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ABSTRACT

POLYSILICON THIN FILM PROCESSING ON GLASS AND
PHOTOVOLTAIC APPLICATIONS

Karaman, Mehmet

Ph.D., Micro and Nanotechnology

Supervisor: Prof. Dr. Rasit Turan
Co-Supervisor: Assoc. Dr. Ozge Tiiziin Ozmen

August 2016, 154 pages

In this PhD study, crystallization of amorphous silicon on glass and its photovoltaic
applications have been investigated. The crystallization of amorphous silicon (a-Si)
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 technique by which gold thin films deposited on
aluminium doped zinc oxide (AZO) coated glass were annealed for nanoparticle
formation. A-Si was then deposited by e-beam evaporation onto metal nanoparticles.
Silicon films were annealed for crystallization at different temperatures between 500
oC and 600 oC. 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 500 °C and an annealing at 600 °C for a
short process time provides sufficiently good crystallinity. Then, MIC process was
studied by Aluminium Induced Crystallization (AIC) of a-Si. Firstly, AIC study was



started with the silicon nitride (SiNx) buffer layer optimization by depositing different
types of SiNx films with varied NH3/SiH4 content during the PECVD film deposition.
Furthermore, the effect of buffer layer content on final poly-Si properties was
investigated by this way. AIC process was started with Al film evaporation onto SiNx
and AZO layers. Then a-Si deposition was carried out by e-beam evaporation. The
crystallization, in other words the layer exchange of Al and Si, was provided by
furnace annealing at 500 °C. Based on Raman, EBSD, XRD results, the best buffer
layer was chosen in terms of Si crystallinity 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 activation energy of the process was calculated.
The Al content of the poly-Si layer was detected by Secondary lon Mass Spectroscopy
(SIMS). The effect of AIOx membrane on the kinetics of crystallization was monitored
through optical microscopy by changing the formation conditions of AlOx. 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 AIC poly-Si
layer quality, some modifications on the process was introduced. The effect of Al
annealing in a vacuum environment on the AIC kinetics and final poly-Si layer
properties was investigated. The layer exchange process was monitored by optical
microscopy and it was observed that Al annealing reduces the crystallization rate. XPS
measurements showed that annealing of Al creates more stable and denser AIOx 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 grain structure of
final poly-Si layer surface. Another improvement on the AIC poly-Si layer quality is
seen by comparing the different a-Si deposition methods of E-beam evaporation and
PECVD. Two techniques are compared for their effect on the overall AIC kinetics as
well as the properties of the final poly-crystalline (poly-Si) silicon film. Raman and
FTIR spectroscopy results indicate that the PECVD grown a-Si films has higher
intermediate-range order, which is enhanced for increased hydrogen dilution during
deposition. EBSD analysis showed that increasing intermediate-range order of the a-

Si suppresses the rate of AIC, leading larger poly-Si grain size.
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In the second part of this work, laser assisted crystallization was carried out. Three
layered stack of SiOxNy/SiOx/SiNx was deposited by PECVD onto borosilicate glass
as the buffer layer. 10 um of intrinsic and 10 nm of p and n-type a-Si:H (doping layer)
was deposited by PECVD. The crystallization was carried out by 808 nm continuous
wave line laser. Moderately doped absorber layer was obtained during laser
crystallization by intermixing of doping layer and intrinsic layer. After crystallization
the homojunction solar cells were obtained by spin-on dopant coating with following
laser doping and the mesa cells were constructed. Two different laser doping velocities
of 1 and 5 mm/s were applied. For comparison some of the cells were hydrogen
passivated. SunsVVoc measurement was accomplished and up to 579 mV of Voc was
measured. EQE and solar simulator analysis were carried out both for substrate and
superstrate conditions. EQE measurements show that H» passivation decreases the
emitter diffusion length (short wavelenths) due to the increase in surface

recombination whereas the absorber diffusion length increases.

Keywords: Amorphous Silicon, Metal Induced Crystallization, Aluminum Induced

Crystallization, Gold Induced Crystallization, Lazer Crystallization, Laser Doping
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FOTOVOLTAIK UYGULAMALAR iCIN CAM ALTTAS UZERINE
POLIKRISTAL SiLiSYUM iNCE FiLMLERIN URETIMi

Karaman, Mehmet
Doktora, Mikro ve Nanoteknoloji

Tez YoOneticisi : Prof. Dr. Rasit Turan
Ortak Tez Yéneticisi: Dog. Dr. Ozge Tiiziin Ozmen

Agustos 2016, 154 sayfa

Bu tez caligmasinda, amorf silisyumun cam iizerinde kristalizasyonu ve fotovoltaik
uygulamalar1 arastirllmistir. Amorf silisyum (a-Si) kristalizasyonu iki bdliimde
incelenmistir; Metal Indiiklemeli Kristalizasyon (MIC) ve Lazer Indiiklemeli
Kristalizson (LIC). MIC yontemi ilk olarak aliiminyum katkili ¢inko oksit (AZO) kaph
cam lizerine Uretilen altin ince filmlerin tavlanarak altin nanopargacik (AuNP)
olusturulmasiyla uygulanmigtir.Sonrasinda metal naopargaciklarin {izerine elektron
demeti buharlastirma yontemi ile a-Si buharlastirilmistir. Silisyum ince filmler
kristalizasyon igin 500 °C ve 600 °C arasinda tavlanmustir. Diisiik sicakliklarda AuNP
ile yiiksek oranda kristalizasyon saglanmasi gozlemlenmistir. Raman ve XRD
sonuglar1 kristalizasyonun 500 °C gibi disiik sicaklikta basladigini ve 600 °C de
tavlamanin kisa stirede yeterli kristalizasyon sagladigin1 géstermistir. Sonra ise, MIC
islemi a-Si’un uAliiminyum Indiiklemeli Kristalizasyon (AIC) ile ¢alistlmistir. ilk
olarak, AIC c¢alismast PECVD film iretiminde degisken NH3/SiHs oranlari
kullanilarak farkli tiirde iiretilen SiNx ara tabaka optimizasyonu ile baglamistir. Ustelik
bu sekilde farkl ara tabakalarin tiretilen poly-Si filmlere olan etkisi aragtirilmistir. AIC
islemi SiNx ve AZO tabakalar {lizerine Al buharlastirilmasiyla baslatilmistir. Sonra

elektron demeti ile a-Si buharlastirilmistir. Kristalizasyon, bagka deyisle Al ve Si
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tabakalarinin yer degistirmesi, 500 °C de tavlama ile saglanmisir. Raman, EBSD ve
XRD sonuglarina dayanarak sonraki AIC deneyleri ig¢in en iyi ara tabaka Si
kristalizasyonu ve damar boyutlarina gore segilmistir. Bundan sonraki AIC
deneylerine temel karakterizasyonlar ile devam edilmistir. Farkli sicaklik ve
stirelerdeki AIC krsitalizasyonu optik mikroskop (OM) ile goézlemlenmis ve
kristalizasyonun aktivasyon enerjisi hesaplanmistir. Poly-Si tabakanin Al igerigi
Ikincil Iyon Kiitlesi Spectroskopisi (SIMS) ile tespit edilmistir. AlOx zar tabakanin
kristalizasyon kinetigine olan etkisi zar tabakanin iiretim kosullarini1 degistirerek optik
mikroskop ile gozlenmistir. Sonrasinda ise Kati Faz Epitaksi (SPE) deneyleri
yapilmistir. Raman ve SEM analizleri SPE tabakalarin bir sekilde elde edildigini
gostermistir. AIC poly-Si tabakanin kalitesini arttirmak igin lretime bir takim
modifikasyonlar eklenmistir. Vakum igerinde Al tavlamanin, AIC kinetigine ve poly-
Si tabaka oOzelliklerine etkisi arastirilmistir. Tabakalarin yer degistirmesi optik
mikroskop ile izlenmis ve Al tavlamanin kristalizasyon hizini diigtirdiigii gozlenmistir.
XPS olctimleri, Al tabakanin tavlanmasinin daha sabit ve yogun yapili AlOx zar
olusturdugunu gostermistir. Bir diger AIC poly-Si tabaka kalitesinin iyilestirilmesi ise
elektron demeti buharlastirma ve PECVD gibi farkli a-Si iiretim metotlarinin
karsilastirilmasiyla gozlemlenmistir. iki teknigin etkisi, AIC kinetiginin yani sira
tiretilen poly-Si film Ozelliklerine goére karsilastirilmistir. Raman ve FTIR
spektroskopisi sonuglart PECVD ile iiretilen a-Si filmlerde orta mesafe diizeninin
iretim siiresince yiiksek hidrojen seyreltmesiyle daha ¢ok arttigini gostermistir. EBSD
analizleri, a-Si orta mesafe diizeninin arttirilmasinin AIC hizin1 bastirdigi, dolayisiyla

daha biiyiik poly-Si damar boyutlar1 olusturdugunu gostermistir.

Bu calismanin ikinci boliimiinde lazer destekli kristalizasyon uygulanmistir.
Borosilikat cam iizerine PECVD ile {i¢ katmanli SiOxNy/SiO«/SiNx ara tabakasi
tiretilmistir.10 um katkisiz ve 10 nm p ve n-tipi a-Si:H (katkilama tabakasi) PECVD
ile tretilmistir. Kristalizasyon 808 nm sabit dalga ¢izgi lazer ile yapilmistir. Lazer
kristalizasyonu boyunca katkisiz ve katkilama tabakalarinin birbirine karismasiyla az
katkilt emici tabaka elde edilmistir. Kristalizasyon sonrasinda spin kaplama yapilmis
ve lazer ile katkilama yapilarak homo eklem mesa giines hiicreleri olusturulmustur. 1
ve 5 mm/s olmak tizere iki farkli lazer katkilama hizlar1 uygulanmistir. Karsilastirma
yapilabilmesi agisindan bazi hiicrelere hidrojen pasivasyonu uygulanmistir. Suns Voc
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analizleri yapilmis ve 579 mV Vi Olclilmiistiir. EQE ve gilines simiilatorii 6l¢iimleri
hem alttas hem de {sttas kosullarinda yapilmistir. EQE Olgiimleri hidrojen
pasivasyonunun ylizey rekombinasyonunu arttirdig1 i¢in yayici diflizyonu mesafesini
(diisiik dalga boylar1) azalttigin1 géstermistir buna karsilik emici diflizyonu mesafesi

artmistir.

Anahtar kelimeler: Amorf Silisyum, Metal Indiiklemeli Kristalizasyon, Aliiminyum
Indiiklemeli Kristalizasyon, Altin Indiiklemeli Kristalizasyon, Lazer Kristalizasyon,

Lazer Katkilama
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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. Especially the 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 resources are 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 third in 2040 [1]. In this perspective, the energy
production road map must shift to renewable energy rather than fossil fuels. Among
the renewable energy sources like solar 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 the source 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 that it is environment-friendly and silicon based ones contain non-toxic
material. The solar panel prices are far from being expensive like the prices in 90s. In
Figure 1, the global cumulative installed PV capacity is given with respect to the region

contributions.
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Figure 1: Global Solar panel installation of regions until 2015 [2]

As stated in Figure 1, a notable rise in solar panel installation begins at the end of
2000s. Europe seems to be the leader in PV installation. However in 2015, Asia catches
up with Europe in total PV installations worldwide. Furthermore, America also gives
significant contribution to the total amount. This picture also indicates that there is a
great interest in solar electricity 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 and the operation of solar cell by French physicist
Edmond Becquerel in 1839 [3]. 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 1921 [5]. The first silicon
photosensitive device was patented by Russel Ohl in 1941 [6] and the first silicon solar
cell with 6 % efficiency was announced by Bell Labs in 1954 [7]. In the second half
of the last century there has been significant developments on silicon solar cell
technology and today more than 25 % efficiency was achieved by Panasonic company

with the monocrystalline silicon based heterojunction technology [8]. Besides, around
2



21 % efficiency was introduced by Trina Solar for the multicrystalline 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 based solar cells have been studied for many years and technological
limits are nearly approached. Besides, the decline of the wafer prices are not enough
because wafer based technology has quite production adversity which inhibits further
decrease of prices. However, in general there is a much more commercialized rate of
PV industry with respect to the beginning of 2000s. Amorphous silicon thin film
approach is an alternative way to low-cost technology. However due to limited
efficiency values and light induced degradation effects, amorphous silicon studies
show a decline in the last 5 years and some of the manufacturers left the amorphous
silicon thin film market [10,11]. In this sense photovoltaic industry aims to head
towards new technologies. Thin film crystalline approach is a promising alternative to
bulk silicon due to its lower material consumption, i.e. low-cost production, with high
conversion efficiency. High quality, low cost and large-area applications of poly-Si
thin film constitutes an alternative material to crystalline silicon. In this approach the
idea is combining the crystalline silicon properties with easy and low-cost production
of thin film. In addition, poly-Si thin films are not subject to light-induced degradation
effects [10].

In this work we have carried out extensive studies on several aspects of thin film
crystalline Si for PV applications. Metal induced crystallization (MIC) and laser
induced crystallization (LIC) approaches were studied. MIC technique was realized by
Au and Al induced crystallization. Especially, the deep investigations on Aluminium
induced crystallization (AIC) in terms of process kinetics, Al structure, different Si
deposition methods are the core of the thesis. The solar cells were constructed by the
laser assisted process. LIC was used for thin film crystalline fabrication and junction

formation was accomplished by laser doping (LD).

This thesis is organized as 7 chapters. In Chapter 1, we give an overview on solar

energy conversion technologies and our motivation behind this work.



In Chapter 2, a short historical background and the importance of polycrystalline
silicon in industry is discussed. The structural properties of polycrystalline silicon is
given with the thin film polycrystalline silicon (poly-Si). Then the thin film poly-Si

fabrication methods with photovoltaic applications are presented with literature survey

In Chapter 3, MIC is handled first with Au induced crystallization. The effect of
AUNPs on crystallization of amorphous silicon is given. Then, standard AIC process
is carried out from buffer layer optimization to final poly-Si fabrication. AIC kinetics
is studied with basic characterization techniques and finally some SPE experiments

are given.

In Chapter 4, the AIC process is investigated extensively by annealing the Al layer in
vacuum environment. The structural properties of Al is identified and the effects on

poly-Si layer is observed.

In Chapter 5, the effects of different Si deposition techniques of e-beam and PECVD
on the AIC process is researched and compared in terms of process kinetics and
structural differences. Moreover, taking the properties of initial amorphous silicon into

account, the final poly-Si properties are discussed.

In Chapter 6, laser assisted process of Si is presented. The crystallization of amorphous
silicon and the following doping of poly-Si layers are both carried out by CW diode
laser. The thin film poly-Si solar cells are constructed and basic characterization results

are given.

In Chapter 7, all of the major outcomes are summarized in an order as given 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 semiconductor technology. It has been used for
integrated circuits (IC) for more than four decades. Up to now, by the increasing
demand on electronic products, silicon IC technologies dominated the market with the
development of new technologies. Especially, the rapid increase in the use ICs was a
result of development of complementary metal-oxide semiconductor (CMQS) ICs,
which enable building of high density memories on a single silicon chip. Gateway for
the fabrication of the dense CMOS chips was the use of polycrystalline silicon as the
gate electrode material. The 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 fabrication of more complex
structure. In addition to IC based applications polycrystalline silicon can be used for
thin film transistos (TFTs) for switching pixels of liquid crystal displays (LCDs) and

mechanical elements of microelectromechanical systems (MEMS) [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 cells [12]. Polycrystalline
(multicrystalline) silicon is the prominent feedstock in the crystalline silicon based
photovoltaic technology since the fabrication cost of polycrystalline silicon is lower
and simpler to make than monocrystalline silicon. 60-80% of polycrystalline silicon
was used by the solar industry between 2008 and 2014 [13]. The percentage of global
production of multicrystalline, monocrystalline and thin film PV productions during

the 35 years period is given in Figure 2. It is clear in Figure 2 how the production of



multicrystalline PV has grown in years in comparison with monocrystalline and thin
film technologies.
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Figure 2: The percentage of global production of PV technologies [1].

Beside the growing wafer based PV technology, the cost of crystalline silicon wafer
production is still high. The wafer thickness has been reduced from 500 um to around
180 wm, which is much above the necessary light absorption. Only a few um is enough
for the absorption of the light, and the rest of the wafer is unnecessary. Making thinner
wafers also brings a difficulty such as easy cracking of wafers which results in
complicated processes. Furthermore, making thinner wafers will increase the process
cost of the technology. However, since thicker material means high cost, the trend
must be to use less material for the declination of PV prices. In this manner, thin-film
approaches aim to reach low cost by starting with a low-cost material system where a
thin layer of semiconductor is deposited on a low-cost substrate. It is then of a great
interest to fabricate, especially, crystalline thin films on a cheap substrates like glass.
This concept is called polysilicon thin film on glass.



2.2.  Properties of Polycrytalline silicon thin films

Bulk polycrystalline silicon consists of different crystalline regions separated by
boundaries. Every individual crystalline region is called grain and boundaries are
called grain boundaries. Every grain has its own crystal orientation. In Figure 3 the
difference between mono and polycrystalline silicon wafers can be easily seen. The
size of the grains differ from a few nm up to several cm. The properties of boundaries
have crucial effect on the properties of polycrystalline material. Especially the

boundaries are the barriers for carrier transport as they create recombination centers.

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

The grain boundaries are the edges of the crystalline regions that contain disordered
atom chains and incomplete bondings. These defects and dangling bonds in grain
boundaries form trapping states for carriers. Dangling bonds and defects form deep
energy states within the bandgap of polysilicon material [13]. These energy states
behave as recombination centers near the midgap for the free carriers in conduction
and valence bands. Like in a-Si, the strained bonds constitute the tail states near

conduction and valence band edges as shown in Figure 4.
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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
boundaries. The substitutional dopant atoms choose energetically favourable places
and they segregate at the boundaries and they lose their electrical properties [17].
These carriers in the boundaries create extra charge which constitutes potential barriers
for carrier movement [18]. As a result, the trapped charges at the grain boundaries are
compensated by oppositely charged depletion regions around the boundaries. The
opposite 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 barriers [18,19].

Solving the Poisson’s equation can explain the carrier transport and electronic

structure in grain boundaries;

d2V  gN 1)
dx? £

Here, N is the dopant concentration at the grain boundaries, g is the charge, ¢ is the
permittivity. From equation (1) the barrier height can be defined in terms of dopant
concentration N and the depletion region width x, as;

an )

Vg = —
B ngd

Potential barriers are significantly dominated by the substitutional dopant

concentration, trap density and energy. At low dopant concentrations total number of



carriers NL per unit area in a grain of length L is less than the number of traps Nyper
unit area at the grain boundary. Almost all the free carriers of substitutional dopant
atoms are trapped at the grain boundaries if the energy levels of trap states are
adequately deep. Besides this, very few carriers are free. In this case, the depletion
regions extend through the grains and the potential barrier gV is small which is
represented in Figure 5 for a p-type polycrystalline silicon. 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, the depletion region of the corresponding
grain boundary broadens to a distance of L /2 on both sides of the boundary. According

to this situation, the barrier height can be defined as;

_qN <L>2 _ qNI? 3)
B7 2e\2) 7 8¢

As the dopant concentration is increased, the number of trapped carriers are increased
at the boundaries which creates higher potential barrier (Figure 6). This impedes the

carrier transport between the grains.



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

concentration

In addition to the dopant concentration amount, the number of trap states have crucial
importance for the potential profile at the interface. Trap states are usually completely
filled and neutralized, at very high dopant concentration or relatively low trap state
concentration. Since the available states are filled, extra carriers are not trapped by the
grain boundaries anymore (Figure 7). 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 Figure 7, it can be seen that when the available sites are completely filled the
potential barrier is lowered. When the dopant concentration exceeds a critical value
[19] of N* = N /L the trapped carrier per unit area is constant as N, at the boundary.
The depletion region width is lowered according to the formula;

Nr. (4)

Xa = 5N
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Using equation (2) the barrier height can be defined as;
_ qN (NT
s = 2 o

The carrier transport between the grains is easier since the barrier is lowered. As a

)2 _ qNf ()
"~ 8eN

result, when the dopant atoms are introduced to polycrystalline silicon, the potential
barrier around the grain boundaries 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 the bulk 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 including grains and grain

boundaries.

Figure 8: Polysilicon thin film on glass

Generally polysilicon thin films have thickness of 0.5-10 um which constitutes a high
surface/volume ratio. Then the surface becomes an important parameter for carrier
transport. The surface contains many dangling bonds, which creates recombination
and scattering centers for carriers. In addition to surface effects, the grain boundaries

are also the obstacles as recombination centers for carriers.
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The different scattering mechanisms like impurity and phonon scattering dominates
the carrier mobility in a material. In the case of thin film polycrystalline materials,
additionally, the possible scattering mechanism is specular reflection which is an
elastic scattering. The carriers’ velocity component perpendicular to the surface is only
reversed after scattering and there is no change in momentum. This leads to no
contribution to conductivity and diffuse reflection where the velocity changes with
respect to the incident one and the scattering is random. The change in the energy of

the carrier affects the conductivity

In solar cell applications, minority carrier transport is significantly important to
achieve high efficiency values. However, due to the trapped majority carriers at the
grain boundaries, the minority carriers recombine with them. This makes the
lifetime .. -, of minority carriers low when compared to the crystalline structures. The

minority carrier lifetime can be expressed as [13]:

V
_ 2dexp(—Ff) ©)
eI = 360D (Epm — Epp)

Vg is the height of the potential barrier, Dy is the interface trap density and E¢,,, Ef,

are the quasi-Fermi levels. It states that both the barrier height and grain 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)

SPC technique is the most widespread method for producing polycrystalline silicon
(poly-Si) thin films [20]. Besides, it is a direct deposition approach for poly-Si
production. Simply, amorphous silicon (a-Si) is deposited by any technique like
Plasma Enhanced Chemical Vapor Deposition (PECVD), Hot Wire Chemical Vapor
Deposition (HWCVD), Sputtering, Electron beam (e-beam) evaporation on a substrate
and following thermal annealing results in poly-Si thin film. Generally speaking, SPC
is mostly associated with crystalline silicon on glass concept. Thermal annealing

induces nucleation sites and further annealing expands the sites into grains with grain
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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 smaller grain size than low temperature
does however the full crystallization is reached faster. In contrast, insufficient
temperature cannot promote a crystallization within a reasonable time. The typical
annealing temperature is between 550 °C and 750 °C but the most common annealing
temperature is 600 °C [21]. Poly-Si films produced by SPC can be undoped, as well
as lightly doped and heavily doped in-situ by PECVD and effusion cells or ex-situ by
spin-on technique. The doping control is significant for solar cell applications to
maintain the carrier separation and photoconversion. The typical film thickness is
between 1 um and 3 um. SPC produces films with small grains at about 1-2 um which
means many GBs that consist of defect and the imperfect crystalline structure contains
twins and dislocations. Since poly-Si films have small grain sizes that can be
comparable with diffusion length of carriers the carrier lifetime is low [22]. Another
property of SPC material is that it shows a preferred orientation of <111> which has
been attributed to the anisotropic rate of crystallization [23,24]. Serious works on poly-
Si solar cell was carried out in 2000s and 8-9 % efficiency was achieved by Basore in
2004 [25] and after this, CSG Solar achieved a record of 10.5 % efficiency for poly-Si
thin film solar cell on glass which was fabricated by SPC technique [26]. The greatest
advantage of SPC method is that it is simple and cost effective. However, long
annealing durations (20-36 h) and small grain sizes are the drawbacks of this technique
[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 hydrogenation [28,29].

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 doping, scribing [30,31]. For silicon thin films,
laser beam was used for crystallization of amorphous silicon layers deposited on glass

or metal foil. In contrast to direct deposition approach like SPC, LIC is based on the
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lateral seed layer approach which totally decouples initial nucleation from the actual
growth of the active layer. Also seed layers can be fabricated for epitaxial 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 underlying 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 at relatively low temperatures. Poly-Si films with high electronic quality with
high homogeneity can be achieved over large areas, even on glass substrates. LIC of
a-Si is mostly used by the electronics industry to obtain thin film transistors (TFTs) for
flat panel displays. The standard technique LIC of silicon is excimer laser annealing
(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 um). Relatively small grain sizes are appropriate for TFTs but not for
solar cells due to the limited efficiency by the density of GBs [32,33]. 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 because of short 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 obtaining poly-Si layers
with better structural quality and larger grains. Another laser crystallization technique
is the sequential lateral solidification (SLS) which is a promising process [35,36]. The
idea is to form grains as seeds for further lateral crystallization. Local melting and
crystallization is spatially and temporally displaced from the previous crystallization
event. It was observed that the laser pulse frequency, power and a-Si thickness have
great effect on the final width of grains. The lower the film thickness, the laser power
or the pulse frequency, the higher the quenching rate is [37]. A high quenching refers
to fast crystallization and small grains. Grain sizes in the range of 2-4 um was achieved
by SLS process [38] and it is possible to reach values up to 7 mm under specific

conditions [39]. So far the most notable efficiency values for poly-Si thin film solar
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cells prepared by diode laser crystallization has an efficiency of 8.4 % [40] which is
well below SPC record of 11.7 % with Voc of 585 mV [41]. Another laser approach
is continuous wave (CW) diode laser and in this perspective, in 90s, some detailed
studies by Toet et al. were handled [42,43]. Here CW laser (514.5 nm wavelength)
with a 1 um spot size was used to form crystallised spots 5-10 pum apart. Also,
Shimokawa et al. announced CW laser recrystallised solar cell with a 6.52 % efficiency
which was produced by CVD method onto alumina substrate [44]. The crystallization
was done at 400450 °C in a nitrogen ambient and double stack buffer layer
(SiaN4/SiOx) was used to protect the film from the possible contaminants that can
diffuse from glass substrate to silicon layer. 400 nm of poly-Si film with high mobility
(690 cm?/Vs) was obtained by 512 nm CW laser in 2004 [45]. It was observed that
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>
preferential orientation was achieved by recrystallization of pc-Si films on glass [46].
Method of obtaining larger grains of up to tens of um was taken into consideration as
the lateral growth of grains. CW diode laser approach (A = 940 nm, intensity 24.7
kW/cm?) was applied with a diamond like carbon photo-absorbing 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 seed layers for the post deposited and annealed a-Si. SPE process enables the
standard SPC temperature of 600 °C 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 was concluded that SPC temperatures can be lowered for further crystal
growth. In recent years 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 perspective absorber grain sizes up to centimetre and solar cell efficiency of

12.1 % are achieved on a 5x5 cm? glass substrate [47].
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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 is called
zone melting recrystallization (ZMR). ZMR was first introduced by Leitz in 1950 [48]
and in 60s it was researched for growth of low melting point semiconductors [49]. In
80s, interest on ZMR increased in terms of silicon material when silicon on insulator
(SOI) film concept became of interest. In 1990s the PV applications of ZMR were
published by Mitsubishi [50] and Fraunhofer ISE [51]. In 2000s extensive studies on
ZMR of silicon was conducted [52,53]. 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 1413 °C and during the scanning the molten region
quickly solidifies as a crystal just after the focal beam line. The crystallized regions
act as seed layers for the further growth and it is possible to obtain grain sizes of several
milimeters in width and several centimeters in length by ZMR technique [54]. The
experiments showed that percentage of <100> orientation depends on the scanning
velocity and thickness of the film [55]. The beam and scanning parameters has a
significant role on the properties of resultant poly-Si material. To obtain reasonable
efficiency values, low dopant level may be necessary for absorber layer. Since the
substrate is exposed to high temperature, this technique is not suitable for glass
substrate having low softening point. Most of the experiments were done on foreign
substrates like graphite, ceramic, SiC. The intermediate layer on the substrates has an
important role on the material properties. ZMR on samples without the intermediate
layer did not yield large-grained silicon layers [56]. Conversion efficiencies of 11 %
and 8.3% were obtained on both graphite and SiC substrates [57, 58].

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 and focused

into a line using electrodes.

In 1968, John C. introduced EBC of amorphous silicon [59]. Amorphous silicon was
deposited onto glass microscope slides by evaporation and sputtering. The
crystallization was supplied by electron beam scanning and electron beam
bombardment. Since the thickness of the film was a few hundred angstrom the
sufficient crystallization was not achieved for photovoltaic applications. In 2011, EBC
was demonstrated on a-Si films on glass substrates using SiC as a buffer layer. 4.7 %
efficiency with 545 mV of V. was achieved by heterojunction solar cell by electron
beam crystallized absorber layer. Films were pre-heated at 700 °C before

crystallization and grains up to 1x10 mm? was 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 time (20-40 h) and
small grain size of 1-2 um. It is also possible to use SPC poly-Si film as a seed layer
as long as large grained (> 10 um) material can be produced. On the other hand,
crystallization temperature and duration can be lowered by the addition of certain
metals such as Al, Ni, Au, Ag, Pd etc., which also promotes larger grains [60]. These
techniques are commonly referred to a metal induced crystallization (MIC). In this
MIC, metals lead to lower thermal annealing temperature below eutectic temperatures
of the Si/metal systems for the crystallization of a-Si. The process starts with the
intermixing of metal and semiconductor. This can happen even at room temperature
[61]. The metal atoms induce an instability in the bonding character of semiconductor
and weakens the Si bonds to promote Si nucleation. Without the effect of metal this
instability can hardly occur at temperatures below 550 °C. The physical origin of this
instability is due to the ability of metal to screen coulomb interaction by its mobile
electrons [62]. Some metals like Ni, Pd are compound forming metals and others like
Al, Ag, Au constitutes eutectic metal-silicon system. All MIC processes are based on
the difference in chemical potentials (amorphous-crystalline) which provides a driving

force for dissociation and nucleation [63]. Like Ni, compound-forming metals result
17



in crystallization after the formation of the most stable Si rich silicide phase [64]. For
example in the Ni case, the crystallization happens by a NiSi: silicide phase moving
through the a-Si and not by the metal itself. The chemical potential of Ni and Si is
different at the a-Si/NiSi interface compared to the poly-Si/NiSiz interface. As a
result, Ni atoms will diffuse through the NiSi, toward the a-Si/NiSi. interface while Si
atoms diffuse toward the poly-Si/NiSiz interface [64]. It is hard to remove the
remaining NiSi, phase and it will be incorporated in the active part of the solar cell.
As such, MIC with compound-forming metals is not suitable for solar cell applications.
Eutectic metal-silicon forming systems are much more desirable due to the limited
solubility of the metal in the growing c-Si layer, wherein the metal will be rejected
from the silicon. However, not all eutectic forming metals are suitable for solar cell
applications. The crystallization with eutectic systems occur in three steps; (1)
dissociation 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 Au, and Ag forms deep level defects in the band gap of
silicon which are detrimental for poly-Si electrical quality [63]. In this manner Al is
the suitable eutectic forming metal due to the associated defect level, 60 mV below the

conduction band which leads to a p-type doping of around 3x10*® cm= [65].
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CHAPTER 3

METAL INDUCED CYSTALLIZATION

In this thesis, MIC is realized through Au and dominantly Al induced crystallization
(AIC) techniques. Au was used as nanoparticles (AuNPs) obtained after annealing of
very thin Au layer on Al:ZnO (AZO). In this manner, less metal contamination in final
poly-Si layer was aimed by this technique. AIC technique was extensively studied. In
this chapter effects of buffer layer on AIC process and basic characterizations of final

poly-Si films formed by AIC are given dominantly.

3.1. Gold Induced Cystallization

Gold is one of the eutectic metal-silicon forming metal which has a low eutectic
temperature in contact with silicon (363 °C) with respect to Al-Si eutectic temperature
of 577 °C. In 1980s, reaction between Au, Al, Pd, Pt and amorphous silicon was
studied and it was found that the crystallization of Si by Al and Au is possible much
below at 250 °C [66]. the characteristic of Si/Au bilayers were observed and electron
spectroscopy studies showed that although no definite compounds were formed at
room temperature, some intermixing takes place, giving Si a metallic nature [67],
[68]. It was shown that Au/a-Si system has a metastable phase like AuzSi which is
formed at low temperatures [69] and the existence of Au silicides were confirmed by
Green and Baure before [70]. In Figure 9 the Au-Si phase diagram is given.

Gold induced crystallization of a-Si results are used by the permission of Elsevier publishing with licence 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 centers [63]. This truth is limited by metal diffusion and solubility and

is related with the metal amount deposited on the a-Si 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 of e-beam evaporated
amorphous silicon (a-Si) was investigated. Au nanoparticles (NPs) instead of a
continuous thin film was used as NPs was expected to generate less metal
contamination than conventional metal film. Since Au can be de-wetted by annealing
it is easy to shape Au film into NP. In contrast, Al and Ni cannot be easily de-wetted
to NP homogenously 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 % Al. Here, AZO film also provides good conductivity for SEM analysis of Au
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NPs. For nanoparticle formation, 5 and 15 nm Au films were deposited onto AZO film
by e-beam method and then the samples were annealed at 500 °C in a classical furnace

under N2 atmosphere. Au NPs were imaged by Scanning Electron Microscopy (SEM).

Figure 10 shows the SEM images of NPs formed by 5 nm and 15 of Au films.

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

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

SEM images of NPs indicate that the best NP formation was achieved with 1 h
annealing of 15 nm Au film at 500 °C. 5 nm annealed film results very small and
agglomerated NPs whereas 15 nm annealed film creates widely spaced, larger particles
with NP distribution changing between 50 nm and 150 nm. NPs formed with 15 nm
annealed film is used for the silicon crystallization experiments. After NP formation,
1 um thickness of amorphous silicon (a-Si) was deposited by e-beam with a deposition
rate of 1 A/s. During the silicon deposition the substrate temperature (Ts) was kept at
200 °C and the pressure of the vacuum chamber was 5 x10°" Torr. The samples were
annealed between 500 °C and 600 °C in N2 atmosphere for crystallization process. The

fabrication process is shown in Figure 11.
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Figure 11: Fabrication process of Au induced a-Si crystallization

3.1.1.2. Results

As mentioned before, conventional SPC process requires more than 20 h of annealing
at 600 °C for poly-Si formation [72]. Moreover, the crystallization at lower
temperatures expands the annealing duration. Here AuNPs catalyzes the crystallization
process and lower the crystallization duration and temperature. In Figure 12 the Raman
measurements of the samples with AuNPs that were annealed at 500 °C, 550 °C and
600 °C for 12 h are given. It can be easily inferred from this figure that the amorphous

structure is maintained for the sample annealed at 500 °C.
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Figure 12: Raman measurements of samples annealed for 12 h at 500 °C, 550 °C
and 600 °C.

The small peak at 520 cm™* shows that crystallization starts with 550 °C annealing after
12 h. However, 500 °C annealed sample is still in amorphous phase. The tiny peak at
the top of the amorphous profile is due to some leakage of light from environment
during the measurement. The Raman peak of 600 °C 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 by X-ray diffraction (XRD) measurements,
which also shows the possible grain orientations. Unless the surface is scanned, only
small portion of the sample is investigated since Raman analysis is limited by the spot
size of the laser. On the other hand, XRD measurement is not restricted by a small
probe size, X ray is emitted to a larger surface. In Figure 13 the XRD measurement of

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

In Figure 13, the crystalline silicon orientations of <111>, <220> and <311> are
detected for the sample annealed at 600 °C, weakly appears at 550 °C and barely visible
at 500 °C. Among these orientations, <111> peak dominates since it has the lowest
free energy [73] and the approximate grain size was analyzed by the Scherrer equation
given below [74]. The notable peaks at 26 angles around 35 and 74 are coming from
the AZO interlayer.

k.2 (7
b= B.cos6O

Where D is the average grain size, K is the Scherrer’s constant, A is the X-ray
wavelength (1.542 A), B is the full width at half maximum (FWHM) of the peak and
0 is the Bragg angle. The calculated average grain size from <111> peak for the sample
annealed at 600 °C for 12 h is 15.6 nm. The XRD results show that the crystallization
starts at temperatures as low as 500 °C and reaches a high fraction at 600 °C. In order
to find out if the crystallization can occur in a shorter time interval, the same

experiments were performed for an annealing time of 2 h at 600 °C. For comparison
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samples both having AuNps and without AuNPs were annealed. The Raman results of
the samples having AuNPs annealed at 600 °C for 2 h and those without AuNPs
annealed at 600 °C for 12 h are given in Figure 14.
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Figure 14: Raman measurements of the samples with and without AuNPs
annealed at 600 °C

Figure 14 shows that, AUNPs induced crystallization within 2 h, however the sample
without AuNPs has no crystallization even after 12 h annealing. Short annealing time
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 amount (X.)was calculated by deconvolution
of Raman spectra. The deconvolution was used with three different peak components
of crystalline, intermediate and amorphous phases which corresponds to 520 cm™, 510
cmt and 480 cm respectively. X, was calculated by using non-linear fitting method

and Gaussian distribution according to [75]:
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Where 1., I; and I, are the normalized intensities of the crystalline, intermediate and

amorphous peaks. The calculated crystalline amounts are presented in Table 1.

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

different annealing temperature and time

Annealing Temperature  Annealing Time (h) CrystallintyAmounts (%o)

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

The calculated crystalline amounts confirm the Raman results in Figures 14 and 12.
The crystallinity increases both by time and temperature. Furthermore, there is no
notable difference between 2 h and 12 h of annealing at 600 °C which indicates that

metal NPs have great effect on crystallinity.

One can think about Al diffusion from AZO into silicon during annealing, as stated in
Figure 14, 12 h of annealing is applied both for the samples having AuNPs and without
AUNPs. Sample without AuNPs shows no crystallization which remarks that there is
no aluminium induced crystallization (AIC). Furthermore, AIC process necessitates Si
dissolution in an Al matrix which is not the case here. During 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
of interest to determine the minimum Au thin film thickness that would generate the
optimum nanoparticle 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 the drawback 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 matrix. In some cases the
metals create defect states. 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 doped (p*) poly-Si layer is formed. AIC method has been used to crystallize
amorphous silicon layers on substrates like glass [76] and ceramic [77]. Briefly, AIC
(also called Al induced layer exchange or ALILE) of a-Si is based on the overall
layer exchange of adjacent Si and Al films and transformation of amorphous to
polycrystalline Si during thermal annealing [78,79]. In 1977, Majni and Ottaviani
investigated Si-wafer/Al/a-Si stack where Al and Si layers were deposited by e-beam
evaporation onto <100> Si wafer [80]. After annealing at 530 °C 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 authors discovered 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 thickness [81]. In 1981 Tsaur et al. used
this technique and constructed solar cell on n-type monocrystalline wafer and obtained
efficieny of 10.4 % [82]. In 1998 Nast et al. demonstrated the layer exchange process
on glass and obtained uniform poly-Si films on glass [80]. Each of the Al and Si layers
are deposited onto glass by e-beam evaporation, PECVD or sputtering. The Al/Si stack
is annealed between 450-550 °C for durations of 30 min to 20 h. In this layer exchange
process the crucial point is the formation of AlOx (a few nm) membrane between Al
and Si layer. The AlOx layer, has an important role as it is fixed between the Al and Si
layers, controls the diffusion [83] The typical AIlOx layer is formed by after the
deposition of Al layer the film is exposed to air (for 2 h, 24 h, 1 week...). During the
annealing, 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 when a-Si is in contact with Al under the temperature
below the AIl-Si eutectic temperature (577°C). This process is called aluminium
induced layer exchange (ALILE). The driving force behind the crystallization of a-Si
is the Gibbs free energy difference between amorphous and crystalline phases. Since
crystalline phase is more stable than amorphous phase Gibbs free energy is reduced by
the transformation of amorphous to crystalline silicon. The covalent Si-Si bond has a
relatively strong bonding of 2 eV/bond. The standard solid phase crystallization (SPC)
process of a-Si about 3-4 eV which is relatively high [84]. This is the reason of having
long crystallization durations of SPC [85]. However, when silicon is in contact with
aluminum the metal atoms behave as catalyst and lowers the crystallization
temperature and duration. Thus, this process has a lower activation energy which is
also stated by Gall et al. as 1.8-1.9 eV [86]. Before diffusion of Si atoms into Al layer
the Si bonds are dissociated by the metal atoms. This dissociation mechanism of
amorphous silicon has two models: (1) Tu’s interstitial model [87] and (2) Hiraki’s
screening model [62]. In model (1) It is accepted that the initial intermixing of Al and
Si atoms takes place at the interface. The Si-Si bonding nature is changed by the jump
of Al atoms into Si and forming metal interstitials in the silicon side. Si-Si covalent
bonds no longer remain in the original localized state due to the interstitial defects.
The bonding structure shifts to a non-covalent bonding structure which 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 metal to screen the Coulomb
interaction by its free electron. Screening effect causes a transition of non-metal to
metal-like bonding of Si material within a few monolayers at the interface [88]. A
uniform electron gas is formed in this region and also valence electrons of Si in this
region are not associated with specific atoms anymore. The atomic motion in the
electron gas of a metallic-like compound is more mobile than the motion in the bulk

counterpart of semiconductor where covalent bonding takes place.

Hiraki’s model was supported by the analysis of monolayer by monolayer growth of

Au on Si surface. The necessity of the existence of a critical layer thickness (4

monolayers) was understood in order to start a reaction between Si and metal [62,88].
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If the critical thickness is not achieved the metal acts as a non-metal and even if the
crystallization temperature is around 800 °C the metal shows no reaction with the
silicon. The instability of the covalent Si-Si bonding is broken if the metal layer is
deposited 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 start to diffuse
into Al layer [90]. In Figure 15 Al-Si equilibrium phase diagram is given. This system
shows that 1.5 % Si atoms can dissolve in Al up to eutectic temperature of 577 °C [91].
After dissociation of Si the Al is subjected to Si supersaturation during the
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 general the change of Gibbs free energy (AG) is

evaluated:;
AG = AH — TAS 9)
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Where AH and AS are the enthalpy and entropy changes respectively. T is the system
temperature. In AIC case, change in Gibbs free energy can be expressed with the
difference in Gibbs free energies of amorphous and crystalline phases as;

AG = Ga—Si _ GC—Si = Hé —TS¢ (10)

Where H¢ and S¢ are the molar excess enthalpy and entropy on the transition from a-

Si to c-Si. This excess Gibbs free energy is related to the activity [93];

AG = RTlna (11)

Where R is the gas constant and T is the temperature. Here, activity is related to the
supersaturation of Al with Si solute which can be calculated for a specific temperature
if the molar excess enthalpy and entropy are known. The molar excess enthalpy and
entropy of a-Si in relation to c-Si are determined before as 11.9 kJ/mol [94] and 1.66
J/(mol K) [95]. In the light of these values, for example, the activity "a" of a-Si relative
to c-Si can be calculated as 6 for 475 °C. According to equation (10) G*~5t and G¢~5¢
are the chemical potential of Si in Al when in contact with amorphous and crystalline
silicon respectively. Both the a-Si/Al and c-Si/Al phases are in thermal equilibrium

and chemical potentials of each phases are equal in individual systems.
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Figure 16: Schematic of Gibbs free energies of a-Si/Al and c-Si/Al systems [83]

Figure 16 shows the Gibbs free energy level difference between a-Si/Al and c-Si/Al
systems. The two systems are not in equilibrium. The excess amount of chemical
potential, AG, is the driving force of crystallization. The whole system will equate the
chemical potentials to create a stable structure. The Si diffuses from a-Si/Al interface
to Al/c-Si interface. The chemical potential is in relation with the dissolved Si
concentration in the solvent (Al). Up to Si solubility limit of Al, in other words before
being saturated, near the Al-Si interface the solution is assumed as ideal-dilute Al-Si

solution and the chemical potential of a dissolved component is [96]:

G; = G* + RTInX; (12)

Where G; is the standard Gibbs free energy (chemical potential) and X; is the relative

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

G* + RTlnXAl/Csi + AG = G* + RTlnXAl/aSi (13)

AG = RTInX /a5 — RTINXuy)c50 (14)

Where Xy /45 and X4;/cs; denotes the Si concentrations in Al when in contact with a-

Siand c-Si. If equation (13) is combined with (11) it can be defined as:
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a* Xaiesi = Xaijasi (15)

When the system is saturated, in other words when Al reaches the maximum Si
solubility in accordance with a specific temperature the nucleation starts as indicated
in the Al-Si phase diagram. Within the Al, 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 is lowered 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 an adequate amount of Si and Al.

A Si nucleus is formed within the Al layer at the Al/a-Si interface after a short
annealing time. The Si nuclei become grains and grain growth occurs laterally due to
the confinement by the AIOyx layer and the substrate until 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 Figure 17.

32



Si-grain

Figure 17: FIB images of ALILE process. (a) before annealing, (b) after
annealing at 500°C for Smin, (¢) annealing at S00°C 10min annealing; (d) 60min

annealing at 500°C as a result of glass/poly-Si/Al+Si [83].

As seen in Figure 17, an Al+Si residual layer is formed on the top of the structure at
the end of the exchange process. Al part is segregated on top with secondary Si islands
due to the Al repulsion by the growing silicon nucleates. In order to use the formed
poly-Si layer the residual layer must be removed. It can be removed by selective
etching or direct polishing. The most notable properties of AIC poly-Si films are
having continuous, nearly 100 % crystalline fraction and large grain sizes more than
10 um. Since AIC poly-Si layers are highly doped ( ~3x10* cm®), they are not suitable
for using as absorber layers in solar cell configuration. Epitaxial thickening is

necessary on AIC poly-Si films as absorber layer for longer carrier lifetime.

The easiest way of understanding the crystallization is doing Raman spectroscopy
characterization. In Figure 18 the normalized Raman analysis of AIC poly-Si film and

reference crystalline silicon wafer (c-Si) is given.
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Figure 18: Raman spectroscopy of monocrystalline silicon and AIC poly-Si

As seen in Figure 18 the AIC poly-Si film has comparable crystalline characteristic
with the reference monocrystalline silicon. This sample was produced at GUNAM
laboratories with Al thickness of 180 nm and a-Si thickness of 360 nm. Prior to a-Si
deposition the Al film was exposed to air in clean room conditions for AlOx formation.
After annealing at 475 °C for 8 h the residual layer was removed directly by mechanical

polishing.

3.2.2. Buffer layer optimization and AIC poly-Si formation

In this part of the thesis, polycrystalline silicon (poly-Si) thin films were fabricated by
using Aluminium Induced Crystallization (AIC) of amorphous silicon (a-Si) on SiNx-
or AZO- (Al-doped ZnO) coated glasses. Initially the buffer layer between the glass
and Si was optimized. Although, both SiNx and Al-doped ZnO (AZO) layers were used
as the buffer layer, the studies were dominantly concentrated on SiNx layer. Generally,
SiNx and AZO buffer layers are used for Silicon based thin film studies [97,98]].
Different types of SiNx layers were deposited by varying the deposition conditions.

AIC poly-Si films were processed on the SiNx and AZO layers. The effect of the
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different buffer layers on the poly-Si films were investigated by means of electrical
and dominantly structural analysis. In other words, the standard AIC process was
established.

3.2.2.1.  Sample Preparation

The buffer layer between the glass and silicon film is expected to influence the final
material quality. Buffer layers 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 layer improves the adhesion between the substrate and the film.
Accordingly, the morphology and content of the buffer layer can affect the electrical
and structural properties of films. The effect of buffer layer on the diffusion of the
contaminants from the glass was experienced before in GUNAM labs which is

confirmed by Secondary lon Mass Spectroscopy (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) SiNx buffer layer [99].

Al and Ca detection was carried out on Si thin films after annealing having SiNx buffer
layer (Figure 19b and 19d) and without buffer layer (Figure 19a and 19c). The intensity
of SIMS results show that the Al 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 used as a substrate
which resists high temperatures up to ~750 °C. This type of glass was also used for all
of the further AIC experiments presented in this work. First, the glasses were cleaned
in ultrasonic bath with acetone, isopropanol and distilled water for 10 min 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 (SiNx) deposition was carried out

by Plasma Enhanced Chemical Vapor Deposition (PECVD) system which was
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designed and manufactured by Vaksis Ltd. The SiNx film was deposited by
decomposition of ammonia (NHs) and Silane (SiH4) precursor gases. During the SiNx
deposition the gas pressure inside the chamber was kept at 1.3x102 Pa, and the
substrate temperature (Ts) was 200 °C. NHs and SiH4 gases with different NHz/SiH4
ratio were used to obtain different combinations of SiNx buffer layer. The deposition

conditions of SiNy layers are given in Table 2.

Table 2: PECVD deposition conditions of SiNx 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, NHs is pure while SiHa is used as 10 % in Ha. For this reason the real NHs/SiH4
ratio of the mixtures are given in Table 2. The properties of SiNx layers were examined
in terms of refractive index. The refractive indexes of the samples were investigated

by ellipsometer. The ellipsometer results are given in Figure 20.
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Figure 20: Refractive index results of deposited SiNx layers with different
NHz3/SiH4 fraction

The ellipsometer results show that refractive index increases as NH3z/SiH4 amount is
decreased. Normally, for a good SiNx layer, the refractive index is accepted around 2
[100]. Sample “d” seems to be having the highest refractive index. Samples "d" and
“e” have the same amount of gas mixtures however “e” has the deposition power two
times sample “d”. According to these results sample “d” seems to be the best one for
the further AIC experiments. The effects of buffer layer on AIC poly-Si film properties
were investigated by using different SiNx layers. Because of this, one more SiNx layer
having the highest NH3/SiH4 amount which is sample “f”. In Table 3, the SiNx layers

will be used in the AIC poly-Si formation are given.
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Table 3: SiNx layers used in AIC poly-Si formation

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

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

Since “a” and “b” have not very different refractive index only “b” was chosen. “f”
has the highest amount of NH3/SiH4. “d” and “e” has the only difference in deposition

power.

For this study only 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 temperature were 600 W and 150 °C, respectively, for AZO

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 pressure was kept between 8x10™* and 1x107 Pa. Prior to
a-Si deposition the samples were exposed to ambient air in clean room conditions for
1 week to form native Aluminium oxide (AlOx). As discussed before, AlOx layer
provides a controllable layer exchange of Al and Si. After the formation of AlOy layer,
360 nm of a-Si was deposited by electron beam (e-beam) evaporation system
manufactured by Vaksis Ltd. The deposition of a-Si was performed by evaporation of
ultra pure (99.9999 %) silicon chunks. The processes were accomplished by 8.5 kV
fixed e-beam voltage and 60-70 mA current emission. During the process the pressure
was kept between 8x107 and 1.3x10™ Pa while the deposition rate and substrate
temperature were 10 A/s and 200°C, respectively. E-beam system allows a good
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 and a-Si film, thicknesses of the films were

measured with Dektak profiler. After a-Si deposition the samples were annealed in a
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classical tube furnace (PROTHERM Ltd.) at 500 C for 5 h under nitrogen (N2) flow to
crystallize the a-Si by the layers exchange process, which forms the continuous
polysilicon (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/SiNx/poly-Si/(Al+Si)" structure was obtained after thermal annealing. In order
to characterize 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.
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Figure 21: AIC poly-Si formation steps on SiNx or AZO buffer layer

40



The crystallinity of the continuous AIC poly-Si layers were analysed by Raman
spectroscopy which is Horiba 800 JobinYvon system supported with Olympus
microanalysis system, which has a charge coupled device camera with a resolution of
1.0 cm™. 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. X-ray diffractometer was Rigaku Mini Flex
with monochromatic CuKa 1 incident beam (41=0.154056 nm) operated at 30 kV and
15 mA. XRD scanning was carried out between 10° and 90° 26 values with a step of
0.02°. The grain size and crystalline orientation maps of poly-Si films were
investigated by EBSD measurements. Quanta 400F Field Emission Scanning Electron
Microscopy (SEM) was used for EBSD measurements. The surface of the selected
SiNx layers were investigated by AFM with tapping mode on 10x10 pm? area. The
accuracy of the orientation determination from the Kikuchi patterns is about 0.5°. The
measured orientation imaging map has the size of 45x45 um? for sample “d” and “f”.
The orientation map was measured with a mapping step of 0.5 um. The electrical
properties were performed by four point probe system (Jandel RM3-AR) for sheet
resistance analysis and Keithley 2400 sourcemeter for current-voltage (I-V) analysis.

3.2.2.2. Raman Results

Raman spectroscopy is a crucial technique for the characterization of poly-Si thin films
which is also fast and sensitive method. The bond structure of silicon atoms can be
monitored as a result of absorption and emission spectra by a laser beam. Accordingly,
Raman spectroscopy is used for monitoring the crystal quality by giving information
about bond peaks, full width at half maximum (FWHM), crystalline fraction and stress
of the films. In this study, Raman spectroscopy was used to analyze the poly-Si film
in terms of crystallinity and stress as a function of buffer layer content. The result of
Raman measurements of poly-Si films grown on different buffer layer on glass

substrate are shown in Figure 22.

Some of the results in AIC of a-Si are used by the permission of John Wiley and Sons Publishing with licence
number of 3924720283855.
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Figure 22: The Raman analysis of reference c-Si and poly-Si films produced by
AIC technique on different SiNx and AZO coated glass

In Figure 22, also the Raman analysis of reference c-Si is given with AIC poly-Si films
produced on AZO and different SiNx coated glass. The spectra were normalized with
respect to the LO/TO line of ¢-Si at 521 cm™. The Raman results in Figure 22 have
very sharp and symmetric peaks at 521 cm™. The Raman peak at 480 cm™, which is
the signature of a-Si, is not observed. Moreover, peak positions is close to that of c-Si

(521 cm™), 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 calculating the Raman peak width which corresponds to
the half of the peak intensity. FWHM values give information about the crystallization
quality for poly-Si films. In this sense, the lowest FWHM value points the best
crystallinity. In Table 4, the FWHM values of c-Si as a reference and the samples are

given.
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Table 4: FWHM values of the poly-Si layers and c-Si 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 Table 4, FWHM values of the samples are between 4.75 cm™ and 4.84 cm-
! for different buffer layer used samples, which are not very far from the reference c-
Si value (4.16 cm™). These results show that samples have high fraction of
crystallinity. Every individual SiNx based sample contains structurally different SiNy
layer due to different NHs/SiH4 fraction amount. There is a small difference between
the samples in terms of FWHM values which indicates the crystallization. The
difference of FWHM for poly-Si films compared by that of c-Si can be due to the grain
boundaries of poly-Si 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 of Raman peaks. Moreover, samples “d” and “e” with the
same NHas/SiH3 ratio as 2 have very close FWHM values. Besides, samples “d” and
“e” contain the lowest fraction of NHa/SiH4 in the SiNyx layer when compared by that
of the other buffer layer content used poly-Si films. This can be due to the higher Si
content in the buffer layer by using lower NH3/SiH4 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 SiNx based samples. However, the 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 coated by

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

Another analysis on AIC poly-Si films is X-Ray diffraction (XRD) measurement and
the different orientations, crystallite sizes were examined by X-ray diffraction (XRD)
measurement. In order to obtain the texture of poly-Si films, crystallographic
orientation factors (®nx) were normalized with respect to different diffraction peak
intensities obtained on a randomly oriented polysilicon powder which was taken as
reference. The preferential orientation On. (%) is defined for 3 spectral peaks by using
[101,102]:

Inr/Toni (16)
Dkt Inki/Tonkt) (%)

Qhkl =100 x

where I, and Iy, indicate the diffracted intensities in the @-26 spectra of the poly-
Si film and Si reference powder for each <hkl> orientation respectively. The XRD
peak intensity for poly-Si was normalized by [l-exp(-2uz/sin®@)] to take the
calculations through finite film thickness. In this normalization definition, x, t and @
are the X-ray absorption coefficient (143.1 cm™), film thickness and X-ray incident
angle, respectively. The preferential orientation factor of poly-Si films, which was
obtained after annealing at 500 °C for 5 hours and mechanical polishing, is given in
Figure 23.
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Figure 23: The calculated preferential orientation factor of poly-Si films by

XRD measurements.

The normalization was applied for three peaks of <111>, From Figure 23, it is 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 small differences for each sample
fabricated by using different buffer layer content. It can be understood that the
preferred orientation is <100> and it is found that 60-70 % of the surface indicates
<100> orientation for all cases. It is possible to determine the crystallite size of poly-
Si films by using X-ray diffraction analysis [103]. The average crystallite size of the

samples can be calculated by using Scherrer’s equation [104]:

_ 0.94 a7
pcosé

Here, D is the average crystallite size, 4 (=1.54059 A) is the wavelength of the used
X-ray, g is the full width at half maximum (FWHM) value of the measured peak in
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radians and @ is the diffraction angle. The calculated average crystallite sizes are given
in Table 5.

Table 5: The average crystallite sizes of poly-Si samples calculated by

Scherrer’s 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 sample ”d” has the largest crystallite size which has
the lowest fraction of NHs/SiH4 (=2) in SiNx layer.

The crystallite size results shows that, among the SiNx based samples, increase in the
NHa3/SiH4 fraction decreases the crystallite size, which means, increasing the SiH4
content in SiNyx deposition creates larger crystallite size. Si clusters can be formed by
The silicon atoms in SiNy, and, since SiH4 contains Si atoms, the amount of SiH4
content can change the size of clusters. The increase of SiH4 expands the silicon
clusters and induces Si amorphous nanoparticles in SiNy layer [105]. Nanoparticles
can be induced by the further increase of SiHs. When Si crystallites gets in touch with
SiNyx layer during the layer exchange of Al and Si, the Si clusters and nanoparticles in
SiNx can promote the Si crystallization 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 largest one in Table 5, is achieved by sample “d” which contains the
highest amount of SiH4 during the SiNx deposition as described in Table 3. On the
other hand, although the sample “e” has the same amount of NH3/SiHs in SiNy layer
as sample “d”, sample “e” has smaller crystallite size. This can be due to the difference
of RF power values during PECVD deposition of SiNx film for samples “d” and “e”
as depicted in Table 3. Two times more RF power (200W) was used for the SiNx
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deposition of sample “e” while RF power is only 100W for the SiNx deposition of
sample “d”. Doubling the power changes the dissociation of SiH4 and NHs. At lower
RF power Si-H bonds would be preferentially broken relative to the N-H bonds due to
bond energies of 81kcal/mole and 120 kcal/mole for Si-H and N-H bonds, respectively
[106]. This results in higher silicon content in SiNx layer. For this reason, although
sample “e” has the same NH3/SiHs fraction like sample “d”, the crystallite size of
silicon is affected by the RF deposition power of SiNx. RF power increment decreases
the Si content in the SiNx layer which causes smaller Si clusters and nanoparticles size.
Since the crystallinity of Si layer can be promoted by the silicon clusters and
nanoparticles located on top of SiNx layer, the smaller clusters and nanoparticles
makes the Si crystallization weaker than that of larger clusters and nanoparticles. As a
result the crystallite sizes of 48.48 nm and 33.77 nm are obtained for sample “d” and
sample “e” respectively. Meanwhile, AZO based sample has the crystallite size as
much as SiNx based samples. The XRD results show that the buffer layer content has
no effect on the preferred orientation of poly-Si films 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 Size and Surface Analysis

In order to see the effect of SiNyx surface roughness on poly-Si properties, the surface
roughness of SiNx coated glass was investigated by Atomic Force Microscopy (AFM).
Especially, in thin film analysis the substrate surface roughness/texture has great
impact on the film properties. It has been known that, a reduced surface roughness
leads to less Si nucleation centers during the AIC of amorphous silicon process [107].
This finding is a significant result since the numbers of nucleation sites specify the
average grain size of the film. To observe this statement, AFM analysis was performed
for on SiNx buffer layer deposited by “d” and “f” conditions which have the lowest
and the highest NH3/SiHa fraction, respectively. AFM images of these two samples are
given in Figures 24a and 24b, respectively. It can be seen that, film formed on “d”

condition used SiNx has a smoother surface than that of
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Figure 24: AFM images of poly-Si films on SiNx buffer layer deposited by
(a) “d” and (b) “f” conditions.

“” condition used SiNx film. The root mean square (RMS), which was deduced from
AFM analysis of “d” condition used film is 0.74 nm while this is 1.32 for the poly-Si
film on “e” condition used SiNy. It can be concluded that rougher surface was obtained
by using “f” condition for SiNx deposition which has the highest NH3z/SiH4 fraction
when compared by lowest NHz/SiHs fraction used SiNy layer labelled as “d”.

Electron Back Scattering Diffraction (EBSD) analysis was performed on the final
poly-Si layers. EBSD enables the crystalline mapping of surface by using the
diffraction of backscattered electrons. The grain size has a significant role on the
carrier transport in the poly-Si films and, therefore, the photovoltaic performances.
Since sample “d” has the largest and sample “f” has the smallest crystallite size, the
EBSD measurement was performed on these two samples. Also, as obtained from
Raman analysis, sample “d” has the lowest FWHM and sample “f” has the largest
FWHM value. In other words, the EBSD analysis of samples having the largest and
smallest NH3/SiH4 fraction during the deposition of the SiNx layers are compared.
Figure 25 shows the crystalline orientation mapping image for sample “d” and sample

“f” in which the investigated areas are 45x45 um? for the both samples.
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Figure 25: EBSD analysis of samples (a) “d” and (b) “f.

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 than 15° from the <100> parallel to the
surface, while the blue and green colours correspond to an orientation deviation of less
than 15° from the <111> and <101>, respectively. EBSD surface mapping also enables
understanding the grain size. In Figure 25, according 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 deduced by EBSD analysis. The average
grain size up to 20-25 um was achieved by using the "d" conditions to form the SiNx
buffer layer on glass substrate. However sample “f” has smaller average grain size.
Since silicon is in contact with SiNx layer the cluster structure in SiNx has effect on
the grain size as well as crystallite size. Sample “d” has the highest Si content
(NH3/SiH4=2) whereas sample “f” has the smallest Si (NH3/SiH4=50) in SiNx layer.
The increased amount of Si content provides larger clusters instead of scattered and
isolated Si atoms in SiNx layer. As a result, the large Si grain sizes are achieved due to
regular crystallization enhancement by large silicon clusters of SiNx. Also, the
roughness of the SiNx layers deduced by AFM measurement confirm the 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.

3.2.25.  Electrical Analysis

Beside the structural analysis, electrical measurement was applied for the poly-Si films
for the AZO based sample and SiNx based samples of “d” and “f”. The resistivity
analysis was done by four point probe (FPP) technique which is conventional, easy
and non-destructive way of obtaining the resistivity of the films [108]. After
measuring the sheet resistance of the samples the resistivity values were calculated in
accordance with the corresponding poly-Si film thickness. In Table 6 the resistivity of

the three samples are given.

Table 6: The sheet resistance and resistivity values of poly-Si films

Sample Re P
(kQ/sqr) (Q2cm)
d 4.06 0.101
f 4.16 0.104
AZO 0.33 0.008

As discussed before, Al incorporation in AIC poly-Si films results in p-type doping
with around 3x10*® cm™ concentration [65]. The substitutional doping of silicon with
aluminium creates shallow acceptor in silicon [109]. Table 6 shows that, SiNx based
samples have resistivity values around 0.1 Qcm which states a low resistivity value
when compared with commercial silicon wafers (1-10 Qcm). On the other hand AZO
based sample has a very low resistivity. The reason maybe the electrical measurement
through the AZO layer since the poly-Si film is very thin with respect to the probe
distances. It can be understood that, for the SiNx based samples, different buffer layer

content has no notable effect on the electrical properties of the poly-Si film.
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Here, formation and characterization of poly-Si thin films, fabricated by Aluminium
Induced Crystallization (AIC) of a-Si on different buffer layers was investigated. The
poly-Si films were obtained by the layer exchange of Al and Si layers through AlOx
membrane after annealing at 500 °C for 5 h. The effects of buffer layers were studied
in terms of structural and electrical quality. The Raman analysis showed that the fully
crystallization was achieved for all samples independent of the buffer layer content. In
the light of above investigations, stable poly-Si films were obtained both on AZO and
SiNy interlayers. However for the further AIC process SiNx deposition with “d”

conditions will be used as the buffer layer.

3.2.3. AIC Kinetics and Temperature studies

In this part, the AIC process is investigated comprehensively by additional tools like
Secondary lon Mass Spectroscopy (SIMS) and microscopy analysis. The influence of
annealing temperature has been studied, both for nucleation and growth rate during
AIC, and annealing temperatures between 400-550°C are commonly practiced [110].
In addition to temperature, several parameters are known to effect the crystallization
kinetics, including Al bulk oxygen content [111], thickness and structure of the AlOx
membrane at the Si/Al interface [112,113] and the Al grain structure [114]. Due to this
wide range of parameters the specifics of the AIC process have shown variations
among the different research groups’ works (an excellent discussion of which by Gall
can be found in [110]). Here, study on the AIC kinetics of e-beam deposited a-Si films
is reported as carried out in GUNAM Laboratories. The influence of process

parameters on the final poly-Si grain structure is also discussed.

3.2.3.1. Sample Preparation

The main stages of the AIC experiments are same as discussed before which is outlined
in Figure 21. All of the a-Si/Al/SiNy layer stacks used in this study were grown in the
same respective deposition runs, in order to minimize any experimental variation. As
the substrate, 1.1mm-thick Schott AF ECO 32 glass was used. This type of glass has a

well matching thermal expansion coefficient (3.2 x 10-6 K1) to that of silicon (2.5 x
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10 K1), low surface roughness (<1 nm RMS), and high luminous transmittance
(83.2% at 1.1 mm with an optional 91.9% at 0.5 mm) that could be beneficial for
potential superstrate configured for solar cell applications. Further, due to its relatively
high transformation temperature (717°C), it permits processing temperatures around
600°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 with 80nm thick silicon nitride (SiNx:H)
film with “d” conditions given in Sec.3.2.1, which served as a buffer layer against the
diffusion of any possible contamination from the glass in the subsequent processing
steps. Following the buffer layer deposition, a 180nm thick Al layer was deposited by
thermal evaporation at processing pressures typically between 5 to 9 x 10 Torr at 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 thin Al oxide layer on the surface. This
layer is known to be beneficial in regulating the Si flux during the AIC layer exchange
process [113]. After exposing the sample to air a 360nm thick Si layer was deposited
using electron beam (e-beam) evaporation technique. The base pressure of the e-beam
system was 1-2 x 107 Torr. The deposition rate was 1.5 nm/sec (as determined by
quartz crystal microbalance), which was attained at 8.5 kV beam voltage and 60-70
mA emission current. The substrate temperature was kept at 200°C. The samples were
then annealed in a classical tube furnace (diameter: 10 cm, length: 190 cm) under N2
flow (4 slm/min) in order to realize the AIC layer exchange process. In order to
understand the thermodynamic mechanisms of the crystallization process four
different annealing temperatures, 450, 475, 500 and 525°C were used. The crystal
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 Al-Si mixture that is left on top layer was removed directly by
mechanical polishing. The structural properties of the fully crystallized poly-Si
samples were studied by a Horiba 800 Jobin Yvon Raman spectroscopy system. The
Raman system has a charge coupled device camera providing a resolution of 1.0 cm™.
Data acquisition of Raman spectroscopy was done by 532.8 nm wavelength He-Ne
laser. Further information on the grain size and crystalline orientation of the poly-Si

films were obtained using 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 poly-Si layer was monitored by Secondary lon Mass
Spectroscopy (SIMS). For electrical 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 viewed through 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 annealing time and temperature on the evolution of
poly-Si can thus be easily observed by viewing the Al-Si interface. In order to
accomplish this, a series of rigorous annealing experiments were carried out. Four
different annealing temperatures, 450, 475, 500 and 525 °C, were chosen to study the
AIC process. All samples used in this study were taken from the same sample set, i.e.,
SiNyx, Al, and a-Si layers were deposited in the same runs to minimize any possible
experimental variation. A typical optical micrograph taken from the Si/Al interface is
given in Figure 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 completed under the conditions the
sample was annealed at (2 hrs at 475°C).
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L®
Figure 26: Optical micrograph taken from a-Si/Al/SiNx/glass sample annealed at

475°C for 2 hrs. Image was taken in reflection mode through the glass substrate.

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 within its growth 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 detail by Schneider et. al.
[115]. At the end of the furnace run (prior to the cooling of the sample) the Si
composition in the Al matrix (Cs;) is high enough to promote growth of the existing
grains, but not sufficiently high to induce new nucleation processes. As the sample is
cooled down the solid solubility of Si in Al diminishes, rendering Csi to be high enough
for nucleation to dominate. Further evidence for this model are the “depletion regions™
that are formed around the large grains where the small nuclei are not observed (see
Figures 27a and 27b). This is explained by Csi 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 and were omitted from
the crystallization percentage calculations discussed below. In Figure 27a the
magnified OM image of the sample annealed at 475°C for 2.5 h and in Figure 27b 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 annealed at

475°C for 2.5 h showing 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; b) scanning electron micrograph of a
crystalline Si cluster where the sample was polished partially to expose the Si
particle yet leave some of the surrounding Al-Si matrix. A high contrast region

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

The crystallization experiments were done by carrying out annealing runs at
incremental durations (approximately 10 runs) for each temperature. Selected optical
micrographs showing the evolution of the Al/SiNy interface for all temperatures are
given in Figures 28 through 31.
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Figure 28: Optical micrographs taken from samples annealed at 450°C 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 475°C 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 500°C at
varying annealing times (given in the upper left corner inset for each

micrograph).

Figure 31: Optical micrographs taken from samples annealed at 525°C at
varying annealing times (given in the upper left corner inset for each
micrograph).
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It is apparent from Figures 28-31 that the rate of crystallization increases drastically
with each temperature increment of 25°C. In other words, the full crystallization is
reached earlier by increasing the temperature. Using the accumulated micrographs, the
% crystallization for 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 in Figure 32.
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Figure 32: Percent crystallization vs annealing time curves for AIC experiments
carried out at 450, 475, 500, and 525°C.

Typical “Avrami-type” crystallization behavior [116] can be seen for all temperatures,
with an initial slow rate regime that is associated with nucleation, a near-linear
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 from Figure 32, which would enable
the calculation of the activation energy of growth for the AIC process. The Arrhenius
relation is given in Equation 18:

k = Ae_Ea/kBT (18)
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Where Kk 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 factor, Ea is the activation energy for growth (eV), ks is the Boltzmann
constant (8.617 x 10 eV/K), and T is the annealing temperature in K. The expression
can then rearranged in the form of Equation 19:

—E (19)

a
KT + In(4)

In(k) =

The equation above can be written in y = ax + b form to represent a line. Accordingly,
the In(k) vs 1/ksT shown in Figure 33 would have a slope equal to — E.. Based on this
consideration, our experiments revealed 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 et., al. [112]

In(k)

1 ¥ =-1.9333% + 30.06 "
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Figure 33: In(k) vs. 1/kst graph plotted using the data given in Figure 32. 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 note that each of the Si “grains” seen
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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 Figure 34. As apparent from the color distribution the grains can
be of single crystalline as well as poly-crystalline nature. Nevertheless, the size
distribution of these poly/single crystal grains provide an effective way of qualitatively
comparing the final crystal structure, particularly when coupled with EBSD analysis.
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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 grains. Some of the features consist of only one

color (single crystal), while others have multiple colors (multi-crystalline).

The optical images of the fully crystallized samples that were annealed at varying
temperatures are given in Figure 35a through 35d. A near steady decrease in the grain
size with increasing annealing temperature can be easily observed. In order to acquire
a quasi-quantitative comparison of the grain size distribution, the areas of each grain
in the given micrographs were measured using ImageJ (since the thickness of the Si
film, ~0.2 pm, was significantly smaller than the apparent grain size, an area
measurement was found to be sufficient to calculate the grain size). The approximated

grain size for each measured area was then obtained by assuming a circular shape and
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calculating the corresponding diameter. The grain size distribution histograms for each
temperature are given in Figure 35e through 35h. The histogram plotted for the sample
annealed at 450°C (Figure 35¢) shows the highest 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 micrograph increases) the shapes of the histograms
appear to better match the Gaussian distribution. Furthermore, the tightest grain size
distribution is seen for the sample annealed at 525°C (Figure 35h), which has the
smallest average size. This can be seen more clearly in Figure 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
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Figure 35: Effect of annealing temperature on poly-Si grain size: optical

micrographs taken from fully crystallized samples annealed between 450 and
525°C (a through d), distribution of approximated grain size for fully
crystallized samples annealed between 450 and 525 °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 samples annealed at 450°C and 525°C (Figures 37a
and 37b, respectively). EBSD images in Figure 37 are indeed in correlation with OM
images. Increasing the annealing temperature decreases the grain size. The sample
annealed at 450 °C has grain size as much as 50 um, however the sample annealed at
525 °C shows distinctly smaller grains. EBSD 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 preferential orientation is not apparent in either
case. This observation does not agree with Ref [121], which states that lower annealing
temperatures result in preferred grain orientations of (100). One possible influence to
consider for explaining this discrepancy is the presence of the SiNy buffer layer in this
study, which was not the case in Ref [117]. However, as the said study explains, the
nucleation process is initiated at the a-Si/Al interface, far away from the SiNy layer. In
as much as the grain orientation is chiefly determined during nucleation, the SiNy layer
is not expected to have a significant effect on the preferred orientation of the final

poly-Si layer.
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Figure 37: EBSD images taken from fully crystallized samples annealed at a)
450°C and b) 525°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 quality of the fully crystallized samples annealed at different
temperatures were examined by using Raman spectroscopy. Figure 38a shows a wide
wavenumber range scan while Figure 38b shows the same spectra focused around
crystalline silicon (c-Si) peak at 520 cm™. A c-Si peak obtained from a single crystal
wafer at the time of the measurements is also added to the graph as reference. From
the wide range scans (Figure 38a) all spectra show a sharp c-Si peak comparable to
that of the single crystal sample. At a closer look (Figure 38b), a slight increase in
width towards lower wavenumbers with increasing annealing temperature is visible.
This is believed to be related to the grain boundaries, which result in a small,
amorphous-like contribution to the spectra. Lower annealing temperatures promote
higher grain sizes, which result in less 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 500°C appear to be similar to the sample annealed at
450°C.
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Figure 38: Raman spectroscopy taken from fully crystallized samples annealed
at varying temperatures: a) wide wavenumber range, b) near c-Si peak

(background subtracted).

3.2.3.4.  Secondary lon Mass Spectroscopy Analysis (SIMS)

The incorporation of aluminum in the final poly-Si film after the AIC process is well
known [65]. The Al atoms dope silicon within the solubility limits. Therefore, the
doping characterization of the Al profile was of interest. A key tool for this purpose is
secondary ion mass spectroscopy (SIMS). The SIMS depth profile taken from an AIC
sample annealed at 500°C is given in Figure 39. From the SIMS profile, the Al appears
to be distributed along the thickness of the Si layer homogenously, with a
concentration of approximately 9x10%° cm™. The 30 nm Al plateau near the surface
suggests that the aluminium layer was not polished off completely from the poly-Si
surface. To measure the Al that is electrically active in the poly-Si layer Hall effect
measurement was carried out, which revealed an active (p-type) carrier concentration
of 1.2x10% cm. This result is consistent values reported in literature [65]. These
findings suggest that only a small fraction (approximately 1%) of the residual Al is
electrically active after AIC. The SIMS analysis was done by Evans Analytical Group
(EAG) in USA.
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Figure 39: SIMS profile of standard AIC poly-Si film

AIC experiments carried out in GUNAM laboratories revealed that crystallization of
e-beam deposited amorphous silicon films can be realized effectively at temperatures
as low as 450°C, resulting in poly-Si films with grain sizes of tens of micrometers.
Activation energy associated with the growth of Si crystallites was determined as 1.93
eV, which correlates well with previous studies. Raman spectroscopy on the final AIC
poly-Si layers shows a slight increase in C-Si peak (near 520 cm™) with increasing
annealing time, which is likely related to the increase in grain boundary fraction of the
films. The residual Al that is left in the final poly-Si layer is around 9x10%*° cm, as
measured by SIMS. However Hall effect measurements show that the active Al is

approximately two orders of magnitude smaller than the total Al.

3.2.3.5.  Transmission Electron Microscopy (TEM)

TEM is an alternative way of microscopy for detailed imaging analysis. In TEM
technique, a beam of electrons is transmitted through a thin specimen. The image is
provided by interaction of the electrons with the sample. In this manner, the standard
AIC poly-Si sample was prepared for TEM analysis. The TEM images of the poly-Si

sample is shown in Figure 40.
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Figure 40: TEM images of standard AIC poly-Si film

TEM images were taken with different resolutions. In Figure 40a, the full stack can be
clearly seen with the individual layers of 180-200 nm poly-Si, 80 nm SiNx and the
glass substrate. Besides some boundaries or defective regions are visible in poly-Si
layer. When the magnification is increased, in Figure 40d, the atomic array of Si
structure is also seen, especially close to the poly-Si/SiNy interface. TEM images
indicate that a good quality of AIC poly-Si film has been established.

3.2.4. AlOx Membrane Studies

Additional experiments were carried out to examine the effect of AIOx membrane on
the AIC process. For this purpose, three samples of SiNx/glass (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 the e-beam evaporation system which was pumped
down immediately and kept under high vacuum (~10-"Torr 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 into the e-beam
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system for 24 h and 1 week, respectively. All samples were then coated with 360 nm
thick a-Si layer using standard deposition parameters. Each sample was then cut into
4 pieces and were annealed at 500°C for durations of 30, 60, 180 and 300 minutes. The
optical micrographs obtained from the samples at various stages of annealing are given
in Figure 41. 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
outcome, in as much as the Si-flux 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 be indicative of the fact that the majority of the Al oxidation occurs within
the first day of exposure, and further exposure has little effect on the AIOx membrane

formation.

Al oxidation
10 min

Al oxidation
24 hrs

Al oxidation
1 week

Figure 41: Optical micrographs taken at various durations of annealing at
500°C of AIC samples with different Al-oxidation conditions.
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3.2.5. Defect Etching 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 the films can be explored. The etching
solution preferentially etches the defects and grains. The etching process for materials
like Si, SiGe or Ge, requires an oxidizing agent and a fluoride component which
dissolves the oxidized material. Generally the oxidizing agents are nitric acid (HNO3),
peroxide hydrogen (H202), and chromate in the form of hexavalent chromium (CrOs,
K2Cr207) [118]. Some solutions require a dissolving agent in order to dilute the
solution and provide a control on the etching rates. The ratio between the different
components determines the mechanism of the reaction. Whatever the type of etchants
used, defects selective etching requires a modification of the surface potential between
the perfect crystalline materials and defects. Chromium-based etching solutions, such
as Sirtl, Secco, Wright or Schimmel techniques have been known for defects indication
in crystalline materials [119].The etching mechanism for Cre- containing etching
solutions is not well-known. A strong adsorption of chromates on the Si surface via
silanol groups is expected, resulting in the formation of Si-O-Cr-(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 the presence of surface threading
dislocations [121]. Here, Schimmel etching technique was used to reveal out the
defects and to see the effect of solution with different concentrations. CrOs, HF and
H2O solution was prepared for etching. Three different solutions with 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 - H20solution

CrOs (cc) HF (cc) H20 (cc)
Sol A 20 20 15
Sol B 20 20 100
Sol C 20 20 2000

68



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 given in Figure

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

The white dots seen on the images are charged regions occurred due 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 structures. After 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 s of etching 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 study. After Schimmel etching another chemical etching
technique was tried on AIC sample. The solution was prepared by HNOs:HF (100:1).
The advantage of using this solution is its’ simple preparation. AIC samples were
etched for 5,10 and 30 seconds. In Figure 43, the SEM images of this etching study is

given.

Figure 43: SEM images of HNO3:HF solution etching
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As it is clear in the Figure 43, 30 seconds etching destroys the surface too much. When
5sand 10 s etchings are compared this technique seems to be more efficient for grain
boundary etching. Because the etching is clear around the grains. This 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 were also carried out and three
samples of the stacked a-Si/Al/SiNx/glass layers were produced. Like in the previous
section, the samples were furnace annealed at 450, 500, and 525°C, respectively, to
form fully crystallized poly-Si structures before the Al-Si top layer was removed by
polishing (crystallinity was confirmed by Raman spectroscopy, which vyielded
identical spectra to that given in Figure 38 for each corresponding annealing
temperature). The samples were then dipped in 10% HF solution to ensure the surfaces
were completely hydrophobic (i.e., no native oxide was present), and were inserted in
the e-beam deposition chamber for growth of 1 um thick a-Si absorber layers.
Deposition was carried out at 8.5 kV beam voltage and 100 mA emission current,
resulting in a deposition rate of 2 nm/sec. The samples were then annealed at 600°C in
N2 atmosphere in incremental steps in order to induce solid phase epitaxy of the a-Si
layers. Raman spectroscopy measurements were carried out on all samples before and
after each annealing step, as plotted in Figure 44. 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 continue towards the absorber

surface.
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Figure 44: Raman spectroscopy taken from absorber layers before and after
600°C SPE annealing steps; grown on AIC seed layers annealed at: a) 450°C, b)
500°C, and c) 525°C.

A difference in the crystallization rate, 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 450°C annealed seed (Figure 44a), 360 min. for the
sample with 500°C annealed seed (Figure 44b), and 660 min. the sample with 525°C
annealed seed (Figure 44c). 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 contribution is already done regarding the Raman spectra given in

Figure 38. As mentioned, the seed layer that was annealed in 450°C is expected to have
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the smallest amount of grain boundaries, i.e., the greatest amount of crystalline surface
for the epitaxial process to occur, therefore the crystallization rate is the highest. A
second possible explanation is that it is possible that for seed layers annealed at 500°C
and/or 525°C, no epitaxial process occurred, possibly due to a thin layer of native oxide
that was formed in between the HF dip and the insert of the samples into the e-beam
system. Instead, homogenous solid phase crystallization was the dominant process.
Initial observations using scanning electron microscopy (SEM) showed that the seed
layer surface of the 450°C annealed sample morphology is indeed imitated on the
absorber layer (Figure 45). Further SEM analysis concerning the samples with seed
layers annealed at 500 and 525°C, as well as EBSD analyses for all samples is expected

to shed more light on this phenomenon.

Figure 45: Scanning electron micrographs taken from the seed layer annealed at
450°C (a), and the absorber grown on this layer following 600°C annealing (b).
The surface features visible on both images are thought to be discontinuities in

film thickness where two crystals 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 continued with subsequent experiments. Since
the process is based on ex-situ 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 loading of samples into the chamber, after HF cleaning
75



the surface of the samples were kept in methanol. Another possible problem could be
the residual Al on poly-Si layer since after layer exchange of Al and Si the residual
Al+Si mixture was removed by mechanical polishing. To address this issue, the
possibility of residual Al on the seed surface (left after the mechanical polishing step)
was investigated by SIMS analysis which was carried out on a stacked sample with
the following layers: intrinsic poly-Si (SPE, 1um)/poly-Si (AIC, ~180nm)/SiNx/glass
(Figure 46a). All layers were prepared based on their respective standard conditions
established in the previous sections. SPE was carried out at 550°C for two days under
N2 atmosphere. As seen in Figure 46b, the Al SIMS profile suggests significant Al
concentration at the seed/absorber interface, which diffuses into the absorber 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 550°C at 48hrs (w/out Al etch prior to
absorber deposition).

In order to ensure a seed surface with no Al residue, a selective Al-etch step prior to
absorber layer deposition was added to the standard process. In this manner, just after

the mechanical polish step, the seed layers were treated with a H3zO4p (80) —
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CH3COOH (5) — HNOs (5) — H20 (10) etch solution for approximately 20 seconds. A
subsequent 10% HF dip was accomplished to remove the oxides left on the surface.
Then, during the sample mounting on the holder and inserting into the e-beam
chamber, the surface of the samples were wetted by high purity methanol. The film
structure shown in Figure 46a was obtained by SPE. Both Raman FWHM and EBSD
analysis (Figures 47a and 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 analysis (data not shown).
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Figure 47: Structure of the SPE absorber layer (Al etch prior to absorber

deposition), a) Raman peak with a Lorentzian/Gaussian fit, and b) EBSD image.
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CHAPTER 4

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

It has been known that many factors like temperature [86], Al bulk oxygen content
[111], properties of AlOx [112,113], Al grain structure [114,122] affect the formation
of final AIC poly-si layer. Especially, Al grain size has a significant effect on the final
grain size of poly-Si layer, the larger the Al grain size, larger the grain size of poly-Si
film. After some basic characterizations of AIC process the effect of Al grain structure
on the poly-Si film and on the AIC kinetics was investigated.

4.1.  Sample Preparation

Two sets of samples were prepared in the a-Si/Al/SiNx/glass configuration for the
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 which is referred as
“pre-annealed” sample and the other set was kept in vacuum at room temperature for
2 h which is referred as the “control” sample. A 1.1 mm thick Schott AF ECO 32 glass
was cleaned by ultrasonic cleaning with a sequence of acetone, isopropanol and
distilled water 10 min for each. Finally samples are dipped into 10% HF solution for
15 s prior to 80 nm SiNx deposition. SiNx film was deposited with “d” conditions as
discussed in the previous sections. Then 180 nm Al was deposited by thermal
gvaporation after reaching a base pressure below 5x10® Torr. In order to form a thin
Al-oxide layer on the surface the deposited Al film was kept in atmosphere in clean
room for approximately 5 days. After this step, the samples were separated into two
groups, and the “pre-annealed” sample set was mounted on substrate holder of the e-

beam chamber to be kept at 500 °C at 7 x 10°" Torr levels for 2 h, while the “control”
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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 beam (e-beam)
evaporator to deposit 360 nm a-Si layer. The substrate temperature was set to 200 °C.
After reaching a base pressure between 3-6 x 10° Torr the deposition was started and
the deposition rate was adjusted to 1 nm/s. AlOx interface layer between the Al and a-
Si films was examined by PHI 5000 VersaProbe X-ray photoelectron spectroscopy
(XPS). Each layer was examined following a 1.5 min Ar-sputtering at 1.5 kV. The
samples were annealed in a classical tube furnace between 420 and 450 °C. Optical
microscope (OM) was used 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 having 60 nm particles was used for polishing. Electron backscattering
diffraction technique (EBSD) was used to analyse the crystalline orientation maps and
grain size of the samples. Quanta 400F field emission scanning electron microscopy

(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 crystals easily [123].
In Figure 48, the OM images taken from control and pre-annealed samples

immediately after a-Si deposition is given.

The results in this section are used by the permission of John Wiley and Sons Publishing with licence number of
3924711226792.
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Figure 48: Optical micrographs of as-deposited samples: (a) control and (b) pre-

annealed.

Both in Figures 48a and 48b the nucleation can be seen clearly that is occurred during
the Si deposition at 200 °C substrate heating. For each sample set the AIC annealing
temperatures of 420, 435 and 450 °C are were used. In Figures 49 and 50 the selected
OM images show the Si/Al interface evolution of the control and as-deposited samples
during annealing at 420 °C. To achieve the full crystallization, the time required for
the as-deposited sample set was longer than control sample set. This observation was

independent of annealing temperature.
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Figure 49: Optical micrographs taken from control samples annealed at 420 °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

Depth-resolved XPS was used for the control and pre-annealed sample sets (prior to

any furnace annealing) in order to examine the effect of vacuum-annealing of the Al

layer. Figures 51a and 51b shows the XPS spectra taken from control and pre-annealed

samples. The selected depths represents the transition from a-Si film 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 several layers into the a-Si film, which

suggests that the layer exchange process has already been initiated. The transition from

a-Si to the Al film through the interfacial AlOx layer spanned over 80 sputtering

processes for the control sample, however the same transition was observed only

within five sputtering runs for the pre-annealed sample.
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Figure 51: Selected XPS spectra taken from a-Si/Al/SiNx/glass stacks: (a)

control sample and (b) pre-annealed sample. All spectra are normalized with

respect to their maxima.

XPS spectra of the highest ratio of Al-oxide to metallic Al peak for the control (Figure

51a, scan no.65) and pre-annealed (Figure 51b, scan no. 5) sample is shown in Figure
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52. Al-oxide and metallic Al peaks can be seen in both samples however Al-oxide
peak is greater in the pre-annealed sample.
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Figure 52: Comparison of the normalized photoelectron spectra showing the

highest Al-oxide peak for the control and pre-annealed samples.

4.4. Electron Back Scattering Diffraction Analysis of Al and Poly-Si layers

The correlation between Al and poly-Si layer was analysed by EBSD. Prior to a-Si
deposition in the e-beam chamber, some portion of the control and pre-annealed
samples were masked such that the Al layers go through the identical thermal cycles
like as-deposited a-Si/Al/SiNy full-stack samples (the bare Al layers were not
subjected to any post-deposition annealing). The surface oxide of the masked areas
were removed by mechanical polishing. In Figure 53a and 53b the EBSD maps taken
from control and pre-annealed Al films are shown. The pixelated image in Figure 53a
indicates that the resolution of the EBSD system was not sufficient to detect the grain
structure of the control sample. However the Kikuchi patterns (left top on Figure 53a)
verifies the crystallinity of this layer. Previously, 65 nm grain size of Al films
deposited by thermal evaporation was presented [122]. Due to an interference in the

EBSD pattern from the neighbouring grains, the analysis software cannot identify the
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crystal orientation properly at such small grain sizes. In contrast to control sample, the
EBSD image (Figure 53b) from the pre-annealed Al film reveals much larger grains
on the order of micro meter sizes which indicates that 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 the poly-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 (Al-Si mixture) at the top of the samples was
removed by mechanical polishing. The EBSD images taken from fully crystallized
control and pre-annealed samples are shown in Figures 54a and 54b.
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Figure 54: EBSD images taken from final poly-Si layers: (a) control sample and
(b) pre-annealed sample. Grain colors correspond 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> slight 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 pre-annealed sample. The inverse pole figures in Figure 55a
(control sample) and 55b (pre-annealed sample) shows the orientation distribution

obtained from Figure 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 sample and (b)

pre-annealed sample

4.5.  Discussion

Here the main focus was the effect of Al annealing on AIC process. Given the
complexity of the factors affecting AIC, it was important to eliminate variables that
may have had any compounding influence on the crystallization mechanism. To
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 a-Si deposition. Hence, any observed difference could be

attributed to the vacuum annealing of Al/SiNy/glass stack.

OM images taken from both control and pre-annealed samples were shown in Figure
48. Both of the samples indicate small nuclei which suggests that the crystallization
process has already begun during a-Si deposition. This situation was an unexpected
observation, considering that during a-Si deposition the thermal load on the substrate
was relatively small, around 6 min at 200 °C. Wang et al. have reported that the
annealing time required for complete AIC layer exchange at 195 °C was on the order
of 5 days [124]. This observation could be understood considering the AlOx layer: in
Figure 52, the XPS spectra of the highest AlOx peaks are given for the control and pre-
annealed samples. Both of the samples contain metallic Al and oxidic Al in the
interface layer. This could be indicative of the fact that the Al — oxide interface does

not form a continuous layer, where Si transition to metallic Al exists. Direct transition
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from a-Si to the metallic Al film exists. If this is true, then it would also explain the
early nucleation that occurred during a-Si deposition for both samples; without a
continuous Al-oxide layer acting as a diffusion barrier, the Si atoms easily penetrated
into the Al 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 the a-Si bonds will be surpassed unlike the case of post-deposition
annealing of the a-Si/Al system. Hence, the AIC process could be implemented at

lower energies.

The crystallization evolution was monitored by OM images (Figures 49, 50) and then
the crystallization percentages were calculated (via public domain image processing
software ImageJ). The crystallization percentage vs annealing time was plotted for
annealing durations of 420, 435 and 450 °C for both samples as given in Figure 56.
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Figure 56: Crystallization percentage versus annealing time at 420, 435, and 450

°C: (a) control sample and (b) pre-annealed sample.

In Figure 56, both of the samples show the typical “Avrami” behaviour for the three

temperature values where the crystallization rate increases significantly with

temperature. An Arrhenius type relationship between temperature and crystallization

rate for AIC is well known and has been reported before [110]. However, when

crystallization durations in Figures 56a and 56b are compared, it can be seen that time
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required for crystallization 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 time scales, as it was shown
in Figure 48, the nucleation has already been started just after the a-Si deposition. The
difference in growth rates requires an explanation through the vacuum annealing of
the AIl/SiNx/glass prior to a-Si deposition. By this way, AlOx layer and Al grain

structure will be considered as being the two potential parameters.

In the light of the XPS spectra of as grown samples shown in Figure 51, 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 the case of control sample (Figure 51a) it spun
over 83 sputtered layers while this number is 5 for the pre-annealed sample. A distinct
Al-oxide peak was seen for about 20 consecutive depths for the control sample, while
for the pre-annealed sample, XPS spectrum from only one depth shows a well-defined
Al-oxide peak. The sputter rate of Al-oxide is much lower than that of Al [125], so it
is difficult to estimate the thickness ratio of the Al-oxide layers in control and pre-
annealed samples quantitatively. Nevertheless, 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 by Kim et al. [126]. It was clarified that the presence of AlOx
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 expected that crystallization rate is lowered by thicker oxide layer. This
statement seems to contradict with findings discussed above; in the control sample, the
Al-oxide layer appears to be considerably thicker, whereas, the growth rate of Si
crystallites are much greater than the pre-annealed 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 and pre-annealed samples
are compared (Figure 52), it is seen the pre-annealed spectra indicate a considerably
higher oxide ratio relative to the control sample. This could indicate that during the

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

barrier.

However the interfacial layer alone is not enough 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, in the light of EBSD images in Figure 53, the
grain size of the pre-annealed sample is much larger than the control sample which
suggests a much smaller Al grain boundary density for the pre-annealed sample.
Owning a smaller quantity of GBs, lower diffusivity of Si through the AlOy layer of
the pre-annealed 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 observed growth 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 boundaries [114], a smaller grain size yields a higher
crystallization rate. This situation would be valid if one considers the AIC model
proposed by Wang et al. [124]. This model claims that the crystallization is utilized
through the wetting of Al grain boundaries by the a-Si film. The case here can be
addressed as; while the control sample had a much thicker layer hindering 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 comparable with the pre-annealed sample
(while the growth rate differed immensely).

It is worthwhile to evaluate a caution against this model at this point. In their study on
the kinetic simulation of AIC, Sarikov et al. [127] showed that Si diffusivity in bulk
Al is negligibly small compared to diffusivity in AIOx membrane layer. In the present
study this conflict is acknowledged and the Al-grain boundary model is handled as the

most suitable one in explaining the data.

EBSD images of the final poly-Si layers in Figure 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 crystallization [110],

this was an expected case, which has already been shown to be similar for both sample
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sets. Meanwhile, the grain orientation distribution of the samples appears to be
different. Figures 54 and 55 show that in the pre-annealed sample, large grains with
orientations near <111> are seen along with those that are near <100>. The factors that
have impact on grain size distribution have been investigated before by Schneider et
al. [117] and by Sarikov et al. [127]. Again the grain orientation is mostly determined
during nucleation, and does not change in the following step. The nucleation sites
occurred preferentially on the Al grain boundaries and this means that the Al grain
orientation could have an impact on the Si nuclei. Since there was a lack of clarity in
EBSD scan for the control sample, the direct comparison 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 of the Al layer could have contributed to the
inconsistency observed in the poly-Si grain orientation. A second significant factor is,
as explained in Ref [127] the correlation between the specific energy of the AlOx/Si-
grain interface (o4;0x/s:) and the Al/Si-grain interface (o,;/-s;). The ratio of these
interfacial energies strongly affect the degree of preferential orientation. Considering
the properties of the AlOyx and the Al layers were significantly altered by the vacuum
anneal and the influence of the “new” ratio of the interfacial energies on the final grain
orientations could be expected. However a quantitative measurement of the interface

energies was 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 silicon (a-Si) deposition methods, e-
beam evaporation and plasma enhanced chemical vapour deposition (PECVD), are
compared for AIC process. Both techniques have prominent advantages: e-beam
evaporation exhibits high deposition rate, however PECVD enables large area
deposition. Many parameters of AIC process like annealing temperature [86], Al grain
structure [114,122], properties of AlOy layer at Si/Al interface [112,113] have been
investigated before. However the influence of a-Si layer on AIC has not been largely
explored (barring a study focusing on the hydrogen content of sputtered a-Si films
[128])

5.1. Sample Preparation

The AIC experiments were carried out using a-Si/Al/SiNy/glass stack configuration.
Schott AF32 Eco glass substrates were cleaned as discussed in the previous parts. After
glass cleaning, approximately 80 nm SiNx was deposited by PECVD using the
standard conditions (“d” conditions; discussed in 3.2.1). As the first step of AIC
process, 180 nm Al was deposited by using thermal evaporation. The same
Al/SiNx/glass batch was used in order to isolate the a-Si layer as the sole variable. Then
AlOy formation was carried out after 4 days of clean room environment exposure and
samples were separated into 4 batches prior to a-Si deposition. The four different a-Si

deposition runs and their corresponding sample designations are given in Table 9.
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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 a-Si films were 360 nm. For the e-beam deposition
runs (E-RT and E-HT) the base pressure of the e-beam system was 1-2 x 10~7 Torr,
which rose up as high as 8 x 10”7 Torr during evaporation. The deposition rate was 1.5
nm/sec. The PECVD depositions (P-9 and P-29) were done using a capacitively
coupled plasma system with a base pressure of 5 x 10°® Torr and an operating pressure
of 1 Torr. A-Si film growth in PECVD silicon was done by using a mixture of 10%SiH4
-90%H:> as the silane source. For batch P-9, 350 sccm 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 diluted by H> at 200 sccm,
corresponding to a deposition rate of about 0.15 nm / sec. During deposition of a-Si,
also additional quartz and Si-wafer 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 450 °C. The 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, the e-beam deposition was done at room temperature (E-RT) and
420 °C (E-HT). In Figures 57a and 57b the optical micrographs of E-RT and E-HT just
after a-Si deposition (before annealing) are given, respectively. E-RT sample shows
no indication of crystallization at the a-Si/Al interface (Figure 57a), however small
dendritic Si crystallites are seen for the E-HT sample in Figure 57b. The small
crystallites suggest that the nucleation has already begun at the end of a-Si deposition.
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Figure 57: Optical micrographs from the a-Si / Al interface taken from samples
from batches a) E-RT, and b) E-HT. The interface for the E-RT sample appears

featureless, while small crystal nuclei are visible for the E-HT sample.

5.3.  Microscopy Analysis

In Figures 58 and 59, the selected micrographs present the a-Si/Al interface of samples
from batches E-RT, E-HT, P-9 and P-29 after annealing at 420 and 450 °C for different
annealing durations, respectively. The both annealing temperature show that e-beam
deposited a-Si samples (Figures 58a and 58b, Figures 59a and 59b) have considerably
higher crystallization rate with respect to PECVD deposited a-Si samples (Figures 58c
and 58d, Figures 59c and 59d).

When the e—beam deposited samples (E-RT and E-HT) are compared, it can be clearly
seen that E-HT has higher crystallization rate and smaller crystallite size which was
an expected result since the nucleation had already started just after a-Si deposition
(Figure 57). However, for E-RT sample the nucleation barrier that had to be overcome
for E-RT was not present. The early stages of the micrographs of 420 °C (Figures 58a
and 58b, 15 min) and 450 °C (Figures 59a and 59b, 10 min) annealing apparently
indicate the crystallization rate difference between E-RT and E-HT. While E-HT is
well in its growth stage, nucleation has not yet started for E-RT.

When the PECVD deposited samples (P-9 and P-29) are compared voids of diameters
on the order of 50-100 um is visible for P-9 sample (Figures 58c and 59c), however

no such voids are seen for P-29 (Figures 58d and 59d). Excessive residual hydrogen
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in PECVD grown a-Si has been known to cause micro-voids upon subsequent heat
treatment [129,130]. Besides, the AIC kinetics of P-9 and P-29 differ in terms of
annealing duration for initial nucleation as well. The complete crystallization for P-9

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

annealed at 450°C at varying annealing times (as given in the lower left corner
insert for each micrograph), a) E-RT, b) E-HT, c) P-9, d) P-29.

5.4. EBSD Analysis

After the samples were completely crystallized, the top residual (Al-Si) layer was
removed by mechanical polishing to investigate the grain structure of the samples by
electron backscatter diffraction (EBSD). In Figure 60 the EBSD images of the samples

annealed at 450 °C are given.

97



Figure 60: EBSD images taken from fully crystallized samples annealed at 450
°C, a) E-RT, b) E-HT, c) P-9, and d) P-29. The colors represents the orientation

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

In Figure 60, as expected an inverse relation between grain size and crystallization rate
was observed. P-29 sample has the highest average grain size and E-HT sample has
the lowest. The samples show no significant difference in grain orientation. All
samples have 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 spectroscopy and Fourier Transform
Infrared Spectroscopy (FTIR) in order to clarify the observed differences in AIC
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kinetics between the four sample sets. In Figure 61 the Raman spectra of a-Si samples

deposited on quartz substrates during each deposition run are given.
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Figure 61: Normalized Raman spectra taken from the as-deposited a-Si films
from batches E-RT, E-HT, P-9 and P-29. Spectra are stacked on the same graph
(with varying intensity off sets) for ease of comparison. Approximate positions
of the transverse acoustic (TA) and transverse optical (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 cm™, respectively (for simplicity, only the peak positions of TA
and TO modes are indicated on the graph). Moreover, P-9 and P-29 samples (PECVD
grown) indicated a small feature near 620 cm™, which has previously been attributed
to Si-H wagging modes [130]. 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 (Ita/ Ito ) is known to indicate a higher intermediate range disorder [130,131].
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With regard to this consideration, it seems that E-RT sample has higher short range
disorder with respect to the other samples and there is no significant difference for TO
line width is apparent between E-HT, P-9 and P-29. However, Ita / I1o ratio of each
spectrum indicates a more notable trend. Based on the Ita / I1o ratios, the intermediate
range disorder for the a-Si films, ranks as follows from the most disordered to the least:
E-RT > E-HT > P-9 > P-29. Based on this result, PECVD grown samples (P-9, P-29)
have higher order which is attributed to the presence of hydrogen in the a-Si. The strain
relieving effect of hydrogen on the a-Si network was discussed before by Morell et. al.
as it is related to their comparison between PECVD and (un-hydrogenated) sputtered
films [132].

The heart of the AIC process is the dissolution of a-Si in Al and the following
precipitation as discussed before. The solubility of a-Si is related with its chemical
potential, pa-si, where higher pa-si makes the dissolution process easier by lowering the
stability of a-Si. In this perspective, keeping all other process variables constant, higher
disorder in the a-Si film would correspond to lower activation energies for its
dissolution in Al which results in higher crystallization rates. Although the disorder in
the E-RT sample is greater than the E-HT sample, the latter has higher crystallization
rate. This situation is an exception about the trend given above for the disorder in
different types of a-Si 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 the in-situ nucleation process that had occurred during the a-Si

deposition of the E-HT sample.

FTIR spectroscopy was conducted for P-9 and P-29 a-Si layers on Si wafer substrates
to further analyse the nature of hydrogen bonding in the PECVD samples. In Figure
62 FTIR analysis of the samples are given. The wavenumber range that is related with
the bending modes of Si-H bonds are shown in Figure 62a. A peak around 640 cm™,
which is associated with the bend-rock-wag modes, is observed in both samples, while
in P-9 sample, two additional peaks between 800 and 900 cm™ is seen. These two
peaks are associated with bend/scissors and wag modes and are indicative of the
presence of SiH» [130]. From Figures 62b to 62d the further evidence of this

observation can be found for each sample. In this range two peaks are identified. One
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of them is around 2000 cm%, which is low stretching mode related to SiH bonds and
the other peak is high stretching mode around 2070-2090 cm* which is associated with
SiH2 bonds [128]. When Figures 62c and 62d are compared, it is understood that P-9
sample has significantly higher SiH> bonds with respect to sample P-29, which are
known to constitute poor quality a-Si films [130]. In the case of sample P-29, this can
be explained based on the fact that, at high H dilution the additional hydrogen in the
system attacks the weakly bound SiH,
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Figure 62: Normalized FTIR spectra taken from the as-deposited a-Si films
from batches P-9 and P-29: a) Bend modes, b) stretch modes, ¢) Gaussian

dissociating it to the more stable form of SiH. On the other hand, there is no significant
difference in total hydrogen quantity of both films. The hydrogen in P-29 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 SiH in sample P-9 lead to

hydrogen micro-voids.
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CHAPTER 6

LASER ASSISTED PROCESSING

Most manufacturing processes attach priority to the low production costs and
efficiency. As the technology developes, the new approaches for the conventional
production steps have emerged. In this manner, solar industry also chooses the
applicable 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 productions as the photovoltaic
technologies are improved day by day. For 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 the contact fingers [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 the cells connected in series on large area [134]. In this section, poly-Si
obtained by laser crystallization of amorphous silicon and laser doping of poly-Si films
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 most common techniques of furnace annealing (SPC) and
metal induced crystallization (MIC) for the crystallization of amorphous silicon have

been known for many years. However, in the last decade the crystallization by laser
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have also been studied extensively. The fast process and high quality yield of laser
crystallization opens up a promising area 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 with large grain
size up to few millimeters [135]. In addition, the laser crystallization eliminates the
high durations of furnace annealing. Laser melting of the silicon leads to an epitaxial
regrowth of the silicon on the solidified region which leads to enlarging grains during
laser scanning. Figure 63 shows a 10 um silicon layer crystallized by cw-diode laser
where the grain structures are apparent after applying pyramid etching procedure with
KOH/IPA.

Figure 63: 10 pm silicon layer crystallized by cw-diode laser [135]

At the beginning of the scan, the grain structures are very small with respect to the end
of the scan. Furthermore, the grains expand up to cm sizes. It can be understood from

Figure 63 the 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 fingers [136], [137].
Additionally, LD is used for full area doping to obtain a p-n junction. Laser doping of
semiconductors has emerged first in the 60s [138] and continued even also during the
80s with some detailed research [139,140]. Up to now, with the development of laser
technologies, LD of semiconductors has received great attention due to its fast 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 layers by laser
scanning or pulses using different types of precursors like boron or phosphorus [139],
[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 (GILD), where silicon
material is immersed in precursor dopant gas [141], (b) wet laser 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 laser doping requires
more complex laser systems which increase cost in terms of production [145]. As a
result, dry laser is the most suitable method for LD process. It is possible to obtain the
dopant source layer using different methods like PECVD and spin-on coating [146],
[147].

6.1.3. Sample Preparation

In this part of the thesis, polycrystalline silicon thin film homojunction solar cells were
investigated. The crystallization of the material and doping were both achieved by
laser. The constructed cells were analyzed by the basic characterization techniques. In
all of the laser based experiments LIMO cw-diode infrared (808 nm) laser was used.
The line shaped laser has a gaussian profile with a width of 0.177 mm (FWHM) in
scan direction and a top-hat profile with a length of 31 mm perpendicular to the
scanning direction. A photograph of the system is shown in Figure 64.
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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 ~12x12 cm? metal sample stage which can be divided into four 5x5
cm? individual areas. The heating over 700 °C is possible on the stage.

In all of the laser based (lazer doping, laser crystallization) experiments, Schott
borosilicate glass with a thickness of 3 mm was used. Prior to intermediate layer (IL)
deposition the 5x5 cm? glasses were exposed to alkaline cleaning which is strongly
base based.

6.1.3.1.Buffer Layer Deposition (Intermediate Layer(IL))
IL is composed of three layers. IL stack was deposited by AKT1600 PECVD cluster
tool following a sequence of SiNx, SiOx, and SiOxNy with a final total thickness of
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about 200 nm (Figure 65). During IL deposition, amorphous SiNy, SiOx, and SiOxNy
materials were deposited one by one and substrate heating was kept at 400 °C. The
deposition was performed by the dissociation of the gas mixtures of SiHs, H2, CO2 and
N2.

v SION,
v Si0_
SiN

Figure 65: Substrate with buffer layer stack

6.1.3.2. Amorphous Silicon (a-Si:H) Deposition

Then the samples were followed by the a-Si:H absorber layer deposition. 10 pm of
intrinsic a-Si:H was deposited by PECVD and then a thin a-Si:H doping layers were
also deposited just after the absorber layer doping. Both n-type and p-type doping

layers were deposited about 10 nm thickness (Figure 66).

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 atmosphere. The side view of the process is
shown in Figure 67. The laser crystallization was performed with 10 mm/s scan
velocity with 24.5 A current. The samples were heated on a stage at 700 °C for 15
minutes before laser scanning and after crystallization, samples were cooled down on

a warmer stage.

Figure 67: The side view of laser crystallization

Since the whole silicon layer is melted during the crystallization process, the thin
doping layer is intermixed with the silicon layer to obtain a moderately doped 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 solution which consists of HNOz : HF : H3POg :
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 to laser doping (LD), the surface of the samples were coated with phosphorus
(P508) and boron (B153) containing spin-on dopant solutions which were supplied

from FILMTRONICS Itd. P508 solution contains 8% phosphorus and B153 solution
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contains 4% boron respectively. Spin-on coating was applied in two steps for both
dopant solutions: 500 RPM for 5s and 3000 RPM for 20s (Figure 68). Then samples
were baked in a furnace for 5 min at 200 °C to evaporate the liquid content of the

coated layers.

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

Figure 68: Spin-on dopant coating

6.1.3.5. Laser Doping (Emitter Formation)
Following the spin-on coating, LD was applied with two different laser scanning

velocities with corresponding laser currents, in order to obtain different junction
depths. The samples were heated on the stage at 700 °C 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 (Figure 69).
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" p508 /B153

Figure 69: Laser doping process of P508 and B153 spin-on dopants.

However surfaces were partially doped to be able to check Suns Vo values of the
samples quickly at the beginning. Since laser has 3 cm width the doped region is 3x5
cm? (Figure 70).

Top view

wI gxg ———>

< S5Sem————>

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

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

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

of Voc with Suns Voc measurements through doped and undoped regions. The p-type
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materials are coded as 51-13x and n-type materials are coded as 115-13x. Then half
of the samples (one for 1mm/s and one for 5mm/s laser doped) were exposed to
hydrogen (H2) passivation. Hz passivation was accomplished under H plasma at 400

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

6.1.3.6. Solar Cell Formation

Up to here there was no information about the junction depths of the solar cells. 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 Suns Vo measurements. After
obtaining optimized etching durations according to Vo values 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 sample has an area
about 0.5 cm? (Figure 71).

Emitter (cell)

Absorber

Figure 71: Cell construction on the samples after etching.

Suns Vo measurement was taken every individual cell on all of the samples. Then 200
nm of Al was deposited onto the absorber region. Emitter layers were isolated by using

bigger sized kaptons during the Al evaporation (Figure 72).
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Emitter (cell)

Al (200 nm)

Figure 72: Top view of 5x5 cm? sample having Al deposition on absorber layer.

Directly after the Al deposition Suns Vo measurement was carried out for each cell on
each sample. However due to improper contacting the VVoc values were very low.
Accordingly, samples were annealed in a furnace at 200 °C for 30 min to obtain ohmic
contact. As a result of the diffusion of Al into Si c-Si/Al during annealing contact
resistivity around 10-20 mQcm™ [148]. I-V characteristics of the the solar cells were
analyzed by using dual source (tunsten and xenon lamp) solar simulator with class
AAA characteristics (Wacom Electric Co, Japan) both in substrate and superstrate

configurations.

6.2. Results and Discussion

Suns VVoc measurement is a quick way to understand the junction characteristic in
terms of voltage. After laser doping (Figure 70), Suns Vo measurement was applied
through the doped and undoped region of the samples. In Table 10, the codes of the
samples are given in according to their LD scanning velocities and doping types also

voltage values of the samples are given before and after H, passivation.
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Table 10: Suns Voc measurement before and after Hz passivation

Sample Laser Doping Suns Voc (V) Suns Voc (V)
Velocity (mm/s)
Before H After Hy
P5a 5 0.468
P5b 5 0.470 0.498
Pla 1 0.494
Plb 1 0.468 0.489
Nb5a 5 0.486
N5b 5 0.483 0.300
Nla 1 0.494
N1b 1 0.529 0.318

As clearly seen in Table 10, H> passivation improves the Voc values of the p-type
samples both for 1 and 5 mm/s of laser doping. However, the passivation causes a
decrease in VVoc for n-type samples. This may be related with the degradation of p-
type emitter. Because after laser doping of n-type material the surface does not de-wet
even in cleaning in HF solution. The boron solution (B153) contains oxygen, which
may be the reason for hydrophilic behavior. During plasma passivation the hydrogen
atoms could break the Si-O bonds and increase the deep energy states in the bangap of
the material. As a result, this situation also causes the degradation of the junction.

As explained in the experimental part, the etching optimization for the cell production
was carried out by using different etching durations of doped region and then
measuring the Voc by Suns Voc. This was applied by cutting small pieces from the
doped region. Each piece was exposed to polysilicon etch solution. This method is

sketched in Figure 73.
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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 and n-type samples. Three
small pieces were cut out separately from samples P5a, P1b, N5b and N1b. Then half
of the kapton 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 SunsV. In Table 11 the etched

samples were given with the corresponding etching durations and voltage results.
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Table 11: Etching optimization of 1 and 5 mm/s doped samples and SunsVoc

results.

Laser
Emitter  Etch
Absorber/Emitter Sample Code Doping time  SunsVoc (MV)

Velocity  (s)
(mm/s)
120 470-458
P5a 5 150 163-293-432
P/N 180 481-470-475
30 495-366-460-522
Plb 1 60 508-548-550-547-
517
920 527-509-498-548-
548-436-527
120 250-254
N5b 5 150 253-251
N/P 180 263-262
30 228-230
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 were carried ou through the emitter surface. 5
mm/s doped samples were etched for 120, 150 and 180 s however 1 mm/s doped
samples were etched for 30, 60, 60 s. Suns Vo results show that the maximum etching
durations would be enough for the expected approximate voltage results. However, the
slight overetch would ensure the desired structure without compromising it. Based 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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The round kaptons were then stuck on the doped regions of the samples and etching
was carried out. Thus the structure which was shown in Figure 67 was obtained. The
number of the cells vary depending on the sample size. Because some samples have
smaller area since some part of them were used for etching optimization. After the
removal of the kaptons Suns Vo measurement was carried out for each cell. The results
are given in Table 12 (p-type) and Table 13 (n-type).

Table 12: SunsVoc results of cells on the p-type 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 n-type 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 Table 12 and 13 shows that etching durations for the cells seem to
be sufficient. Suns Vo also gives us the pseudo fill factor (pFF). In Table 12 it is clear
that hydrogenation increases the voltage values both for 1 and 5 mm/s of doping and
voltage values over 500 mV has been achieved. However for n-type material
hydrogenation significantly decreases the voltage, which was also shown just after the

doping process.

Following the Suns Vo measurements an Al layer was deposited onto the absorber
layer for all of the samples.The cells were checked by Suns Vo immediately after metal
deposition. However, the voltage results were very low with respect to the results

before Al deposition. Some cells presented voltage values below 200 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 at 200 °C for 30 min to
obtain a better ohmic contact. Then the voltage values of the samples were checked
by Suns Vqc. Notable increment of the voltage values for all of the samples has been

observed. The new results are shown in Table 14 and Table 15.

Table 14: SunsVoc results of cells on the p-type samples after Al deposition and

annealing
Sample P3a
Cell 1 2 3 4 5 6 7 8 9 10
Suns Voc (mV) 367 373 407 427 387 379 366 375 3 131
PFF (%) 894 77 768 66 756 768 793 794 158 441
Sample P5b (H: passivated)
Cell 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Suns Voc (mV) 392 429 436 356 432 130 220 312 313 102 255 142 138 88

PFF (%) 82 794 702 641 813 474 G603 629 642 413 799 538 113 473
Sample Pla

“Cell T 2 3 4 5 6 7 8 9 10 11 12

Suns Voc(mV) 458 457 420 417 426 440 428 426 423 444 440

PFF (%) 788 759 75 794 73.6 751 749 814 771 833 69.1
Sample P1b (H: passivated)

“Cell ! 2 3 4 5 6 7 8

Suns Voc (mV) 519 521 518 557 542 538 538 523

PFF (%) 73.5 702 624 779 788 749 717 793
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Table 15: SunsVoc results of cells on the n-type samples after Al deposition and

annealing
Sample NSa
el 12 3 4 5 6 7 8 9 10 11 12

Suns Voc(mV) 502 498 516 513 487 475 431 458 492 484 505 499

PFF (%) 69.7 494 685 705 648 60 557 586 65 659 648 67
Sample N5b (H2 passivated)
Cell 1 2 3 1 5 6 71 8 9 10
Suns Voc (nV) 453 446 334 321 318 310 307 299 308 324
PFF (%) 624 614 71 65 66.7 648 663 618 619 651
Sample Nila
Cell 1 2 3 4 5 6 7 8 9 0 11 12

Suns Voc (mV) 520 490 520 526 511 486 840 472 518 529 421 385

PFF (%) 712 605 704 733 707 609 609 611 706 727 562 54.1
Sample N1b (H: passivated)
" cell 1 2 3 4 5 6 7 8 9

Suns Voc (mV) 300 306 292 288 278 283 288 259 298

PFF (%) 628 594 61.3 64.1 591 541 493 563 639

After annealing of Al, it is clear from Table 14 and 15, an increase in Vo values can
be seen (with respect to the values before annealing of Al). As shown before the
average cell results of n-type H. passivated samples have low Vo values which was
discussed before. As a result, the highest Vo values are summarized in Table 16
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Table 16: Highest Voc of the samples
Highest Voc (mV)

1 mm/s (shallow 5 mml/s (deep

Absorber/Emitter  Annealing

junction) junction)
No H» H-» No H» H2
Before 513 579 492 552
p/n
After 458 557 427 436
Before 533 243 525 243
n/p
after 526 306 516 453

According to the V. results, 1 mm/s of doping (shallow junction) yields the highest
Voc for both of the material types. H. passivation increases the Vo for p-type material
however it causes a decline for n-type material. H> passivated p-type material presents
579 mV V. and n-type material gives 533 mV of Vo without passivation. N-type
material seems to be more advantageous after passivation if the degradation problem

can be overcome.

The 1-V characteristics were analyzed by solar simulator measurements, however,
some selected ones are given here. In Figure 74 and Figure 75 solar simulator results
are given with the corresponding cell number written on the graphs. Both superstrate

and substrate configurations were measured.
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Figure 74: Solar simulator results of the selected cells on p-type samples 5 mm/s
doped (a), (b) and 1 mm/s doped (c), (d)

Solar simulator results in Figure 74 also shows us that H passivation increases the Voc
values for both 1 mm/s and 5 mm/s doping in superstrate configuration. This is also
true for substrate condition but 1 mm/s doped sample (c,d) has very small increment,
in superstrate configuration, the increment is more than substrate version. Also in
superstrate condition 5 mm/s doping has more increment than 1 mm/s doping after H»
passivation. When the current values compared there is a notable increment in
superstrate configurations. When the light enters from the glass (superstrate) the light
has longer way to reach the junction region than substrate configuration. In other
words, the probability of a carrier to reach to the junction region is higher in substrate
configuration, so the passivation has more influence in superstrate condition that it

shifts the current significantly.

121



N5a / Nla N

Substrate

Substrate

5 ]
Superstrate > Superstrate

Voltage (V)

D 1,5 1 0,5 0,5 5

Voltage (V)

=10

10
-15 -10

(a) (c)

Foanjem?) TimA/em?)

100

N5b-H, ) |

Substrate

N1b-H,

30

0

Substrate

20 e 0

Superstrate Superstrate

40

20

Voltage (V)

Voltage (V)

104
20

(b) (d)

j 1(rr"nA/c m?) 741n (mA/cm?)

Figure 75: Solar sim results of the selected cells on n-type samples 5 mm/s doped
(@), (b) and 1 mm/s doped (c), (d)

In Figure 75, the effect of H passivation can be seen both for 5 mm/s (a,b) and 1 mm/s
(c,d) doping that passivation causes a decline in Vo of the cells. This effect can be
notably seen in 1 mm/s doped samples than 5 mm/s doped samples because 1 mm/s
doped samples have the junction region closer to the surface which means that more
H> can reach to the junction region and can create more deep energy states by breaking
Si-O bonds as discussed before. Also it seems that the current increment is more in
superstrate configuration than substrate condition after H, passivation. This shows that

the H> has a positive effect on n-type absorber layer.

In general n-type samples show better solar cell characteristics than p-type samples in
terms of fill factor and current. The Vo values are also comparable. It seems that the
hydrogenation degrades the emitter regions of the n-type materials. The current
increment shows that the absorber layer is passivated well. However current density

measurements may not be reliable enough as it was done using a simple probe which
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has a very small surface area. The metallization of the emitter surface probably would
increase the current amount. But the effect of hydrogenation can be understood clearly
without metal contacts of the emitter surface. In Figure 76a, the photograph of the solar
cells are given. As mentioned before, some portion of each sample is not doped and
the grains can be clearly seen in undoped regions. The round shaped solar cells are
located on the doped side of the substrates. There is no emitter metallization which
inhibites the proper current collection. Al layer is on the absorber layer. Moreover, in
Figure 76b, the same photograph was taken after the samples were illuminated from
the glass side, which gives details about the crack in poly-Si films. This is another

possible reason for improper current collection from emitter regions.

Figure 76: Picture of the final version of solar cells. Normal mode (a) and

samples are illuminated from glass side (b)

In the light of given results, the solar simulator analysis presented a maximum
efficiency of 2.9 % from sample N5b in superstrate configuration. The sample has Fill
Factor of 41.46 %, current density of 15 mA and 454 mV of open circuit voltage
respectively. A good current collection without cracks in the samples can be expected
to increase the efficieny of solar cells.
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In Figure 77 and 78 external quantum efficiency (EQE) measurements of the selected
cells, which are analysed in solar simulator measurements, are given. The analysis was
accomplished both for substrate and superstrate cases. Substrate and superstrate
configurations are shown on the right hand side of Figures 77a and 77b. The response
of the cells vary with respect to the incident light direction because the junction region

is closer to the emitter side surface.
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Figure 77: External Quantum Efficiency (EQE) measurement of p-type samples

both in substrate (a) and superstrate (b) configurations

EQE results shown in Figure 77 presents the effect of hydrogenation. From Figure 77a,
it can be understood that H, passivation decreases the emitter diffusion length (short
wavelenths) which is due to the increase in surface recombination. However the
broadening after Hx passivation for the both doping conditions demonstrates the
increase of base diffusion length. 1 mm/s doped samples have higher EQE values
because they have shallow junction than 5 mm/s doped samples. In Figure 77b the
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unpassivated samples have small response at higher wavelengths because the high
energy photons are absorbed far away from the junction region in superstrate
configuration and the carriers can not reach to the junction effectively. However, after
H> passivation the EQE response increases due to the saturation of defects. Besides, 5
mm/s doped sample has significantly large response because the junction region is
closer to the glass interface than 1 mm/s doped sample. In other words recombination

is more dominant in 1 mm/s doped sample.

In both cases, hydrogenation increases the base diffusion length but not as much as in
p type case. After hydrogenation, EQE for short wavelength values (300-400)
decreases (emitter diffusion length). This may be due to the increase of surface

recombination after H, plasma.
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Figure 78: External Quantum Efficiency (EQE) measurement of n-type samples

both in substrate (a) and superstrate (b) configurations

For the n-type case the decline of emitter diffusion length can be seen after H»
passivation (Figure 78a) like in p-type case. Also hydrogenation increases the base
diffusion length but not as much as in p type case. For n-type materials the thickness
of the emitter region dominates the EQE signal. In Figure 78b before and after H»
passivation 1 mm/s doping has better response. Since the p-type emitter region is

degraded and thicker in 5 mm/s doped samples, 1 mm/s doped samples have less
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recombination sites especially at higher wavelengths. But in general the H passivation
works well for both doping type.
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CHAPTER 7

CONCLUSIONS

In this thesis, a comprehensive study on the processing of polycrystalline silicon thin
films was presented. A variety of crystallization schemes were employed, and the
structural and electronic properties of the resulting poly-Si thin films were
characterized. The following conclusions were drawn throughout the course of this

research project:

Metal Induced Crystallization (MIC) of amorphous silicon was first investigated by
Au metal. Production of Gold Nanoparticles (AuNPs) on Aluminum doped Zinc Oxide
(AZO) via annealing thin Au films at 500 °C was first studied as a crystallization agent
for a-Si. It was shown that AuNPs with larger diameters and wider spacing can be
obtained on AZO by increasing the pre-anneal Au film thickness from 5nm to 15nm.
Further analysis is required for precise control of the distribution of AuNP size and
separation distance. The crystallization of Si was studied by annealing a-Si films
grown on ‘larger’ AuNPs (with a pre-anneal film thickness of 15nm) at various
temperatures and durations. No indication of crystallization was observed at 500°C for
12h, whereas more than 60% crystallinity was achieved for 600°C annealing for 2h.
Further annealing at 600°C resulted in a small increase in crystallinity (approximately
70% after 12h), suggesting that the amount of Au limited the crystallization
percentage. The sample without AuNPs showed no crystallization. It seems that, the
full crystallization was not achieved even annealing at 600 °C for 12h with AuNPs.
These results indicate that MIC of a-Si via AuNPs works well although the metal
amount is very small. However, it is believed that the increment of metal amount can
increase the crystallization fraction. As stated before, the NP formation is another issue
since the initial structure/properties of Au thin film can change the de-wetting

conditions. It is known that Au induced silicon is not suitable for solar cell applications
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due to Au contamination. However, Au was introduced to see the MIC of a-Si before
the observation of effect of Al as the Aluminium Induced Crystallization (AIC) is the

core of this thesis.

In Chapter 3.2 AIC of a-Si was investigated. At first, AIC was handled with buffer
layer optimization. Different types of SiNx buffer layers were deposited by changing
the deposition conditions. As the NH3/SiH4 fraction decreases, it was observed that the
refractive index of the layers were approaching 2, which is a well-accepted value for
SiNy, Besides, one type of AZO layer was deposited as a buffer layer. Then, AIC of a-
Si on these buffer layers were processed and the effects of the buffer layers on the final
poly-Si layers were observed. The poly-Si films were obtained after annealing of a-
Si/All SINx(AZO)/glass stack at 500 °C for 5 h. The Raman analysis demonstrated that
the samples are fully crystallized, and, crystallinity is independent of the buffer layer
content. The FWHM values of the samples are quite close to each other and have no
notable difference with respect to c-Si FWHM. As a result of XRD analysis, the
crystallographic orientation factor ®n« (%) was defined as <111>, <311> and <100>
spectral peaks for all samples and <100> orientation has a fraction of about 60-70 %.
Among the SiNx based samples the largest crystallite size of 48.5 nm was obtained for
sample “d” which has NHa/SiH4 fraction of 2. The larger crystallite size with lower
NHa3/SiH, fraction was attributed to the high silicon content in the SiNx layer where
silicon atoms can form clusters and nanoparticles. Therefore, the silicon crystallization
can be supported by the buffer layer after the nuclei grow enough to touch the buffer
layer. The increase of RF deposition power creates lower Si content in SiNx which
forms smaller clusters as well as smaller silicon crystallite size. EBSD results show
that the grain sizes are up to 20-25 um. Furthermore, EBSD maps confirm that the
amount of silicon content in SiNx layer affects the poly-Si grain size. Besides, AFM
analysis of SiNx layers showed that high NH3s/SiH4 fraction leads to much rough
surface which increases the number of Si nucleation sites and results in smaller grain
size than Si growth on smoother surface. The resistivity of Poly-Si films was measured
by Four Point Probe (FPP) and resistivity of the SiNx based samples were found to be
around 0.1 Qcm which is quite low compared to the ¢-Si (1-10 Qcm) due to Al doping.
These results indicate that MIC of a-Si via AuNPs works well although the metal
amount is very small. Furthermore, the resistivity was also deduced by I-V
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characteristic under dark and illuminated conditions and it was calculated as 0.087
Qcm by which is close to the result of 0.1 Qcm obtained by FPP technique. The high
conductivity indicates that poly-Si films are highly Al doped. The SiNx deposited with
precursor fraction (NHs/SiH4) of 2 with 100 W PECVD power was the standard
deposition condition of buffer layer for the further experiments.

In Chapter 3.2 of this thesis, the kinetics of AIC process is discussed. Different than
first AIC annealing temperature, the layer exchange annealing was carried out between
450 °C and 525 °C. It was observed that rise in the annealing temperature increases the
crystallization rate while it decreases the grain size of the films. Annealing at 450°C
results in poly-Si films with grain sizes of tens of micrometers. Activation energy
associated with the growth of Si crystallites was determined as 1.93 eV, which
correlates well with previous studies. Raman spectroscopy on the final AIC poly-Si
layers shows a slight increase in c-Si peak (near 520 cm™) with increasing annealing
time, which is likely related to the increase in grain boundary fraction of the films. The
residual Al that is left in the final poly-Si layer is around 9x10'° cm, as measured by
SIMS. However Hall effect measurements showed that the active Al is approximately
two orders of magnitude smaller than the total Al. Besides, the AlIOx membrane was
studied in terms of different oxidation durations of Al layer. The oxidation was carried
out by exposure of Al layer to native air for 10 min, 24 h and 1 week. Since 10 min of
exposure forms a thinner oxide layer with respect to 24 h and 1 week of exposure, the
crystallization is completed at the end of 60 min annealing, however, the crystallization
for 24 h and 1 week exposed samples just starts around 60 min of annealing. There
was no difference in crystallization kinetics between 24 h and 1 week exposed samples.
Besides, the grain size of 10 min exposed sample is smaller than 24 h and 1 week
exposed samples since short oxidation duration results thinner oxide layer than longer
oxidation duration which increases the number of possible nucleation sites. These
results are indicative of the fact that the majority of the Al oxidation occurs within the

first day of exposure.

SPE experiments were conducted on the AIC poly-Si seed layers that are obtained after
annealing at 450 °C, 500 °C and 525 °C. The SPE annealing was done at 600 °C. The

majority of the crystallization was done within the first 210 min. for the sample with
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450°C annealed seed, 360 min. for the sample with 500°C annealed seed, and 660 min.
the sample with 525°C annealed seed. These results provide a possible explanation that
the amount of grain boundaries on the seed layer diminishing the rate of crystallization.
Poly-Si/a-Si interface on the 450 °C annealed seed has a better promotion for SPE
since the grain size of the 450 °C annealed seed is larger than 500 °C and 525 °C
annealed seeds. However, due to residual Al detected on the poly-Si surface, an Al
etching procedure was carried out prior to a-Si deposition. Finally, highly <100>
oriented SPE layer was obtained. However, a control sample that was prepared without

the Al etch step did not result in epitaxial growth.

In Chapter 4, the process modifications on the AIC poly-Si layer are given. The effect
of Al annealing on the AIC process was observed. Two identical sample sets were
prepared, where the only difference between two sets is the vacuum annealing of the
Al/SiNy/glass stack prior to a-Si deposition. These samples are labelled as pre-
annealed and control samples. The optical microscope images of 420 °C annealing of
both samples indicate that the crystallization rate is higher in control sample which
brings in mind that control sample has thinner AIOx membrane. However, XPS results
indicate that, control sample has thicker AlOx layer than pre-annealed sample. XPS of
pre-annealed spectra show a higher oxide ratio with respect to the control sample when
the oxide/metal peak ratios for the Al2p of the samples are compared. This indicates
that pre-annealed sample has a thin yet heavily oxidized AIOyx layer, due to Al
annealing, which suppresses the crystallization rate. Meanwhile, the EBSD analysis of
the Al layers of the pre-annealed and control samples show that pre-annealed sample
has micrometer sized Al grains. However, control sample shows no detectable grains.
This means that control sample has quite a lot grain boundaries in the Al layer. The
high density of grain boundary increases the possible nucleation sites since Si
diffusivity is enhanced in the Al grain boundaries compared to bulk Al. The EBSD
images of the final poly-Si layers confirm these explanations. The average poly-Si
grain size of pre-annealed sample is larger than control sample. Besides, the <111>

silicon grain orientation is enhanced by Al annealing.

In Chapter 5, the different Si deposition techniques of E-beam and PECVD are

compared. For e-beam samples, during the silicon deposition, room temperature (E-
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RT) and 420 °C substrate temperatures were used. In addition, the PECVD samples
were deposited at room temperature, however, SiH4:H> ratio was varied as 1:9 (P-9)
and 1:29 (P-29). The samples were annealed in a furnace at 420 °C and 450 °C. Prior
to furnace annealing, the optical microscopy images show that E-HT sample has
already grown dendritic crystalline structures due to high substrate temperature. It was
observed that both 420 °C and 450 °C furnace annealing the crystallization rate of e-
beam samples are higher than PECVD samples. Moreover, E-HT samples show higher
crystallization rate than E-RT samples and P-9 samples has higher rate than P-29
samples, respectively. However, it was realized that P-9 sample has large voids besides
the crystalline regions. These results indicate that the hydrogen has a great effect on
lowering the crystallization rate. The EBSD images taken from 450 °C annealed
samples show that average final poly-Si grain size has an order of P-29 > P-9 > E-RT
> E-HT as expected. Before furnace annealing of the samples, the Raman spectroscopy
and FTIR analysis were carried out in order to understand the differences in
crystallization kinetics. Transverse acoustic (TA) and transverse optical (TO) modes
of Raman spectra at 150 and 480 cm™ are crucial for the bond structure of amorphous
silicon. Moreover, the width of TO peak is proportional to the short range disorder and
Ita/lTo ratio indicates a higher intermediate range disorder. According to Raman
spectra of the samples, the E-RT sample has the highest short range disorder. Based
on the Ita/lto ratios, the intermediate range disorder of the samples can be given as E-
RT > E-HT > P-9 > P-29. The higher order of the PECVD samples can be explained
by the presence of hydrogen compared to e-beam samples which is attributed to the
strain relieving effect of hydrogen. E-RT sample has higher disorder than E-HT.
However, E-RT sample has larger Si grain size than E-HT. This situation was
explained by the in-situ nucleation process which occurred during the a-Si deposition.
The Si-H bonding structures of PECVD samples were investigated by FTIR. At first
glance, the presence of SiH> bonding was observed in P-9 sample with the two peaks
around 800-900 cm™. The low stretching mode near 2000 cm™ is related with SiH
bonding which was observed for P-29. Another indication of SiH; bonding for P-9
sample was high stretching mode near 2100 cm™. As a result, rise in the hydrogen
amount dominates the SiH bonding in amorphous silicon which leads to a more stable

form. The hydrogen bonding in SiHz is weaker than SiH. The bonds of SiH> can be
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easily broken in a furnace annealing which was the reason of voids in P-9 sample.
Consequently, it was observed that SiH based amorphous silicon is more resistant and

stable than SiH> based amorphous silicon.

In Chapter 6, the laser induced crystallization of amorphous silicon was studied.
Continuous wave CW diode laser was used for the crystallization and doping of Si
layers. Both n-type (has p-type emitter) and p-type (has n-type emitter) solar cells were
constructed. The doping of the cells was carried out by laser scanning velocity of 1
mm/s and 5 mm/s after spin-on coating of dopant solutions. Since 5 mm/s doping was
done with higher power, deeper junction depth was expected. Each doping type has
two different doping velocities and H: passivation. After doping, the Vo values were
checked by Suns Voc measurements. The Vo values were over 460 mV and it was
highest for the n-type 1mm/s doped sample as 529 mV. After H; passivation, the Vo
values of p-type samples (both 1 and 5 mm/s doped samples) indicate a rise in Voc
around 20 mV. However, H» passivation degrades the Vo of n-type samples down to
around 300 mV. This situation was attributed to the creation of deep energy levels due
to Si-O bond breaking by H atoms since boron solution contains oxygen. After mesa
cell construction (etching, metallization of absorber layer), it was observed that 1 mm/s
of doping vyields the highest Vo values both for n-type and p-type materials. H>
passivated p-type material yields 579 mV Vo and n-type material gives 533 mV of Vo
without passivation. N-type material seems to be more advantageous after passivation
if the degradation problem can be overcome. Solar simulator measurements of the
selected cells also show the rise in VVoc after passivation. The difference between two
types of doping (1 and 5 mm/s) was observable in terms of current density when the
analysis were carried out for substrate and superstrate modes. 1 mm/s and 5 mm/s
doping leads to different junction depths. When the current densities were checked, it
was observed that H, passivation has better effect for superstrate configurations,
because the light has a longer path to reach to the junction region. Moreover, the
increment of current density for 1 m/s doping is higher than 5 mm/s doped samples
since the junction is lower in 1 mm/s case in superstrate configuration. For n-type case,
as expected, H passivation leads to a decline in Vo like as observed in Suns Vo case.
Furthermore, this decline is more notable for the 1 mm/s doping since the junction is
closer to the surface with regard to 5 mm/s doped sample. When the junction is close
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to the surface, the possibility of H, degradation increases. However, there is an
increase in current density for all n-type samples, which indicates that absorber region
is well passivated. EQE measurements showed that, H, passivation leads to a decline
in emitter diffusion length of the whole cells due to the increase in surface
recombination. In contrast, the passivation increases the base diffusion length which
indicates that passivation works well for absorber layer. Solar simulator results
presented a maximum efficiency of 2.9 % for n-type 5 mm/s doped sample in
superstrate configuration. Higher efficiency values are expected with a proper current

collection, good metallization and solving the cracking problems of Si films.
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