 75 73
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Figure 51. Selected XPS spectra taken from-&i/Al/SiNx/glass stacks: (a)
control sample and (b) preannealed sample. All spectra are normaliz&with

respect to their maxima.

XPS spectra of the highest ratio oféfide to metalt Al peak for the control (Figure

51a, s@n no.65) and prannealed (FigurBlb, scan no. 5) sample is shown in Figure
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52. Al-oxide and metallic Al peaks can be seerboth samples however Alxide
peak is greater in the pemnealed sample.

Al°

Pre-annealed

Intensity (a.u.)

Control

7"7 7"5 7‘3 7"1 69
Binding energy (eV)
Figure 52: Comparison of the normalized photoelectron spectra showing the

highest Aloxide peak for the control and preannealed samples.

4.4. Electron Back Scattering Diffraction Analysis of Al and PolySi layers

The correlation between Al and peBy layer was analysed by EBSD. Prior t&ia
deposition in the dbeam chambersome portion of the control and pamnealed
samples werenaskedsuch that thél layers go through the identical thermal cycles
like asdeposited &i/Al/SiNx full-stack samplesti{e bare Al layers were not
subjected to any peskeposition annealing). The surface oxide of the masked areas
were removedby mechanical polishing. In ure53aand53b the EBSD maps taken
fromcontrolandpranneal ed Al yl ms are shwes3a. The pi x
indicates that the resolution of the EBSD system was not sufficient to detect the grain
structure of the control sample. However theugiki patterns (left top on Rige53a)
verifies the crystallinity of this layer. Previously, 65 nm grain size of Al films
deposited by thermal evaporation wassented122]. Dueto an interference in the

EBSD pattern from the neighbouring grains, theyamis software cannot identify the
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crystal orientation properly at such small grain sizes. In contrast to control sample, the
EBSD image (Figre 53b) from the preannealed Al film reveals much larger grains
on the order of micro meter sizes which indicdked the grain enlargement occurred

during the vacuum anneal of Al.

Figure 53: EBSD images taken from Al layers: (a) control sample (inset showing

the Kikuchi pattern) and (b) pre-annealed sample.

The grain structure of éhpoly-Si layers produced by AIC at two different conditions
were compared by EBSD. First, the crystallization was monitored by optical
microscopy and then the residual part-@\Imixture) at the top of the samples was
removed by mechanical polishing. TE®SD images taken from fully crystallized

control and preannealed samples are shown inureg54a and54b.
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a) b)

Figure 54: EBSD images taken from final polySi layers: (a) control sample and
(b) pre-annealed sample. Grain colorgorrespond to crystal axes normal to the
surface of poly-Si films as represented in the color codes given in the lower right

inset.

Both of the samples contain large grains that are close to <100> orientations normal
to the surface. Beside this <100%ghkl preference, a relatively wide distribution can

be observed in the control sample, whereas the large grains close to <111> orientation
are also prominent for the pamnealed sampl@&he inverse pole figures in Figus&a

(control sample) an®5b (preannealed sample) shows the orientation distribution

obtained from Figre 54.
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Figure 55: EBSD inverse pole figures showing the orientation distribution of
poly-Si films in the direction normal to the surface: (a) control samplend (b)

pre-annealed sample

4.5. Discussion

Here the main focus was the effect of Al annealing on AIC prodes®n the

complexity of the factors affecting AIC, it was important to eliminate variables that

may have had any ¢ omp o u tlizhiion mechanmismiice nce o
eliminate any kind of resultant structural complexity, two nearly identical sample sets

were produced and the only difference between the sample sets was a vacuum anneal
step of Al layers prior to-&i deposition. Hence, any obsedvdifference could be

attributed to the vacuum annealing of Al/SfiNass stack.

OM images taken from both control and jar@ealed samples were shown in Uig

48. Both of the samples indicate small nuclei which suggests that the crystallization
process hs already begun duringSa deposition. This situation was an unexpected
observation, considering that duringsadeposition the thermal load on the substrate
was relatively small, around 6 min at 280. Wang et al. have reported that the
annealing timeequired for complete AIC layer exchange at ¥@5wvas on the order

of 5 days[124]. This observation could be understood considering the kEger: in
Figure52, the XPS spectra of the highest Al@eaks are given for the control and-pre
annealed sampde Both of the samples contain metallic Al and oxidic Al in the
interface layer. This could be indicative of the fact that thé #kide interface does

not form a continuous layer, where Sins#ion to metallic Al exists. [Bect transition
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fromaSitot he metallic Al ylm exists. I f this i
early nucleation that occurred duringSa deposition for both samples; without a

continuous Adoxide layer acting as a diffusion barrier, the Si atoms easily penetrated

into the A layer and formed the crystalline nuclei. Moreover, during deposition Si

adatoms can directly diffuse into the Al matrix upon arrival. In this way, the energy
necessary to break theésabonds will be surpassed unlike the case of-gepbsition

annealingof the aSi/Al system. Hence, the AIC process could be implemented at

lower energies.

The crystallization evolution was monitored by OM imagesyfgg49, 50) and then

the crystallization percentages were calculated (via public domain image processing
sdtware ImagelJ). The crystallization percentage vs annealing time was plotted for
annealing durations of 420, 435 and 4600or both samples as given in Figl@

450°C435°C 420°C 450°C435°C 420°C
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Figure 56: Crystallization percentage versus annealg time at 420, 435, and 450

°C: (a) control sample and (b) preannealed sample.

In Figure 56, both of the samples show the typical
temperature values where the crystallization rate increases significantly with
temperature. An Ahenius type relationship between temperature and crystallization
rate for AIC is well known and has been reportedore [110]. However when
crystallization durations in Figuréga and56b are compared, it cdreseen that time
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required for crystallizatin is roughly an order of magnitude greater for the pre
annealed sample set than that for the control sample set for all annealing temperatures.
The crystallization kinetics causes this difference in the timkescas it was shown

in Figure48, the nuclation has already been started just after tBedeposition. The
difference in growth rates requires an explanation through the vacuum annealing of
the Al/SiNJ/glass prior to &i deposition. By this way, AlOlayer and Al grain

structure will be consided as being the two potential parameters.

In the light of the XPS spectia as grown samples shovim Figure51, a small Al

peak was detected in the layers close to the surface. The series of XPS spectra seems
to be same at first glance, however in thse of control sample (Figubda) it spun

over 83 sputtered layers while this number is 5 for theapreealed sample. A distinct
Al-oxide peak was seen for about 20 consecutive depths for the control sample, while
for the preannealed sample, XPS speatrfrom only one depth shows a wdkfined

Al-oxide peak. The sputter rate of-&kide is much lower than thaf Al [125], so it

Is difficult to estimate the thickness ratio of the-gXide layers in control and pre
annealed samples quantitatively. Nekieless, it appears that the control sample has
considerably thicker oxide layer, which is confirmed by the depth resolved O1s spectra

(data not shown).

AlOy interfacial layer is well known about having a significant effect on the AIC
kinetics as reported Y Kim et al. [126]. It was clarified that the presence AiOy
membrane reduces the crystallization rate of AIC process notably by restricting the
diffusion of Si atoms into Al layer. If all the other parameters are kept constant, it is
therefore expectethat crystallization rate is lowered by thicker oxide layer. This
statement seems to contradidth findings discussed above; in the control sample, the
Al-oxide layer appears to be considerably thicker, whereas, the growth rate of Si
crystallites are mucgreater than the piannealed sample. The chemical nature of the
AlOy layer may be the one possible factor to consider (as opposed to its thickness).
When the oxide/metal peak ratios for the Al2p of control aneaprealed samples

are compared (Figure?), it is seen the prannealed spectra indicate a considerably
higher oxide ratio relative to the control sample. This could indicate that during the

pre-annealing treatment the surface-aMides condensed into a thin yet heavily
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oxidized layer, which inibits the crystal growth process by acting as a diffusion

barrier.

However the interfacial layer alone is mytough to explain the difference in growth
rates. It is accepted that Al grain boundaries behave as preferential sites for nucleation
[110,124,117,127). As discussed before, the light of EBSD images in FiguBs, the

grain size of the prannealed sample is much larger than the control sample which
suggests a much smaller Al grain boundary density for themprealed sample.
Owning a smaller qudity of GBs, lower diffusivity of Si through the AlQayer of

the preannealed sample should have resulted in a drastically reduced nucleation rate

(compared to the control sample), which was not the case.

Therefore, the inconsistency in the observexuiin rate is attributed to the diffusivity

of Si through the Al grain boundaries. Since the diffusivity of Si in Al is greatly
enhanced in the grain boundarigkl4], a smaller grain size yields a higher
crystallization rate. This situation would be vaifdone considers the AIC model
proposed by Wang et dl124]. This model claims thahe crystallization is utilized
through the wetting of Al grain boundaries by th&idilm. The case here can be
addressed as; while the control sample had a much théglegrhindering diffusion of

Si adatoms, the available nucleation sites were greater due to the small Al grain size
(i.e., high Al GB density)The two mechanisms therefore balanced each other out,
resulting in a net nucleation rate that is comparablé wie preannealed sample

(while the growth rate differed immensely).

It is worthwhile to evaluate a cautiagainst this model at this point. In their study on
the kinetic simulation of AIC, Sarikov et 4ll27] showed that Si diffusivity in bulk

Al is negligibly small compared to diffusivity in Alomembrane layer. In the present
study this conflict is acknowledged and thegkhin boundary model is handled as the

most suitable one in explaining the data.

EBSD images of the final pol8i layers in Figre 54 (both samples were annealed at
420°C) indicate that grain sizes were comparable for both sample. Since the grain size
is mostly determined by the nuclei density at the beginning of crystalliZdti®,

this was an expected case, which has already$femwvn to be similar for both sample
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sets. Meanwhile, the grain orientation distribution of the samples appears to be
different. Figires54 and55 show that in the prannealed sample, large grains with
orientations near <111> are seen along with thaseatie near <100>. The factors that
have impact on grain size distribution have been investigated before by Schneider et
al.[117] and by Sarikov et a]127]. Again the grain orientation is mostly determined
during nucleation, and does not change in tiiewing step. The nucleation sites
occurred preferentially on the Al grain boundaries and this means that the Al grain
orientation could havanimpact on the Si nuclei. Since there was a lack of clarity in
EBSD scan for the control sample, the direct parnson of the Al grain orientations

of the samples was not possible. However it is clear that the grain structure of the pre
annealed sample is significantly different than the control sample. It is possible that
the difference of the grain orientation thie Al layer could have contributed to the
inconsistency observed in the p@ygrain orientation. A second significant factor is,

as explained in R4fL27] the correlation between the specific energy of thex/80

grain interface,( y ) and the Al/Sigrain interfaceg, y ). The ratio of these
interfacial energies strongly affect the degoé@referential orientation. Considering

the properties of the Aland the Al layers were significantly altered by the vacuum
annealandte i nfl uence of the fAnewodo ratio of
orientations could be expected. However a quantitative measurement of the interface

energies \&s not possible for this study.
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CHAPTER 5

STRUCTURAL PROPERTIES OF AMORPHOUS SILICON FILMS AND
THEIR EFFECT ON ALUMINIUM INDUCED CRYSTALLIZATION

In this part of the thesis, two different amorphous siliceSifaeposition methods; e
beam evaporation and plasma enhanced chemical vapour dep@3HEGND), are
compared for AlCprocess. Both techniques have prominent advantagdmsam
evaporation exhibits high deposition rate, however PECafiables large area
deposition. Many parameters of AIC process like annealing tempej@@liral grain
structure[114,122], properties of AlQ layer at $Al interface[112,113] have been
investigated before. However the influence «8idayer on AIC has not bedargely

explored (barring a study focusing on the hydrogen content of sputtSeéias

[128])

5.1. Sample Preparation

The AIC experimets were carried out using&i/Al/SiNy/glass stack configuration.

Schott AF32 Eco glass substrates were cleaned as discussed in the previous parts. After
glass cleaning, approximately 80 nm gilNas deposited by PECVD using the
standar d c o n ditiors;i dscussed (nA3R.4). As ahe first step of AIC
process, 180 nm Al was deposited by using thermal evaporation. The same
Al/SiNy/glass batch was used in order to isolate tBelayer as the sole variable. Then

AlOy formation was carried out afterdays of clean room environment exposure and
samples were separated into 4 baggheor to aSi deposition. The foulifferent aSi

deposition runs and their corresponding sample designations are given i®.Table
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Table 9: a-Si deposition methods and parameters for different batches

Batch Name a-Si Deposition Substrate Temperature (°C) SiH4:H; Ratio
E-RT E-beam 25 N/A
E-HT E-beam 420 N/A
P-9 PECVD 25 1:9
P-29 PECVD 25 1:29

All of the final thickness of the-8i flms were 360 nm. For thel®eam deposition

runs (ERT and EHT) the base pressure of thdoeam system was2 x 107 Torr,

which rose up as high as 8 X 1Torr during evaporation. The deposition rate was 1.5
nm/sec. The PECVD depositions-gPand P29) were done using a capacitively
coupled plasma system with a base pressure of 5 bfr and an operating pressur

of 1 Torr. A-Si film growth in PECVD silicon was done by using a mixture of 10%SiH
-90%H as the silane source. For batcl®,PB50sccm silane mixture was given into

the chamber, which results in a deposition rate of approximately 0.4nm / sec. For batch
P-29, the silane mixture was flown at 100 sccm and further dilutec lay 200 sccm,
corresponding to a deposition rate of about 0.15 nm / sec. During depositi®i, of a
also additional quartz and-®afer pieces were loaded into the chamber to enable
Raman and FTIR analysis, respectively. Then the samples were annealed in a classical
tube furnace for varying durations between 420 and°@50he AIC process was
monitored by using optical microscope. The micrographs were obtained by reflection

of the light through the glass side of the samples.

5.2. In-situ AIC during e-beam Si deposition

As shown in Table 8, theleam deposition was done at room temperatwRRTEand
420°C (E-HT). In Figures57aand57b the optical micrographs of-RT and EHT just
after a-Si deposition (before annealing) are given, respectiveRRTESample shows
no indication of crystallization at the&/Al interface (Figire 57a), however small
dendritic Si crystallites are seen for theHE sample in Figre 57b. The small
crystallites suggest that the nucleation has already begun at the ei&i déposition.
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Figure 57: Optical micrographs from the aSi / Al interface taken from samples
from batches a) ERT, and b) E-HT. The interface for the E-RT sample appears
featureless, while small crystal nuclei are visible for the HT sample.

5.3. Microscopy Analysis

In Figures58 and59, the selected micrographs present H&#/Al interface of samples
from batches ERT, EHT, P-9 and P29 after annealing at 420 an8l0?C for different
annealing durations, respectively. The both annealing temperature showb#sah e
deposited &5i samples (Figres58aand58b, Figures59a and59%) have considerably
higher crystallization rate with respect to PECVD deposi8dsampes (Figires58c
and58d Figuress9c and59d).

When thesi beam deposited samplesi& and EHT) are compared, it can be clearly
seen that EHT has higher crystallization rate and smaller crystallite size which was
an expected result since the nucleatiawl already startejaist after aSi deposition
(Figure57). However, for ERT sample the nucleation barrier that had to be overcome
for E-RT was not present. The early stages of the micrographs GCAEguress8a

and 58b, 15 min) and 450C (Figures59a and59%, 10 min) annealing apparently
indicate the crystallization rate difference betweeR'Eand EHT. While EHT is

well in its growth stage, nucleation has not yet started feiTE

When the PECVD deposited samples9(Bnd P29) are compared voids diameters
on the order of 5@ 0 0 isQrisible for R9 sample (Figure§8cand59c), however

no such voids are seen for2B (Figures58dand59d). Excessive residual hydrogen
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in PECVD grown &Si has been known to cause misads upon subsequent heat
treatment[129,130]. Besides the AIC kinetics of @ and P29 differ in terms of
annealing duration for initial nucleation as wédlhe complete crystallization for-®

was significantly shorter than29.
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Figure 58: Optical micrographs taken from the aSi / Al interface of samples
annealed at 420°C at varying annealing times (as given in the lower left corner
insert for each micrograph), a) ERT, b) E-HT, c) P-9, d) R29.
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Figure 59: Optical micrographs taken from the aSi / Al interface of samples
annealed at 450C at varying annealing times (as given in the lower left corner
insert for each micrograph), a) ERT, b) E-HT, c) P-9, d) R-29.

5.4. EBSD Analysis

After the samples were completely cafzed, the top residual (Abi) layer was
removed by mechanical polishing to investigate the grain structure of the samples by
electron backscatteliffraction (EBSD). In Figur&0the EBSD images of the samples

annealed at 458 are given.
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Figure 60: EBSD images taken from fully crystallized samples annealed at 450
°C, a) ERT, b) E-HT, c) P-9, and d) R29. The colors represents the orientation

of grains according to the color code given in the lower left corner inset.

In Figure60, as expected an inverse relation between grain size and crystallization rate
was observed.-R9 sample has the highest average grain size afd &mple has

the lowest. The samples show no significant difference in grain orientation. All
samplesdave preferred orientation toward <100> which is indicated by the dominance

of red/orange color grains.

5.5. Raman and FTIR Spectroscopy Analysis
The samples were characterized by Raman spectroscopyaamier Transform
Infrared Spectroscopy (FTIR) in ordewtclarify the observed differences in AIC
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kinetics betwen the four sample sets. In Figékthe Raman spectra of3i samples

deposited on quartz substrates during each depositicaregiven.

TO
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Figure 61: Normalized Raman spectra taken from the asdeposited aSi films
from batches ERT, E-HT, P-9 and R29. Spectra are stacked on the same graph
(with varying intensity off sets) for ease of comparison. Approximate positions

of the transverse acoustic (TApnd transverse opical (TO) peaks are indicated

on the graph.

In Figure 61, the characteristic peaks related with transverse acoustic (TA),
longitudinal acoustic (LA), and transverse optic (TO) modes are visible in the vicinity
of 150, 300 and 480 crh respectively (for simplicity, only the peak positions of TA
and TO modes are indicated on the graph). Moreov@rad P29 samples (PECVD
grown) indicated a small feature near 620%cmvhich has previously been attributed

to StH waggingmodeg130]. TA and TO peaks are considered to be essential for a
Si bond structure. Correspondingly, the line width of the TO peak is directly
proportional to the short range disorder and greater intensity ratio between TA and TO

peaks ra/ Ito) is known to indiate a higher intermediate range disor{lE80,131]
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With regard to this consideration, it seems th&® Esample has higher short range
disorder with respect to the other samples and there is no significant difference for TO
line width is apparent betwedrtHT, P-9 and P29. However]ta/ l1o ratio of each
spectrum indicates a more notable trend. Based drdhéro ratios, the intermediate
range disorder for the @i films, ranks as follows from the most disordered to the least:
E-RT > EHT > P-9 > R29. Based on this result, PECVD grown sample8,(R29)

have higher order which is attributed to the presence of hydrogen iSih&lze strain
relieving effect of hydrogen on theSa network was discussed before by Morell et. al.

as it is related ttheir comparison between PECVD and-fwdrogenated) sputtered
films [132].

The heart of the AIC process is the dissolution <8ian Al and the following
precipitation as discussed before. The solubility -&fi & related with its chemical

p ot e nati,i awh e rOeasitakas thedissoldtion process easier by lowering the
stability of aSi. In this perspective, keeping all other process variables constant, higher
disorder in the &i film would correspond to lower activation energies for its
dissdution in Al which results in higher crystallization rates. Although the disorder in
the ERT sample is greater than theHE sample, the latter has higher crystallization
rate. This situation is an exception about the trend given above for the disorder in
different types of &i films based on Raman spectra is in accord with the
crystallization rates observed by optical microscopy. The reason of this exception has
already been given as thesitu nucleation process that had occurred during48e a

deposiion of the EHT sample.

FTIR spectroscopy was conducted fe® Rnd P29 aSi layers on Si wafer substrates

to further analyse the nature of hydrogen bogdn the PECVD samples. In Figure

62 FTIR analysis of the samples are given. The wavenumber raaigis telated with

the bending modesf Si-H bonds are shown in Figué®a. A peak around 640 ¢y

which is associated with the bermtk-wag modes, is observed in both samples, while

in P-9 sample, two additional peaks between 800 and 906 isnseen. These two
peaks are associated with bend/scissors and wag modes and are indicative of the
presene of Sik [130]. From Figures62b to 62d the further evidence of this

observation can be fouridr each sample. In this range two peaks are identified. One
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of them is around 2000 chwhich is low stretching mode related to SiH bonds and
the other peak isigh stretching mode around 262090 cm' which is associated with
SiH2 bonds[128]. When Figure$2c and62d are compared, it is understood thed P
sample has significantly higher SiHonds with respect to sample2B, which are
known to constitute par quality aSi films [130]. In the case of sample 29, this can

be explained based on the fact that, at higldikition the additional hydrogen in the

system attacks the weakly bound ZiH
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Figure 62: Normalized FTIR spectra taken from the asdeposited aSi films
from batches R9 and R29: a) Bend modes, b) stretch modes, c) Gaussian

dissociating it to the more stable form of SiH. On the other hand, there is no significant
difference in total hydrogen quantity of bothnig. The hydrogen in-B9 is mostly in

SiH form which builds up higher film stability and as a result of this it causes lower
AIC rates. Moreover, upon annealing the weakly bound 8itbample P9 lead to

hydrogen micrevoids.
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CHAPTER 6

LASER ASSISTED PROCESSING

Most manufacturing processes attach priority to the low production costs and
efficiency. As the technologgevelopesthe new approaches for the conventional
production steps have emerged. In this manner, solar industry also chooses the
appliable conditions for the market in terms of production lines. This technology
improvement caused the solar energy feasible since the serious researches started in
the late 70s. The use of lasers also emerged in solar cell productibaphstovoltaic
tedhnologies are improved day by dajor wafer based solar cell process, the laser
can be used for cutting the wafers, drilling metal wrap through (MWT) and emitter
wrap through (EWT), edge isolation, selectively increasing the doping concentration
under tle contactfingers[133]. Also the use of laser emerge in thin film processes
which can be the significant steps for preparing solar modules and cells. The laser
scribing for amorphous and microcrystalline solar modules is the crucial step for
obtaining thecells connected in series on large aE34]. In this section poly-Si
obtained by laser crystallization of amorphous silicon and laser doping eSpfiins

have been explained. As a result of laser doping Homojunction concept for thin film
crystalline silicon on glass approach has been studied through laser doping process.
Finally some solar cell results have been given after obtaining quasi cells (mesa cell).

6.1.Thin film polycrystalline silicon solar cells by laser processing

6.1.1. Diode Laser Crystallization

An important application of laser for thin film concept is the crystallization of
amorphous silicon. The mosbmma techniques of furnace annealing (SPC) and
metal induced crystallization (MIC) for the crystallization of amorphous silicon have

been kown for many years. However, in the last decade the crystallization by laser
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havealsobeen studied extensively. The fast process and high quality yieldeof la
crystallization opens up a promisiagea for silicon thin film photovoltaics. The laser
induced crystallization is liquid phase crystallization (LPC) since the laser beam melts
the silicon locally and then silicon is solidified as a crystal. Laser crystallization of
amorphous silicon yields high quality polycrystalline silicon on glass witle Igrgin

size up to few millimeter§l35]. In addition,the laser crystallization eliminates the
high durations of furnace annealingaser melting of the silicon leads to an epitaxial
regrowth of the silicon on the solidifiedgionwhich leads to enlargggrainsduring

laser scanningigure63s hows a 10 e m si |lbyowdiodelasery er cr yst
wherethe grain structures are apparent after applying pyramid etching procedure with
KOH/IPA.

Figure63 10 em sil i con | ayiedelasenlg5kt al | i zed by

At thebeginningof the scanthe grain structures avery small with respect to thend
of the scanFurthermore, the grairexpandup tocm sizes.It can be understood from
Figure63the laser is scanned on the Si surface from left to right.

6.1.2. Laser Doping Concept
Laser doping (LD) have been known for many years. Firstly, the wide spread

application of LD was for selective emitter process which reduces the series resistance
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by increasing the dopant concentration under the contact fif@86, [137].
Additionally, LD is used for full area doping to obtain-& punction. Laser doping of
semiconductors has emerged firsthe60s[138] and continued even also duritige

80s with some detailed resealfd39,140]. Up to now, with the development of laser
tedhnologies, LD of semiconductors heeceived great attention due to itsst and
simple process ability. LD enables local selectivity of dopant incorporation as well as
full area doping. It is possible to obtain highly doped regions or emitter layersdoy la
scanning or pulses using different types of precursors like boron or phosphb88lis
[140]. LD for solar cell applications can be classified into three processing types with
respect to the usage of precursor: (a) gas immersed laser doping (GlleD9,siizon
material is immersd in precursor dopant gest1], (b) wetlaser doping using liquids
[142], and(c) dry laser doping, where a solid thin film is used as a dopant precursor
[143,144). Among these methods of LD, gas immersed and wet lasergdagjoires
more complex laser systems whicitcrease cosin terms of productiol45]. As a
result dry laser is the most suitable method for LD process. It is possible to ti#ain
dopant source layarsingdifferent methods like PECVD and spam coatng [146],

[147].

6.1.3. Sample Preparation

In thispart of the thesjgolycrystalline silicon thin film homojunction solar cells were
investigated. The crystallization of the material and doping were both achieved by
laser. The constructed cells were analylzgthe basic characterization technigues.

all of the laser based experiments LIMO-diedeinfrared (808 nm)aser was used.

The line shaped laser has a gaussian profile with a width of 0.177 mm (FWHM) in
scan direction and a tdpat profile with a lenth of 31 mm perpendicular to the
scanning directionA photograplof the system is shown in Figugé.
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Continuous wave
(CW) infrared
(808 nm) laser

Sample stage
(Hot surface)

Figure 64: cw-diode laser system used at HZB, Germany

The system has #2x12 cnf metal sample stagehich can be divided into four 5x5
c? individual areas. The heating over Ais possible on the stage.

In all of the laser based (lazer doping, laser crystallization) experimgal®tt
borosilicate glass with a thickresf 3 mm was used. Prior to intermediate layer (IL)
deposition the 5x5 cfrglasses were exposed to alkaline cleaning which is strongly
base based.

6.1.3.1Buffer Layer Deposition (Intermediate Layer(IL))
IL is composed of three layers. IL stack was depositedKly1600 PECVD cluster

tool following a sequence of SiNSIC, and SiQNy with a final total thickness of
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about 200 nm (Figuré5). During IL deposition, amorphous SiNSIO;, and SIQNy
materials were deposited one by one and substrate heating was 48p@. The
deposition was performed by the dissociation of the gas mixtures §ffBIHCO, and
Na.

v SION,
v Si0_
SiN

Figure 65: Substrate with buffer layer stack

6.1.3.2.Amorphous Silicon (aSi:H) Deposition

Then the samples were followegthe aSi : H absor ber | ayer dep
intrinsic aSi:H was deposited by PECVD and then a thigi:&d doping layers were

also deposited just after the absorber layer doping. Bayipenand gtype doping

layers were deposited about 10 nm thickn@sgure66).

i0nmporn

type doping
fayer

10 ym

200 nm
Buffer Layer

Figure 66: a-Si:H and doping layer depositions
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6.1.3.3.Laser Crystallization

The samples were crystallized in an air atmosphiére side view of the process is
shown in Figure67. The laser grstallization was performed with 10 mm/s scan
velocity with 24.5 A current. The samplevere heated on a stage at P@for 15
minutes before laser scanning and after crystallizat@amples were cooled down on

a warmer stage.

Figure 67: The side view of laser crystallization

Since the whole silicon layer is meltedrohg the crystallizatiorprocess, the thin
doping layeis intermixed with theilicon layer to obtain a moderageloped absorber
region. After laser crystallization process samples were etched in a polysilicon etch
solution to remove the surface damages and contaminations occurred after laser
scanning. The etching was done in a solutitnich consists o0HNO3: HF : HaPOy :

H20 (30: 1: 10: 15). After etching for 1 minute about 500 nm of the sample was etched.

Finally, samples cleaned in a diluted HF (2%) solution.

6.1.3.4.Spin-on Dopant Coating
Prior tolaser doping (LD)the surface of the samples were coated with plarsigh
(P508) and boron (B153) containing sin dopant solutions which were supplied

from FILMTRONICS Itd. P50&olution contains 8% phosphorus and B153 solution
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contains 4% boron respectivelgpinon coating was applied in two steps for both
dopant soltions 500 RPM for 5s and 3000 RPM for 20s (Fig6&. Then samples
were baked in a furnace for 5 min at 2t to evaporate the liquid content of the

coated layers.

P508 and
B153 5pin-
[ \ L | on coating

Figure 68: Spin-on dopant coating

6.1.3.5.Laser Doping (Emitter Formation)
Following thespinon coating LD was applied with two different laser scanning

velocities with corresponding laser currenis, order to obtain different junction
depths. The samples were heated the stage at 70T for 15 min before doping.

The scanning parameters were 1mm/s with 11.7 A current and 5 mm/s with 15 A
current. After LD, samples were cleaned in a diluted (2%) HF solution to remove the

surface residuals (Figuf®).
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"2

" p508 /B153

Figure 69: Laser doping process of P508 and B153 spon dopants.

However surfaces weneartially doped tobe able tocheck Suns M values of the
samples quickly at the beginning. Since laser has 3 cm width the doped region is 3x5
cn? (Figure70).

-
|

< S5Sem————>

Figure 70: Top view of one of the sample after laser doping.

Using the procedure described abave P type (with N type emitter) cells and two

N type (with P type emitter) delwere produced and samples were checked in terms

of Voc with Suns \4c measurements through doped and undoped regions.-tiipe p
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materials are coded as-8Bx and rtype materials are coded as 113x. Then half
of the samples (one for Imm/s and one 3orm/s laser doped) were exposed to
hydrogen (H) passivation. blpassivation was accomplished undemptasma at 400

°C for 30 min by using 50W of plasma power.

6.1.3.6.Solar Cell Formation

Up to here there was no information about the junction depths obldwecells.Part

of the doped region was etched in polysilicon etch solution at different durations both
for Imm/s and 5mm/s laser doped samples. Here it was aimed to understand the
junction characteristics (solar cell) of the samples via Suasn€asurments. After
obtaining optimized etching durations according te Walues solar cell construction

was followed. The round kaptons were stuck on the doped region and then the samples
were etched according to the optimized durations. Each cell on the Jas@e area

about 0.5 cri(Figure71).

Emitter (cell)

Absorber

Undoped

Figure 71: Cell construction on the samples after etching.

Suns \4c measurement wdakenevery individual cell on all of the samples. Then 200
nm of Al was deposited onto the absorber reditonitter layers were isolated by using

bigger sized kaptons durirtige Al evaporation (Figuré2).
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Emitter (cell)

Al (200 nm)

Figure 72 Top view of 5x5 cni® sample having Al deposition on absorber layer.

Directly after the Al deposition SunsdMneasurement was carried out for each cell on
each sample. However due to improper contacting the Voc values were very low.
Accordingly, samples were annealed in a furnac208°C for 30 min to obtain ohmic
contact.As a result ofthe diffusion of Al into Si €Si/Al during annealing contact
resistivity around 120 m g ¢ "fj148]. |-V characteristic®f the the solar cells were
analyzed by using dual source (tunsten and xdmmp) solar simulator with class
AAA characteristics (Wacom Electric Co, Japan) biotlsubstrate and superstrate

configurations.

6.2. Results and Discussion

Suns Voc measurement is a quick way to understand the junction characteristic in
terms of voltge. After laser doping (Figur@0), Suns \4&c measurement was applied
through the doped and undoped region of the samples. In Taleelcodes of the
samples are given in according to their LD scanning velocities and doping types also

voltage values othie samples are given before and aftgpéssivation.
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Table 10: Suns Vbc measurement before and after Hpassivation

Sample Laser Doping Suns Voc (V) Suns Voc (V)
Velocity (mm/s)

Before b After Hz
P5a 5 0.468
P5b 5 0.470 0.498
Pla 1 0.494
Plb 1 0.468 0.489
NSa 5 0.486
N5b 5 0.483 0.300
Nla 1 0.494
N1b 1 0.529 0.318

As clearly seenn Table D, H. passivation improves theqyvalues of the fiype
samples bottior 1 and 5 mm/s of laser doping. Howewvéire passivation causes a
decrease in Voc for-type samples. This may be related with the degradation of p
type emitter. Because after laser doping-tfpe material the surface does detwet

even in cleaningn HF solution. The boron solution (B153) contains oxygen, which
may be the reasdor hydrophilicbehavior. iring plasma passivation the hydrogen
atomscouldbreak the SO bonds and increase the deep energy states in the bangap of

the material. As a reluthis situation also causes the degradation of the junction.

As explained in the experimental pdhte etching optimization for the cell production
was carried out by using different etching durations of doped region and then
measuring the ¥ by SunsVoc. This was applied by cutting small pieces from the
doped regionEachpiece was exposed to polysilicon etch solutibhis methodis

sketchedn Figure73.
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Each small
piece was used
___ foretching at
different
durations

Semi-circle
aptons
were used

for masking

Cl.:lt

Figure 73: Etching optimization for cell preparation

Since 1 and 5 mm/s doped samples would create different junction depths, etching
optimization was carried out both with 1 and 5 mm/s p aitype samples. Three

small pieces were cut out separately from sanipiesP1h N5bandN1b. Then half

of the kaoton was stuck on the small pieces to protect the emitter layer. Any individual
sample character was etched at three different durations and small pieces and then the
voltage values of the samples were checked by SungV Table 11 the etched

samples wex given with the corresponding etching duratiand voltage results.
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Table 11: Etching optimization of 1 and 5 mm/s doped samples and Sun&Vv

results.

Laser
Emitter  Etch
Absorber/Emitter Sample Code Doping time  SunsVec(mV)

Velocity (s)
(mm/s)
120 470458
P5a 5 150 163293432
P/N 180 481-470-475
30 495366460522
Plb 1 60 508548550547
517
90 527-509-498548
548436527
120 250-254
N5b 5 150 253251
N/P 180 263262
30 228230
N1b 1 60 277-269
90 242-246

Since deeper junction was expected with 5mm/s laser doping, longer etching durations
were used and multiple measurements weareied outhrough the emitter surface. 5
mm/s doped samples were etched for 120, 150 and 180 s howewvevsldoped
samples were etched for 30, 60, 60 s. Swasegults show that the maximum etching
durations would be enough for the expected approximate voltage results. Halever
slight overetch would ensure the desired structure without compromisBaséd on

this idea 5 mm/s doped samples were etched for 4.5 min and 1 mm/s doped samples

were etched 2.5 min in polysilicon etch solution.
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Theround kaptons werthenstuck on the doped regions of the samples and etching

was carried outThus the suctue which was shown in Figu&¥ was obtainedlhe

number of the cells vary depending on the sample Beeause some samples have

smaller area since some part of them were used for etching optimizatienthe

removal of the kaptons SungsWheasuremerwas carried out for each cell. The results

are given in Tablé2 (p-type) and Tabld3 (n-type).

Table 12: SunsVoc results of cells on the gtype samples

Sample P5a

Cell 1 2 3 4 5 6 7 8 9 10

Suns Voc (mV) 479 473 472 460 461 469 492 485 421 457

PFF (%) 702 717 69 71.5 80.8 712 664 725 767 726
Sample P5b (H: passivated)

Cell 1 2 3 4 5 6 7 8 9 0 1 12 13 14

Suns Voc (mV) 542 531 516 506 483 521 537 525 538 552 546 536 542 528

PFF (%) 774 773 779 763 84 759 764 831 791 778 74 75 762 776
Sample Pla

Cell 1 2 3 4 5 6 7 8 9 10 11 12

Suns Voc (mV) 509 495 491 507 477 473 493 513 496 687 503 497

PFF (%) 74 726 685 693 69 756 708 735 741 616 725 71
Sample P1b (H; passivated)

Cell 1 2 3 4 5 6 7 8

Suns Voc (V) 555 547 561 549 568 579 550 562

PFF (%) 827 758 734 756 80.7 798 767 853
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Table 13: SunsVoc results of cells on the rtype samples

Sample NSa
Cell 1 2 3 4 5 6 7 8 9 10 11 12
Suns Voc (mV) 511 503 514 518 497 568 425 524 514 512 520 525
PFF (%) 743 51.8 742 723 642 57.2 492 686 642 654 60 75
Sample NS5b (H:z passivated)
Cell 1 2 3 4 5 6 7 8 9 10
Suns Voc (mV) 243 238 245 224 22.7 222 21.7 222 216 231
PFF (%) 645 615 616 614 622 652 61 584 599 60.7
Sample Nla
Cell 1 2 3 4 5 6 7 8 9 10 11 12
Suns Voe (mV) 526 513 513 533 520 528 504 486 529 531 457 382
PFF (%) 674 56 745 756 71 59.5 56 523 697 744 502 406
Sample N1b (H:z passivated)
Cell 1 2 3 1 5 6 7 8 9
Suns Voc (mV) 243 221 209 193 231 218 201 215 241
PFF (%) 63.6 60.8 65.9 57.6 60.9 62.3 65.1 50.6 654

Voltage values in Tabl@2 and13 shows that etching durations for the cells seem to
besufficient Suns \§c also gives us the pseudo fill factor (pFF). In Tdlet is clear
that hydrogenation increases the voltage values both for % emd/s of doping and
voltage values over 500 mV has been achieved. However fetype material
hydrogenation sigficantly decreases the voltagehich was also showjust after the

doping process.

Following the Suns M measuremestan Al layer was demited onto the absorber
layerfor all of the samplesie cells were checked by Sungivhmediately after metal
deposition However the voltage results were very low with respect to the results

before Al deposition. Some cells presented voltage valuew#0 mV. The reason
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of this voltage decline was due to the high resistance at the metal and silicon interface.
In order to overcome this problem the samples were annealed 4 20030 min to

obtain a better ohmic contact. Then the voltage valuéseodamples were checked

by Suns M. Notable increment of the voltage values for all of the samples has been

observed. The new results are shown in Tdland Tablelb.

Table 14: SunsVuc results of cells on the pype samplesafter Al deposition and

annealing
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