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ABSTRACT

SELECTIVE EMITTER FORMATION VIA SINGLE STEP DOPING
THROUGH LASER PATTERNED
MASK OXIDE LAYER FOR MONOCRYSTALLINE SILICON SO LAR
CELLS

¢ KF TP |, Biin®Hande
MS, Department of Physics

Supevisor. Prof . Dr . Rakit TURAN

September 204, 152 pages

Selective emitter is one of the new approaches for higher efficiency solar
cells. Although <lective emitter cells could be processed by sevdiff¢rent
methods such as; etch back process, laser doping, ion implantation, doping paste
differentmethodbased on diffusion throughlaserpatternedxide layerwas studied
in this thesisUtilization of pattern oxide layer as a diffusion barrier enables to obtain
selectiveemitter profile via single step dopingrhich reduces overall production cost

and time significantly

In this work, selective emitter solar celiwere fabricated viasingle step
doping througha laser patternedoxide Oxide thickness,doping recipe laser
parametersand wet cleaning stepswvere optimized to reach the sheet resistance
valuesneededfor an efficient cell designln addition, surface passivation studies
were also conducted to further improve cell performance. A low temperature, dry
oxidation gep was also added to process sequeiiten, monarystallineSi

selective emitter and referenselar cels werefabricated



Both electricaland optical characterizatisnncluding reflection, lifetime external
quantum efficiency, SurRgoc and currentvoltage measurementswere
systematically carried outt was observed thatells based on thahew selective
emitter structure could be use reach higher conversion efficiency values

compared to standard cell desigith a propeffinger design

Key Words: Selective Emitter Solar Cell, Surface Passivation, Laser Patterning,

Single Step Doping
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CHAPTER 1

INTRODUCTION

With increasing energy demand of the world, utilization of alternative energy
sources has becomevenmore crucialwithin the last decadesiaving advantages
like abundancy and availability, the usesafiar energyin electricity generation is
becoming more and more popularcompared to other alternative energy sources.
Moreover with theincreasing efforts in research and development, the efficiency of
the energy conversion is steadily increasingparticular, the efficiency of the most
widely used solar cell technologwhich is wafer basedi solar cellshasreached
values exceeding25% while this valuedrops t022.9% at module levdl]. To
increasethe conversion efficiency even mordifferent cell designshave been
developed. Selective Emitter (S.E.), Back Contact (B.C.), Passivated Emitter with
Rear Collector (PERC) and Passivated Emitter with Rear Locally Diffused (PERL)
cells are some dhe promising cell concepts developed reke

In the selective emitter approachhe idea is to have botlow contact
resistance and low emitter dopant concentratiothe same deviceLow contact
resistance is required to reduce series resistance of the corresponding cell whereas
decreased dopant concentration would reduce fitbet surface recombination
However, low resistance requires high doping level wiielvitablyincreases fint
surface recombinatiorThus, there exists a tradéf between emitter resistance and
front side recombinatiorin order to solve this problem selective emitter approach
has been developeth this approachthe emitter region lyingunder the front metal
contactis heavily doped, whilagest of the mitter is lightly doped.Thus surface
recanbination is reduced without increasing series resistance of thé&sealkesult
emitter saturation current is reduced, open circuit voltage of the cell increases and

blue response is improved



1.1. History and Current Status of Photovoltaic Technology

The development of miovoltaic (PV)techo | ogy st arted with the
discovery of photovoltaic effect when he obseretzttricalcurrentproductionfrom
a silver coated platinum electrode immersed into in electrolyte under light in 1839.
Then, n 18, Adams and Dajound that photocurrent could be produced from a
selenium sample contacted with platinum. In 1954, with the help of ajangl
silicon technology first solar cell wageportedby Chapin, Fuller and Pearson with
an effiaency of 6% in Bell LaboratorieR]. In addition to the production of first
silicon solar cell, & % efficientcadmiumsulphide pn junction was also produced
in 1954[2].

In 19705, as a result of crisis in the oil based energy supply, alternative energy
sources drew interesiamong which photodtaic energy was paid the greatest
attention. Althoughthe former studies focusl mainlyon space applicationshe
|l atter studies in the early 198006s resulted
continuous expansion of commercial applications foruhei zat i on of t he Su

energy3].

I n 199006s, as a r e s wdphotowhaicedhe pnaamercesd i nt er e ¢
of need to find new energy sources alternative to fossil fuels also hers.in late
19906s the annual production -20%requbingt ovol t ai c
in a further reduction in production co$®. Reduced cost made new application
areasto be opened and new materiatsbe studiedSo that photovoltaicplatform
gaineda great tersity ranging from high efficiency gallium arsenide, including
wafer basedilicon, thin film silicon to the youngedye sensitizeénd organic solar
cell technologies The development of photovoltaic technology couldskeen in

Figurel.
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By 2012, due toreduced production costs and due to some regulations
considering C@ emission, installed PV capacity throughout the world has reached
considerable valueRistributionof installed PVcapacityby 2012is shown inFigure
2. It is seen that EU countries, particularly Germany and ltaly, have playeatea

importantrole in boosting the PV instaliion.

Rest of World 6.7%

Other EU 7.4%

L)
CzechRepublic  2.1% | Germany 82%

Australia 2.4%

Belgium 2.6%

France 4.0% Italy  16%

Spain 5.1%

Japan 6.6% GLOBAL TOTAL =
Chira 7.0% United States 7.2% ~100 GW

Figure 2: Country distribution of installed PV capacity by 20124]

When market share of different PV technologies is analyzed, it is deduced

that standard crystalline silicon technology is dominating the market.

Production 2013 (GWp)

0% [ Thin film 3.2
00 NONEER: | mERERRERERRERERRERRERER B MonosSi 126
60% B Multisi 19.2
50% B Ribbon-Si 0

Percentage of Annual Production
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=
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Year

Figure 3: Market share of different PV technologies by 201(01]
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Referring toFigure3, it could be deduced that standar8idechnology has reached
a market share of 83% by 2010.

Silicon used in semiconductor technology is obtained from processed and
purified form ofsand whethi s t he most abundant materi al
Moreover, silicon is the material that has bestudiedfor more than 30 years in
semiconductor industry so than extensiveexperience has been iged in
processing of thisnaterial. Taking althese factors into account, it is reasonable for

silicon technology to dominate tipdotovoltaicmarket today.

1.2. Classification of Solar Cell Technologies

1.2.1.1% Generation Solar Cells

First generation solar cellare the wafer basetiype of solar cellsstill
governing the solar markdbday Although both mono and multi crystalline Si
wafers could be used as base materials for that type of solafFiglse 4), multi
crystalline cell productions holding a greateshare of the world markeMono
crystalline wafers provide higher efficiency values with higher production cost
values whereas multirgstalline wafes impose relatively lower efficiencies with
lower production costdn Figure 1, image ofindustrial monoand multi crystalline

solar cells is shown.

Figure 4: Industrial monoand multi crystalline silicon solar
cells[5]

5



Considering the fact that wafer cost has a great effect on the quadiiction
cost of solar cells, using multi crystalline Si wafers has been preferred by
manufacturers despite relatively lower efficiency valueBno cSi solar cells
reached efficiency values around 24% whereas rotdii solar cells are exceeding
21%. t can be arguedhat with the help of developing technology wafer based

technologycoulddominate the PV industry for many years.

1.2.2.2" Generation Solar Cells

Contrary tothe orderedstructure of crystalline wafers, second generation solar
cells are fabricated in the form of thin filmBor this type of solar cells, active
material is deposited onglass or on a flexible substratg a physical or chemical
process depending on the ¢ypf the material to be deposited. Amorphous Si, CIGS
(Cupper Indium Gallium (di)Selen®d and CdTe (Cadmium Telluridedre major
thin film materials used as active layetsoday 06 s commerciali zed

technologiegFigureb).

Figure 5: CIGS solar cells onflexible substrate [6]

As a result of high absorption coefficients of thin film materials, only a few
micron thick active layers will be enough to absorb the incident lgjtiiough less
material consumptiors an advantage of thin film solar cellsw efficiency values



coul dnot ctheincpystdlliee countérgarts. Moreover, thin film solar cells
suffer from instability problesiresulted fromsunlight exposure.

1.2.3.3" Generation Solar Cells

Third generation solar cells are made from a variety of novel material
including solardye, multi-junction concepts (tandem solar cells), solar cells based on
various quantum structurepnductive plastics, solar inks and also organic materials.
In all these new approaches, high efficiency and low cost systems are tavgied
cheap cells with moderate efficiency values-{H3%6) and very high efficiency
(>30%)and expensive systems are all considered to be third generation solar cells

Organic solar cells anBye Sensitized Solar Cells (DSS&)e cheap but less
efficient sdar cells. For organic solar cellshown inFigure6-a, low cost polymers
could be deposited on any substrate as active layer which mak&snalll process
possibk. Besides being used as active layer, organic polymers could also be applied
to tandem solar cell structuwseresulting in efficiency values. %% [7]. DSSC0 s ,
shown inFigure 6-b, could be taken as attractive low cost devices where a porous
layer of titanium dioxide (Tig) nanoparticles is covered with light absorbing dye

molecules.

Figure 6: (a) Organic solar cell onflexible substrate [50] and (b)
DSSCpanel [51]



Absorption of incident light excites electrons which flow into the;Tithen, those
flowing electrons are collected at the corresponding electrodes. Efficiency values of
11.1 % have been [8].€he greatest gorobfern of thDs8 Shedp s
devicesis thedegradatiorof the celland high recombinain rate of charge carriers

[2]. Utilization of 1lI-V semiconductors like GaAs, InP, InAmade in tandem
configuration makes it possile to absorb different regions of soladigtion at
different layers ofsolar cells. Bandgaps of these materials could be engineered for
each layer independently resulting aitractive device performancdefficiency
valuesof 30.8 % could be reached wrdl sun illumination whereas that value
reates 4.7 % under concentratidad], [9].

1.3.Relevant Concepts and Definitions

1.3.1.Solar Irradiation

Solar irradiation is the energy of the light incident on Eahirface coming
from the Sun. Earth is at a distance 1B meters away from the Sun which results
in a mean solar irradiance of approximately 1360 ¥éntheEar t hés surface out
the atmospheré&olarirradianceis affected by the medium while passing through the
atmosphere. Dust particles, water vapof@Hand the other gas molecules especially
carbon dioxide (Cg), ozone (@) existing in the atmosphere will interact with the
incident light causesabsorption, refiction or scattering. As a result, haghly

modified solar spectruns obtainedas shown irFigure?.



Blackbody
AM 0

Sunlight Intensity (KWW/m?2/um)

1 15
wavelength (um)

Figure 7: Solar spectrumreaching the Earth's surface [10]. Blue curve
represents the spectrum on the surface of the Earth. Absorption bands ¢
water vapor, 02, and CQz are clearly seen

fMAMO i s an acronym standing for the ter
path length that the light travels through the atmosphere at a specifitionto the

path length that it travels when the sun is directly overhead.

O
O
7

48.2°

osphere

Figure 8: Schematic of A.M. 0, 1 and 1.5onditions



AAM 00 defines the solar radiation just out :
AAM1. 50 condition refers to the sun position
angle of 48.2 with the vertical axis respectivelyFigure 8). Air Mass could be

calculated by the following equation;

O

0" wi D0

p2!
o

In above equatiomid ds the angle that the sun is making with its vertical ,axis
al so cakhedhasangl eo
Moreover, incident sun light could lvidedi nt o it s cdffmgonent s as
andlireé® radi ati on. Direct pation ch tha imcidenton | vy t ak e
light which d 0 e s n Othe sdatteking effecinto consideratiorwhereas diffuse
radiation only takes the scattered portion of the light adoountwhile neglecting
the direct radiationSummation of direct and diffuse components s u | gtl so bian o
radi at i obo. s AN ddegdcttomponentioethe AM1.5 condition while
AAMIGO 5 st an d globdl mdiation ith eonventionalsolar applicationsAt
AM1.5 condition irradiance outside the atmosphere is takef©G8® W/n and that
constant val uelSUMN. AlsolAMD5 canditineatl T=25€ is faken

to be standartestconditiors (STC)for solar cell measurements.

1.3.2.Solar Cell Parametersand |-V Characteristics

|-V Characteristics

Solarcell is simply a diodestructurewhich is sensitive to the light impringing
on it. Under darkconditions areversesaturation currerit voltage characteristics of

a solar celis expressed as in the following equation;

O 0Q op o
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Incident lightwill generate currenin the same direction asverse saturation

currentwhich isexpressed in Eq.3

o p © O

wherel is reverse saturation current determined by dipdgerties q is electron
charge, V isvoltage applied between the terminals of the cell, k is Boltzmann
constantT is cell temperature in Kelvin, is the light generated current ahi the
net current flowing through the celthus, current (Hvoltage (V) curve of solar cell
will be superposition of-V curve ofthe solar cell diode under dark and under light
(Figure9).

404 ——dark
— illuminated (AM1.5) |
30 A b

20 -

-20 4

Current density [mA/cm?)

-30 4 -

-40

—_——
06 -05 04 03 -02 -01 00 01 02 03 04 05 06
Voltage [V]

Figure 9: |-V Characteristics of solar cell under dark and illuminated
conditions [11]

For the sake of conventional presentation, that curve is usually feddéue £

quadrant
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Conversion Efficiency

Silicon solar cells with an ideal, singlenpjunction havean upper efficiency
value of around 30% due to both electronic and optical Igd€8sOptical losses
could be attributed toeflection from the surface and absorptiwhereas electronic
losses could be related to resistive effemtsl recombination losses where both
optical and electronic losses posses an upper limit for txénmmaen efficiency of a
solar cell.

In the most general sendbe conversiorefficiency could be defined as the

ratio of output ofa device to the inpuiptical powers in the following;

. + U 0 &) (6] O 1
5 OBWQ0H Q0 D6 7 O
0 0 0
where0 is the power of the light incident on the solar cell being measured and

0 is thepower at themaximum powetpoint (mg) or the maximum powehat
could be obtained fronthecell.

Solar cellefficiency measuremeris carried outunder standartestconditions
consisting of a solaradiationof 1000W/nf, AM1.5 and cell a cell temperature set to
25°C.

Open Circuit Voltage

Open circuit voltage\(,c) is the voltage output of the illuminated solar cell
whereaso current flows through the devicé,c is the maximum voltage output to
be obtained from a solar cdlFigure 10) and determined by the properties of the
semiconductor. Settingto zero in EqQ.3 will giveV,. equation as in the following

equation
o o
5 P O
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current (A)
= N W A OO N
v ML B

0

Figure 10: I-V curve plotted in the ™ guadrant and
representation ofcorresponding lscand V. values

Isc =8,04A

Voc =620mV

voltage (mV)

Short Circuit Current

Short circuit currentl{) is the current flowing through the celhder zero
voltage between the terminals of the c€Rigure 10). lscis the maxinum current

value to be obtaine8etting V to zero in Eq. 3 will givecvalue which is equal to

light generated currem.

Fill Factor

Fill factor (FF) is the parameter defining the sgqanes®f the FV curve. Since
the area under-V curve gives the power output of the cell, the more sqlilkee
curve will result in higher powesutput so higher efficiency values$:or reasonable

efficiency valuesFF should lie in a range from 0.7 to 0.85.aiMematically,FF

could be defined as

13
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Series Resistance

Light generated current has to pass through the semiconductor which is the
active layer of the solar cell, theetalsemiconductor interface and also metal
contacts while being collected at axternal loadEach of these segments will show
a certain resistance towards the flow of generated current. Overall resistance of the

structure is called asries resistancgR;) andexpressedas in the following

YOI Qi Qi 0¥t OG8 .
= O i

For a better cell performanciB; should be minimized asossible.Rs can be easily

determined from the derivative of the measur&tat Voc = 0.

Shunt Resistance

Shunt resistance(Rsy) could be mainly attributed to manufacturing
imperfections rather than poor cell desiBg,valuecould be used as an indicator for
cument leakages within the cell. Lower shunt resistamight indicate the presence
of alternative pathfor the light generated current passing through cell rather than
being collected taan external load. The effect of low shunt resistamitebe more
severe at low illumination levels; since the less amount of current will be generated

by light. Shunt resistance could be expressed as
B £ Qi Qi o¥E be

o

For a better cell performanc¥, should be as high as possible.
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Quantum Efficiency

Quantum Efficiency (Q.E.) is the parameter defining the number of collected
charge carriers for each photon absorbed by the solar cell. For the ideal case where
all incident photons isbsorbed and all generated charge cardegsollected, Q.E.
will be unity as shown ifrigure11. Since Si will be transparent to light with energy
below its band gap, 1.12 eV, Q.E. will drop to zero for the wavéisngeyond
wavelength corresponding to 1.&%.

For the norAdeal case, there will be a reduction in the Q.E for shorter
wavelengths due to front surface recombination. Also, for longer wavelengths, low
absorption of the light and short diffusion lengftitee generated charge carriers will
reduce Q.E. Moreover, reflection losses and poor collection of generated carriers will

result in a decrease of the Q.E along the whole spectrum.

A
10 Ideal Q.E.
=
Q
c
o
(3]
=
w
E
=]
€
(0]
=
<]
w
E
(7]
%
w
>
[ ] Wavelength
A=hc/E,

Figure 11: External quantum efficiency of asilicon solar cell [13]

For External Quantum Efficiency (E.Q.E.), optical losses like reflection and
transmission are taken into consideratibar Internal Quantum Efficiency (1.Q.E.),

on the other hand, optical losses are excluded from the calculation.
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Spectral Response

Spectral responsS.R.)is another parameter similar to Qdefining the cell
performanceS.R. whose mathematical forma given below could be expressed as

the ratio of the current generated by the solar cell to the power incident on it.

o N T e D e x e \61 v r’]=‘r“. 6'0 A} 'Orﬁik)
Yn Q Q Q. — —
NnQAw qu%l ,,QDUO saupcdﬂxo
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CHAPTER 2

FUNDAMENTALS OF CRYSTALLINE SILICON SOLAR CELL
TECHNOLOGY

2.1.Silicon Wafer Production

Standard crystalline Si solar cell is a device consisting of a siAglgipction as the
active layerwhere generated electrtwle pairsand separated from each othéth

the help of the induced electric field at the junctregion anti reflection coating
(ARC) on top to reduce reflection losses, top and bottom contacts to collect
generated charge carriees shown inFigure 12. Crystalline Si solar cells are
fabricated on 180200 mm thick Si wafers with mono or muitirystalline structures.

The wafer quality plays an important role in the solar cell performance

ARC(SIN,) 5

Figure 12: Cross-sectionalview of astandard Si solar
cell

In order to fabricate high quality crystalline wafe&, existing as silica
(impure SiIQ) and silicates (Si+oxygen+another
be converted into its pure, device quality form. For thiggh temperature

purification steps shown in Figure 13 have to be followed.
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Purification process starts with heating silica with Carbon (C) in a furnace.
During ths process silica and carbon (in coal form) undergo a chemical reaction
where Oxygen (O) which is already attached to Si in impure SiQcture will be

pulled away by C atoms leaving impure Si behindisThrm of Si is known as

fiMetallurgical GradeSi | i con ( MGS) o
heating

- with very sicl,

Silica Carbon Impure  chlorination (liquid)
silicon  m——
liquid
purification
heatingin

uItrapure. Hydrogen ultrapure

polycrystalline  5tmosphere sicl

silicon b a

Figure 13: Summary of Sipurification processProces:

Next, MGS will be chlorinated to form SiCbr SiIHCE both of which will be
liquid at room temperature. After multiple distillation and liquid purification steps,
ultrapure SiCJ will be obtained. Thenby heatingthe obtained ultrapure halide in
Hydrogen (H) atmosphere, ultrapure polycrystalline Si will beached.Once
ultrapure form of Si is obtained, wafers of different properties could be fabricated by
using different techniques.

i Cz o c h(CAOl is & d¢rystal production technique commonly used in Si
industry. In this technique single crystal sead used to obtain single crystal ingot
from already melted polySilicobeing held at around 1437 in a quartz crucible.
Pulling and rotating the seed material very slowly allows ékesting melt to
crystallize corresponding to the structure of the seed. During the grquaintz
crucible behaves as a sink of contaminants so that O and C amounts present in the

pulled crystawill lie around10™ and 18° cm™ respectivelyj14].

18



In order to avoid contamination coming from the cruciblds | oat Bone (F
method has been developed. In this metlandalready producesingle/multi crystal
rod is held at its ends to Ipefined by an Rheatingcoil passing over the rod. As the
coil passes, it melts the rod locally and that locally melted regime will rediyst
corresponding to the seed placed at the bottom of theSiode there exists no
interaction between the rod and its surrounding, contaminant amount is reduced
significantly for FZwafers.Typical O and Cconcentrations of Favafers lie below
5x10° cmi®[14].

In addition Si could also be producead form of poly-crystallinechunks to be
used as source material in thin film deposition procesSesxhunk production
processes are less complicated compared to ingot geowlifi Si e me ns isMet h o d
famoustechniquewhere SiHC{ gas is fed to the reach chamber together withH
to obtain HCI and Si as reaction products. Within the reaction chamisraped Si
rods are placed and heated up to 2Q0GSi obtained as the product during the
reaction will stick onto these heated Si rodéen the obtainetl-shaped bars are
pulverized poly-Si chunks will be obtained5].

Si ingot growthis followed by wafering process where obtairrdk crystal
would be cut into small pieces of different tknesses and different diameters with a

diamond or a wire cutter

2.2.Standard Single CrystallineSilicon Solar Cell Production

Si wafers which are produced by one of the production methuwgioned
above are used forsolar cell fabrication Both Boron (B) doped ype and
Phosphorous (P) dopedtype Si wafers are commercially available. Howewdere
to complicated nature of Bonodiffusion process needed to formrpjunctionon n
type wafers and difficulties in back contact formatipnp-type wafers are
preferentiallyused ashe base material fostandardsolar cell productiomn industry.

Typical fabrication stepsould be sumnr&zed as shown below.
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Figure 14: Standard solar cell production

2.2.1.Surface Texturing

Standard Si solar cell is a device with single junction designed to absorb incident
light and generatanelectronhole (é-h") pairfor each absorbed photon. Thus, as the
number of absorbed photons increases, number of genefdiégairs will also
increase. Considering solar spectrum and absorgpectrumof Si at AM1.5
condition (Fgure 12),almost 50% of the incident redion cannot beutilized by Si
[16]. Since Si has a band gap of2 eV correspndingto the wavelength-110 nm,
photons with less engy than 1.12eV will be insufficient to generatenépairs. So,
the loss above 100nmshown inFigurel5is due to urabsorbed photons of incident
radiation.

Moreover, althoughl.12eV of the photon energy is enbup generate é"
pairs, excess energy supplied by short wavelength photons, will not be utilized by Si.
It will be given as heat to the crystal lattice, instead. Energy transfer to the lattice in
form of heat hersmalaandeedporsdidairithe lossof energy in
the high energy part dhe spectrunasshown inFigure 15. Those losses resulting
from thermalization and neabsorption of photons couldebrelated tofi s pect r al
mi s madf tbehSdoband gap and energy distribution of phofa6s
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Figure 15: Fraction of AM1.5 spectrum utilized by ¢-Si[16]

As seen irFigure 15, most of theutilized photons belong to the visible region
of the spectrum. However, to be able to abgubtons up to 1160200 nm,Si

waferthicknesseeds tdearound0.1-0.2 cm(Figurel6).
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Figure 16: Absorption coefficient and depth of intrinsic Si at 300°K

Although increasingwafer thicknessenhances light absorptioit,also means
longer patB to betraveled by thegenerated charge carridysfore being cllected at
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the metal contacts. Athe path length to be travellbg the generated charge carrier
increasestheir recombination probability also increasé&ke distance travelled by

the carries until recombinationis named asimi nor ity carri.er di ffus
Diffusion length in an rdoped emitter region is ©n whereas that value reaches to
1400m in the pdoped base region for doping levels of 1X&6i® and 1x16%m?®
respectively(2, p. 189] Hence, sch short diffusion lengths impose an upper limit
for the wafer thickness. Moreover, increased wafer thicknese aicreases
production cost which is undesirable for the manufacturers. Thus, wafer should be
thick enough to absorb as much light asgpble andsimultaneouslythin enough to
provide effective carrier collectioand low cost Light trappingapproaches dve
beenis developed as a solution for that tradeoff between absorption and carrier
collection.

Optical pathlengthis the distance travelled by an unabsorbed photdorde
escaping out of the devickight trappingconcepis applied to make thigptical path
several timesongerthanthe actual device thicknedal/ith the help of light trapping,

a mechanically thin but optically thick deviceuld be obtainedOne of the most
effective and practical light trapping methods is based on texturing the safface
wafer, which can be obtained by wet chemical etching.

Surface texturingcan be easily obtaineidh a dilute alkaline solutionwhich
selectively etchs Si surfaceat temperatures around -B6°C. Generally KOH or
NaOH is used for alkaline solutiandcertain amount of isopropyl alcohol (IPA) is
added to the solutioto make chemical reactiomore selective(surface orientation
dependent)With this process, the wafer surface is ultimately transformed from a flat
structure to a pyramidal surfacks the concentration of KOH or NaOH increases,
selectivty of the reactiondecreaseandwa f e r 6 s is isatropicadlycetched
resulting in a shiny surface, insteadrahdompyramid formation The etch rate is
determined by rate of two mechanisms. One igdke of reaction taking place at the
surface and the other is the diffusion rafereactants into the surfagé7]. IPA
addition to the alkaline solution enhances the surface diffusion resulting in a rapid
etching.

Different reaction mechanismisave beerproposedto describe thaexturing

process
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According to one proposal, KOH/NaOH molecules react with Si atoms on the
surface and a potassium/sodium (K/Na) including silicate which is soluble in water
(H20) will be produced @ompanied by kKHgas emissiorfl7]. Chemical reaction

taking place in this processgiven as;

"Y'QCO 600G O VR ¢O ofp T

Since reaction rate will be different along different crystallogragiriectiors
due to different linear atomic densitietched Si amount will be different for each
direction. Etching isfaster along (110firection compared to (100) and slowest
along (111) directiofl7]. For instance, the tia of etch rateof the KOHgivenas;
(111): (110): (100) ~1:600:400 which meathsit etch process almost stops when
(111) direction is reached.

Si surface texturingprocessstartswith a wafer of (100) orientation. (100)
planes are etchedhuch faster thn (111) planes and texturing process will be
completed when all planes have (111) orientaéisrshown irFigure17. At the end

all surface will be covered by squdrased pyramids of-Z00m height.

(100)

Figure 17: Etching process of (100) Si

Unlike flat surfaces, pyramid covered surfaces provide the incident light to interact
with the surface more than onddore interactionwith the surface increases the
optical path length so postpones the escape of unabsorbed light outside the solar cell

thus, provides light trappin@rigure 18).
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Figure 18: Reflection from a flat surface (a) andtextured surface (b)

In thecase of flat surface, the incident light hits the surface with an intensity
of lincigens it Will be reflectedfrom the surfaceonce andeave the surface with an
intensity of R multiple of lincigent @S expessed in Eq.11When the incidenbeamis
reflectedtwice as in the case of pyramisisown inFigure 18-(b), the reflected beam
intensity will be equal td? times| as expressed in Eqg.18inceR is the surface
reflectance and takes numerical values between 0 and 1, after successive €flection
from the surfacereflected beam will leave the surface withreay small amount of

intensity.
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2.2.2.Doping

Dopingis another critical step where active region of the solar cell is formed.
In this step, m junctionis created via solid state diffusion. Since the standard
process of the solar industrybasedon ndoping of the gbase wafers, Phosphorous

(P) diffusian is worth of being discussed in details.
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In the most general sense, doping is the way of changing electrical properties
of a semiconductor material via intentioraddition of impurity atoms into the
crystallinelattice. Sincetheimpurity atomhasto replacea lattice atom, energy has to
be supplied to the system in order to kafk a lattice atom from its stable position
via breaking its bonds and to reform bonds between the other lattice atoms and the
impurity atom. This can be accomplished byhagh process temperatures300
900°C as in the case afolid state diffusion.

Figure 19: Crystal structure of intrinsic Si (a), phosphorous Si
(b) and boron doped Si (c)

As being a member of Group I of the periodic table, Si makes four
covalent bonds in itBitrinsic structurelt means that each Si atom will make bonds
with its four nearesteighborsWhen a Phosphorous atom is added to the system for
n-type doping,asbeing a Group VA element, P has five valence electrons folr
which will be bonded tathe nearest Si atoms and the fifth electron will be weakly
bonded to P atonThat weakly bonded ettronis easilyfreed to move throughout
the lattice even at room temperature whecimsequenthenhanceshe conductivity.
Thus, more free electromgll result in higherconductivity.

On the other hand, Boron has three valence electrons as being a Graup llI
element Thus, Boron shares atsithree electrons with the host atoms and there will

be a missing electron which is equivalent to an additional hole, in the structure. Each
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additional hole will also increase the conductivity of the material since holes are
charge carriers.

In astandard solar cell structuredoped layer is formed on the surface ofa p
doped wafer via solid state diffusion. Wherdoped and ftoped materials in
physical contact with each other, electrons will flow frorsice towards {sideand
recombines with holes there. Similarly, holes will flow from -gide for
recombination with the electrods a result of this diffusiomecombination process,
electrons leave positively charged Bns on the nside whereas holes leave

negatively charged ‘Bonson the pside of the junctioms illustrated irFigure20.

Depletion region (W)

w Cdl

CN
CIG)
®®
®®:

-X»  junction X,

p-Si

Figure 20: Cross-sectional view of a pn junction

As a result, an electric field induced at the junction region pointing from n
side to the gside. This electric field makesninority carriersto drift across the
junctionrapidly to the other sidiéhey reachthe edge of depletion regioim addition,
all minority carriers created within a diffusion length distateé¢he depletion region
can reach the junction and collected easily.

In order to understand the device properties, the energy band diagram of the
materials should be clearly understood. Sci@ntand diagram of p and ntype Si
before junction formation arghown inFigure21. Fermi level (E) will lie close to
the conduction band (C.B.) fortgpe Si whereas it lies close to the valance band
(V.B.) for the ptype.
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Figure 21: Band diagram of n-Si and p-Si before electrical contact

Here 0, and G, are the work functiors, the energydifference between the
vacuum andrermilevel, of n-Si and pSi respectivelyG stands forelectron affinity
which isthe energy difference between bottom of the C.B. and vacuum level.

When pSi and rSi are broughinto contact via junction formation, conduction
and valence bands will bendue tothe difference between iwork functions.
However,at thermedynamical eqilibrium with no current flow across the junction,
the Fermi level should be constant across the device. With this requirement, the
difference in the work functions results in a potential barrier formation at the junction

in shown inFigure22.
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Figure 22: Band diagram of the system after p-n junction formation
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In a standard solar cell structure;doped layer is formed on adoped Si
wafer via solid state diffusion process. For tpigrpose Phosphorous containing
liguid POCE is sent intoa tube furnace at a temperatui@€C. POCE is carried
into the furnace by carriergas (\;) and heatedbefore entering into the tubé/hile
P containing gas is fed the system, ©gas is also supplied to form®; according

to following reaction;

WHaQ o QOcdl Q ¢@da Orp o*®

This reaction takes place the predeposition step ahe diffusion process.
After predeposition,the drive-in step is followedin which flow of 0 & & is
suppressed and deposited) reacts with Si to form Si€on the surfaces of wafer.
Formation of SiQ releases Rtoms and llows themto diffuse into the Si via the

following reaction;

00 "Q uvYQouYyi t0i Orp 11

In addition to SiQ formation on the surface) U reacts with Si@ and
phosphorous silicate glag$SG) is formed as the product of thesaction by
following the below equation

ONQ DO O oD O Orp P8

During thedrive-in step, freed P atoms havepenetratdoththroughPSG and
SiO, layers formed on the surfage orderto reach underlying Si wafer. Although P
in Si will be redistributed near tlgrowing SiO, on the surfacedue to relativelyfow
diffusivity of P in SiQ compared tdhat in Si, diffusion in SiQ will not affectthe
redistribution of P atoms in Si signiéiotly [19]. Moreover, adopants like P and As
arerejected by Si@and pileup at the Si surfac0]. In drive-in step, changing £

flow rate will change Phosphorous cent in PSG glass which in turn affects the
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surface concentration in the emitter regidhthe end of drivan step, P atoms will
replace Si atomat the lattce sites sahatinitially p-type regionsareconverted into
n-type.

Modding

Solid state diffusion modeling is based upon one dimensionaldidiae atoms
in the absence afonvection Basic theory of diffusion was developég Fick in
1885 [14] who assumed that in a dilute liquid or gaseous solution, solute atom
transfer per unit area for one dimensional flow codakpressed as in tfalowing

equation.

16k Orp ¢
T o

1 Jis the diffusion flux which iglefined aghe amount of solute transferred per
unit aregper unit time and has the unitsrobl/cnf.s.

1 D is diffusion coefficient or diffusivity of the material defining how easily an
atom couldmovethroughout a known medium. Diffusiviggefined with the units
of cnf/s ,changes as a functioti @mperature and concentration.

1 C(x,t)is the concentration of atoms per unit volume of the medium and defined
with the units ofnol/cnd.

is known as the concentration gradient which is the driving force of the

diffusion process.

Eq.16 is named @ i ¢ K'@asv ofiDiffusionin mass transfefThe negative
sign in the equation states that the matter flows in the direction of decreasing solute
concentration so that the defined concentration gradient is negalsee continuity
(i.e., conservation of mattemnposes that within gery small volume of the system
spatial change in diffusion flux must be equal to the change in solute concentration

per wit time as expressed in Eq. 17:
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Inserting Eq. 17 int&= i ¢ K'@asv results inF i ¢ Ka.aw oPDiffusionfor

one dimensional flow as expressed in Eq.18 below.
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Solving Eq. 18 for different initial and boundary condisamill correspond
to differentpracticalcases.

For example, constant source concentration at the surface corresponding to
the initial condition C(x,0)= 0 and boundary conditior3(0,t)= Cs and C(Hb,t) =0
leads toa solutionin the form ofcomplementary errofunctionas expressed in Eq.

20 below where @s the surface concentration of dopant atoms.

. -0 ) 15 [20]
6afd 601 QG ORp @
¢Oo

Constant surface concentrati@orresponds to predeposition step of the
diffusion process where dopant including process gas is fed to the system with a
constant flow rate.

After predepositiorstep thedrive-in is followed where a thin layer of dopant
atoms is alreadpresenton the vafer surface. A totaQr amount of dopant per unit

area will diffuse into the Swith the initial condition C(x,0) = 0 andthe boundary
conditions, 6 ¢ O and C(Hbt) =0. The resultant solution satisfying the

initial and boundary conditions will be in the form®&aussian distribution function

whose mathematical expression is given in Eg@r2€he next page
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2.2.3.Anti Reflective Coating (ARC)

Anti Reflective Coating (ARC) is the thin layer of dielectric material applied
onto thesurfaceof a solar cellto reducethe reflection The application of ARC on
the solar cells increases the number of photons to be absorbed so as the number of
generated carrierdJltimately output currentand efficiencyof the cel increase.

However for an efficient AR actionARC isproperly applied to the surface
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Figure 23: Reflection spectrum of bare silicon

Consideringhereflection spectrum of bare Si shownFigure23, it could be
deduced that almost 30 % of the visible regime of the incidentiigkflected back
from the surface. Reflection is due to differermween the refractive indices of
different media that the light interacts with. If the incident and reflected light are in
phase; then, they will interfere constructively and a certain amount of the incident

light will be reflected back.
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If the incident ad reflected light are out ophase they will interfere
destructively so that reflection will be decreased. Wafer basedSi solar cel,
silicon nitride (SiN4 and/or SiN) layers are used as anti reflective coatiRgr
normal incidence condition, ttkness of the nitride layas adjusted in a way that,
light reflected form the top of nitride layer will be separated from the light reflected
from Sk Si nitride interface by a phase difference equal /®[2, pp. 260262].

Dielectric constant of a solicbuldbe expressed as the following equation:

ot om ot p™

Where; is thedielectric constanbf the solid,& is thereal partandll is
the imaginary part of the refractive index of the materig2, pp. 260262]
Moreover, I could berelated to the absorption coefficient of the material as

expressed in Eg.22 below.

™I o ¢ (1]

The reflectiorprobability or reflectanceof the surfacdor the light travelling

form a medium of refractive index towards the medium of refractive indéx at

normal incidence could be expressedlaswvn in Eq. 23

£ & ok oY

When ARC is depositedsan additional layer between air and Siesurface
reflectivity of the film for the light of wavelength-could be expressed as in the

following equation;
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where] is the phase shift in the film of the thicknesand could be expressed as
in Eqg.25.

‘¢ Qué+ org v

d; is the angle between the light ray and the normal of the film surface.

Consdering EQq.24, it could be cleargeenthat R takes its minimum value
when “¥¢. In orderfor this condition to be satisfied; has to be equal to a
quarter wavelength in the dielectric filf]. Then, the light reflected from rear and
front sides of the thin film will be out of phase so interfere destruct(2¢/\R could

also be minimized when thelfowing equation is satisfied.

\ — o~ 1
& € ¢ ong o

Thus, for the light from air witmg=1 towards Si withns=3.3 at 632nm
optimum refractive index of ARC layen=Vo®& e p& pwhich can be providety
SisN4. Since, thickness will minimize reflection at one specific wavelength, that
wavelength will stay in red regime where solar radiation is maximbDue to
reflection in UV regime, standard Si solar cells appear blue or \Wadeeover, the
Sun has a surface temperature ~5760 K corresponding to ~500 nm as expressed in
Eq. 27, k n o wn thatlicknegs ef thé ARClLfilanwhas to be chosen to

minimize the reflection at th specific wavelength.
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Then, applying Eq.25 fof “Tché p& pand _ v T&oq, Q is
calculated as ~70 nm for minimum reflectiorhus, ~70 nm of N4 layer will
reducethereflection losses.

2.2.4.Metallization

Metallization is the process where metal contactgpatternedon both front
and rear surface of the standard solar céltss step starts with screen printing and
successive drying ofdnt Ag and rear Al contacthen, a high temperature firing is
necessary to obtaimack surface field and to provide Ag diffusitmough theSizN4
layer for contact formation with th&i substrate During the firing process Ag
diffusion takes placgust afterthefront SiN, layer is etched by theif content of the
paste.

When the m junction is exposed to light, minority carriers will be generated
throughout the devic&€harge carriers created in the depletion region and within the
diffusion length distance from the depletion regwiti be collectedwith the help of
electric fieldformed at the junction regioifhesecarriesare therfed to an external
load aselectrical currentin order to enhance carrier collection, electrical field at the
metal Si contacts is also neededaddition to the electrical field provided by thap

junction

When a metal and a semiconductor are brought ildotrecal contact, a
Schottky or an Ohmic contaist formedat the junction region depending on the work
functions of contacted materialéy case ofSchottky contacformation a potential
barrieris built up at the junction regrowhich will resist current flow in one direction
while allowing in the other direction. For Ohmic contdatmation on the other

hand, current flow is allowed in either directigiithough Schottky contacts could
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be used as rectifying contacts under bias some specific applications, Ohmic
contacts are needed for many applications including solar cells.

Schottky Contact

When a metal with a work function @fy, is brought intcanelectrical contact
with a semiconductor with a work function of, chargetransfer will take place until

Fermi level(Eg) reaches its equilibrium position.

For an ntype semiconductor, Schottky contact will be obtaimdeen U >
Us Since the work function dhemetal is greater than that of semiconucbefore
the contactformation.Er of semiconductor will lie abovedof the metal as shown in

Figure24 wherel ,is corresponding to the woflinction of ntype Si

vacuum level

V.B
metal n-Si

Figure 24: Band diagrams of metal and nSemicaductor
before physical contact

After physical contact is established, a charge transfer will occur and
conduction/'valance bands afemiconductor will bendownwardgo prevent further
electron diffusion from semiconductor to metal potential barriercalled Schottky
barrier(t ) is formedat the junctiorto prevent electrofiow as illustrated irFigure
25. Fermi level alignment is reached by raising the electrostatic potentiasidéen
and negative chargesill be induced at metal side due to uncompensated positively

charged donor ions atside.
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Figure 25: Band diagram of metal-n-Semiconductorjunction after
physical contact
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For a ptype semiconductoris> U, is the necessary condition to form a
Schottky barrierln this case, théand bending at the semiconductor side will be
upwards and the potential barrier forming at the metal side will prevent hole

movement between two sides.

Ohmic Contact

A metalsemiconductor junction with no @ negligiblepotential barrieris
called Ohmic junction. In this caskV characteristidinear and independent from

the polarity of the applied voltag21].

For an ntype material to obtain Ohmic contadts> U , condition should be
satisfied wheras 0 > Us condition is needed for-fype material.Sincel s> U,

initially Erof n-material will lie abovehat of metal as shown Figure26.
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Figure 26: Band Diagram of metal and n-Semiconductor beforephysical
contact

After thephysical contact of the metal andype semiconductor, electron energies at
n-side to be raised, so that, bands of the semiconductor will bend upwards as

illustratedin Figure?27.

E

F,metal ¢ —
b_x cbm ¢

metal n-Si

Figure 27: Band diagram of metal & n-Semiconductor afterphysical contact

If the Fermi level condition explained above cannot be maintained, Ohmic
contacts can be formed by heavily doping the underl8ingurface. In this case, the
current flows through the junction by tunneling mechanism easily because of narrow

barrier and high electric field at the junction
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As mentioned before, solar cell is a device requiriq@gand bottom contacts
to be Ohmic.For the standarg type basedsi solar cells, Al is used as the back

contact whereas Ag is used as the front contact to obtain Ohmic behavior.

2.2.5.Edge Isolation

After successive application of texturing, doping, -@efiective coating and
metallization stepssadescribed in the flow chart shown kagure 28, solar cell
fabrication process wiknd up with the edge isolation whichaisoher industrialized
process steplt is appliedto provide electrical isolation between tfrent sideand

rearsideof the cellin order to avoid electrical shorts.

SisN,

AR Coating

ltexturing
l metallization & co-firing

Ag
1 doping
P
Al

diffused
n-layer

Figure 28: Fabrication process ofstandard Si solar cell

The electrical short is generatad a result ofloping process of the base Si
wafers.During POC} diffusion, in addition to front surface of the wafer, its edges
and rear side will also bghosphorousioped.Rear side of the wafas converted to
highly doped dayer during the metallization steggs a result of large amount Af
incorporationinto the ndoped layeformed during POCI3 procesklowever, edges
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of the rear sideand rear sidere not covereavith Al remainsas ntype and pose
possible paths for generated minority carrigusing operation. As shown fRigure
29, generated electrons could directly fldéavthe pside at the edges of the wafer;

instead of being colleed at an external load.

diffused n-layer

p*

Figure 29: Operation of a Si solar cell before edgesolation

To be ableo avoid electrical short problem, front side of the cell should be
isolated from the rear side. That isolation could be obtained either via
chemical/plasma etching or by laser ablation. At the end of chemical/plasma etching
process, fdoped layer at the reaside and at the edges of the wafer will be
completely remeed. So that, there will be no contgmssibility of nlayer to p

layer.

groove

[y

diffused n-layer

p-l'

Figure 30: Operation of a Si solar cell after edgeisolation by laser dlation
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Alternatively, shallow grooves could be opened on the front surfac
the wafer by using a laser, so that the only possible path for generated ¢

will be the external load circuit as illustratedrigure 30.
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CHAPTER 3

A SINGLE STEP DOPING TECHIQUE FOR SELECTIVE EMITTER
SOLAR CELL SAND PASSIVATION TECHIQUES FOR BETTER
CELL PERFORMANCE

3.1. Selective Emitter Cell Concept

Standard Ssolar celltechnology based on s&n printed contacts formed on
homogenougmitter surfacehas an upper efficiency limit around 18.422]. This
limitation is related tocontact resistanceseflection losses at the front side and
recombination losses at both front and rear sidtefcell.It will not be possible to
reach higher efficiency values unless thésgsesare eliminated. For this, novel
production techniques have been develogedstarted to beppliedfor industrial
applications PERC (Passivated Emitter anBear Cell), PERL (Passivated Emitter
Rear Locally Diffused))BC (Interdigitated Back ContactBurried Contactand
Selective Emittercdl designs are the ones that halwecome popular recently.
Among these new designs, selective emitter will be focusethkughout this

thesis.

Selective Emitteris the concept of having a&electively doped,non
homogenous emitter where regions lying beneath metal contacts are highly doped
while metal free regionsre lightly doped For a good emittecontact, dopant
concentration must be 1810°° cmi® for n-type and 18&cm for p-type silicon with
an emitter thickness of >BOnm [23]. Lower dopant concentrations will increase
series resistancef the cellwhich will result inineffective collection of generated
charge carriers soas lower efficiency vales. However, increasing dopant
concentration will also increase the surface interface trap densitygrease surface

recombination velocity thusleteriorateminority carrier lifetime.
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Besides, increasing dopant concentratiglhalso increase the probability of carder
dopant interaction which increases Auger recombination veldditys, there exists

a tradeoff between minority carrier lifetime and series resistaoté¢he emitter
region. In order to provide low contact resance while keeping the rest of the
emitter region ligHy doped selective emitter approach has been develtpéhis
approach, emitter surface could be selectively doped via several methods like,
emitter etch backinline selective emitteconceptlaser doping doping via diffusion
maskandion implantation[24].

Consideringabsorption spectrum of Si shown Kigure 16, it could be
deduced thamore energetiphotons are absorbed at the front surfabereadess
energetioones could penetrate deepalongthe Si. With the help of selective emitter
less dopant atomwill be presentat the front surfacketween metal contagtthus,
not only surfacebut also Augerrecombination velocity will be decreased. As a
result, charge carriers associated with the shorter wavelengthd beulmore
effectively collected which results in enhanckllie responseof the solar cell
Consequently, 0-6.9% absolute increase in the conversion efficiency could be
obtained25].

3.2.Fabrication Methods of Selective Emitter Cell

3.2.1.Emitter Etch Back

Emitter etch back is a method used for selective emitter solar cell fabrication
which makes it possible téabricate selectively doped emitter via single step
diffusion. For this methodas demonstrated , fabrication starts with a heavy PQCI
diffusion resulting in a homogenous emitter. Sheet resistance of obtained
homogenous emitter will be aroudd®-60q/l [26]. Then, without removing®SG
formed on the surface, etching paste will be screen printed using a printing mask
which is patterned as negative of the front Ag mask. After a short thermal treatment
at temperatures around 2080°C, printed paste will be activated and start to etch
the urderlying PSG laye[26]. Although this shdrthermal treatment could be done

by rapid thermal annealing, standard firing furnaces are preferred by the irfdustry
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high production ratesEtch rate of the printed paste depends on thermal treatment
duration.

The longer heating of the etching paske more etching of underlying PSG, so the
higher sheet resistance values. After etching, cleaning is required to remove paste
residuesThen, cleaning is followed by silicon nitride deposition, front and rear side
metallization and cdiring of the printedcontacts as in the case of standard solar cell
fabrication. So that, etching paste printing and post cleasteygs will be added to
standard solar cell fabricatioMoreover,since front Ag fingers will be printed over

unetched regions, front side metallization nesdgment

POCI3 diffusion
(45-600/0)

PSG

SizN, deposition

SizNg I I I
metallization
and co-firinig

Ag

Figure 31: Fabrication processof emitter etch back selective emitter solar cells
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Although etching paste could besed for selective etchingphotoresist
materials couldalso be used as etaolg barriers so that in a diluetchantsolution,
resist covered regions of formed PSG will be protegtbdreas uncovered regions

will be etched in a controlled manner.

3.2.2.Laser Doping

Selectiveprofile of dopant concentration at emittseurface could also be
obtained with the help of a laser bedfor this type of doping, laser pulseuld be
either appliedonto PSG layer before HF dip or on coated dporous source

subsequent to a light solid state diffusion.

When PSG layewhich isformed as a result of solid state diffusion process,
only specific regions will beexposedto laser beanto be more heavily doped
compared to the rest of the surfatais additionaldiffusion provided by lasdseam
could be attributed not only to the thetmenergy induced by lasematter
interaction,but also to the damage givémthe wafer surfaceThermal energy will
leadto melting and evaporation of underlying Si atoms whereas induced damage will
provide additional paths for P atoms standing on the surface so that their possibility
to penetrate deeper away from the surfésea resultwithout any additionatioping
step requireddoping profile could be obtained.

As summarized in Figure 38tandard POGgIdiffusion is to be adjusted in a
way that the resulting sheet resistance wilabeund 76900/ . Then | aser

will reduce this sheet resistance value te60@ /T .
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Figure 32: Fabrication process oflaserdopedselectiveemitter solar cells with
single step doping

Lowered sheet resistance regions will lie beneath the front metal contacts so
alignment will be needed for the front side metallizati€ontrol of junction depth

and suppression of generated laser damage on the surface could be counted as
possible challenges about this proc&slective emitter solar cells fabricatasing

this techniquehave been reported to result in a 0.5% absohdesase in efficiency
value[27].

On the other hand, the light PQ@liffusion resulting in 78@0¢q/ I coul d b
followed by spin coating of a thin layer of doping paste or Phosphorous containing
ink. Before spin coating step, formed PSG layer has to be etched. After spin coating
and drying of thin dopant layer, Phosphorous atoms will be activatedheitielp of
laser beam resulting in 40 q / T . At the end of activati
dopant should be removed. This method whose prdtmssshown n Figure 33,
requires additional steps which makes fabrication process more complicated thus

more expensive and time consuming.
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Figure 33: Fabrication process of laser doped selective emitter solar cells
with two step doping

Thus, it is not suitable for industrial applicatidfiowever above mentioned doping
paste and ink couldlsobe screen printed instead of spin coatmigr to solid state
diffusion so thaactivaion of both doping steps could be done simultaned@siy
Moreover laser ablation could be carried out after PECVD gittlielposition
step[27]. For this method of fabrication, after solid state diffusion, formed PSG is
not etched opposing to standard feation processThen, as summarized Figure
34, PECVD nitride is deposited on top of underlying PSG layer. After that, both
nitride and underlying $G is exposed to laser beam so that nitride layer will be
ablated whereas underlying Si region is highly doped.
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Figure 34: Fabrication process of laser doped selective emitter solar ce
with single step doping

Although enhancement in the blue response of the solar cells fabricated by
this method is observed, low,Malues are attributed to recombination at the front
surface[27]. High amount of P atoms kept in the PSG layer inevitably increases the

front surface recombination velocity, thus, limits the efficiency output of the device

3.2.3.lon Implantation

lon implantation is a well known methottat has been widely used for
microelectronictechnology and recentlgdapted tosolar industry.Although ion
implantation is a complex doping method compared to solid state diffusion for
standardsolar cell structure, itprovides better ase uniformity, better control of
junction depth and profile. Thus, ion implantaticould simplify the fabrication of
advanced cell structures like PERC, 1B6d SE[29]. The greatest disadvantagef
these processs aretheir longer process timand high investment codor industrial

solar cell applications.
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However, with the help of new designs improving wafer handling and increasing
beam currentshigh throughput values ~1000 wafers of 156x1568mer hour have

been reachef®9].

For selective emitter solar cells, ion implantation could be either applied on
lightly doped wafers to form highly doped regions or both hagh light doping
profiles could be obtained by two successive implantation steps without moving the
wafers[29]. For the sake of high throughput, two successive implantation processes
will be more favorableAs shown inFigure 35, the process is started with the
implantation of whole surface resulting in a high sheet resistanceagI00 The n,
for the second implantation a proximity mask is placed between the iondmehthe

wafer.

1st implantation
{1000/2)

2nd implantation SisN, deposition
(s00/)
n metallization
and co-firinig

Ag

dopant activation
and oxidation

thin SiO

Figure 35: Fabrication process of ion implanted selective emitter solar cells
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At the end of second implantation, beam exposed regions, that will lie under
front contacts have slhheebPueesoshanceeval
an approximately @ nm thick layer of the surface will be fully amorphiz§80].

Thus,in order to activatemplanted P atoms and repair the damage on the surface
due to ion bombardment, a high temperature annealing step is needed which is
carried out in a furnace, at a temperature abové@add under BO, flow [30].
Moreover, during annealing a very thin Sildyer will be formed on the surface of

Si which will provide high quality passivation. After annealing, PECVD nitride
deposition, metallizatio and cefiring will be successively carried out as in the case

of standard solar cell fabrication.

Although efficiency values of ion implantedijase selective emitter solar
cells have been reported as 19.628], doping by ion implantation have some
challenges. If the dopant atoms are not activated properly or the amorphization is
incomgdete during implantation, increased surface recombination velocities and
higher reverse saturation current valuas be observed/oreover, unlike solid state
diffusion, ion implantatiordoes not provide aeffectivedefectgetteringwhichis an
important advantage of the PQQirocess Thus, any contamination coming from
base wafers or from other procgs®r to implantation could have detrimental effect
on device performand@9]. As a result, high quality base matetimheeded|eading
to increasedproduction cost.So, despiteimprovements regarding to process

throughput, ion implantation process has stiline challenges to be overcome.

3.2.4.Diffusion through a Barrier

In addition toemitter etch back, laser doping and ion implantation processes,
selective emitter saf cells could also be fabricated by using a diffusion bdeyer
covering theemitter surface. Silicon dioxide (Si silicon nitride (SiN) or even
amorphous silicon (&i) layers could be applied as diffusion barriers and the main
idea for all thesas the same. Diffusion barrier to be covered by a convenient
processwhich will thenbe patterned according front side contact design prior to

doping and selective doping profivell be obtainedvia solid state diffusion.

49



For aSi case whose fabritan process is demonstratedfigure 36, a thin
layer of amorphous silicon is deposited at low temperature by plasma enhanced
chemical vapor deposition (PECVD) or is evaporated by electron beam evaporation

technique.

POCI3 diffusion

n +
PSG
a-Si n
lcleaning & etching

n(1100/0) n *(40Q/0)

thin a-Si
deposition/evaporation

4

a-Si

anti-alkaline
mask printing

KOH patterning
Si;N, deposition

SiN,

Ethanol dip
&
HCl cleaning
metallization
and co-firinig

Figure 36. Fabrication process of selectie emitter solar cells using amorphou:
Sidiffusion barrier
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Then, an antalkaline mask layer is screen printed at room temperature with the
negative of front contact printing maskfter antialkaline mask printing, the wafer

will be dipped into KOH salition for patterning, so that&i regions uncovered with

the antialkaline mask will be etched away whereas mask covered regions will be
protected against KOH. Then, anti etching mask will be cleaned off by absolute
ethanol dip, so that there will be ondySi layer above the wafer during doping
processin order to remove KOH residues from the surfacetHCI dip will also be
required prior to doping. Since phosphorous atoms could penet&iti&ayger more
slowly, less dopant atoms could reach the undegl®i surface. As a result, regions
lying beneath the-&i layer will be lightly doped compared teSa etched regions of

the emitter surfacg31].

During POC} diffusion process, -&i layer will be oxidized, chemical
reactions defined by equations 13, 14 and 15 will take placeraadPfatoms will
migrate through underlying Si wafer at the same time. Moreov8i, waill also
crystallize during POGIdiffusion since it is known that a 3® nmthick aSi would
be crystallize within a few minutes at a temperature around °85@vith a
crystallinity of 65% [32]. However, as long as$i layer is completely ogized and
PSG layer could penetrate through underlying crystal Si substrate, crystallization of
aSi is not expected to pose a probldndeed when aSi layer is fully oxidized, it
could be completely removed from the surface by HF dip. As a result,diegeam
the thickness and temperature of doping, higbw level doping concentrations
resulting in sheet resistance values around®q/l coul d be reached

Si layer as diffusion barrier.

Silicon dioxide and silicon nitride are more commponisedas diffusion
barrier layers. For both, local openings on the ymuld be created by laser

ablation or bythe application ofcreen pinted etching past5].

For silicon nitride (SiN) case, a two step doping could becessaryAs
shownin Figure 37, a SiN layer is deposited on top of wafer prior to high doping
which will result ina sheet resistanocef 40q /1 . After being deposited, nitride layer
is patternedeither by using a laser pulse for selective ablation of the layer or by

screen printingof an etching paste. Etching pastequires heat treatment for
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activationwhoseduration determines the etch rate. Aftetectiveetching of nitride

layer, etching paste residusbould be cleaned bywvater in ultrasonic batii25].

Nitride patterning is followed by high doping step where only nitride free areas will

be doped with a sheet resistance40f /I .Then, nitride barriedayer will be

completely removed by HF dip aral secondight POCE diffusion resulting in a

sheet resifllstanwer wohe 8@ol e emittAdthe surface v
end of second doping, a high / low doping gradientid be reached at the surfase

that selective emitter effect would be provided.

PECVD
SiN,

SiN, diffusion barrier

laser etching
ablation paste
printing
] heat treatment
laser induced &
damage removal cleaning

- =TT
|

high doping
&
PSG removal

n *(400/c)

nitride etching,
light doping,

PSG removal
n (80Q/0)

lSiaN‘1 deposition

metallization
and co-firinig

|

SisN,

l

Figure 37: Fabrication process of selective emitter solar cells using silicon
nitride diffusion barrier
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Although silicon nitride is a commonly used material by the solar industry,
patterningt is more difficult compared to that of silicon dioxide due to its resistance
against etching25]. Moreover, since silicon nitride layers are generally deposited at
relatively lower temperatures around 3&00°C, high temperatures around 800
850C reached during doping pctue cesultisg invo ul d
tensile stress generated on the wafer or even end up with decomposition of the layer
during doping process resulting in possible contamination afah®ples andoping

furnace.

Unlike silicon nitride, silicon dioxide (Si§) could resist high process

temperatures and also could be patterned more easily.

Moreover, phosphorous atoms could penetrate through thinl&j€r and provides
doping of underlying surfac@hus, for a proper thickness of Si@nd an optimized
laser akation process, selective emitter doping profile could be obtained even at a
single step of doping. Although SiGnask layers could be fabricated via dry/wet
oxidation or depositionspecial pastes wit®iO, could also be applied via screen
printing [33]. After being screen printedhe barrier layer needs to be sintered at
500°C prior to spin on phosphorous dopant source cod®3j After spin on
coating, 908C diffusion will be aplied to activate coated dopant atoms. As
demonstrated irFigure 38 the rest of the fabrication process will be identical for

oxide barriers both obtained via oxidatior screen printing.

Since the thickness ofSiO, barrier pastedetermines the amount of SIO
depositedonto the surface, emitter sheet resistance wilepend on the paste
thickness. Although increasing barrier thickness will result in decreased doping
concentration so decreased recombination velocity at the surface, crack formation
within the barrier layer could become more probahkin higher barrier thickness
Thus, beneficial eficts of the selective emitter design could be reduced in the
existence of crack83]. So, thickness of the barrier layer should be adjusteas to
obtain crackiree layersso that thesurface doping concentration would be reduced

to a moderate level.
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For barrier layers obtained via dry / wet oxidation, fabrication process
requires high temperatures around @80FC, which could be counted as a
disadvantage considering thermal budgethef fabrication process. After oxidation,
oxide patterning could be either done by using etching |p24}er by laser ablation.
Etching paste would be screen printed and it needs thermal treatment to activate the
etchants in the paste solution. However, after etching, paste residuals should be
completely removed using phosphoric actdution [34] prior to high temperature
doping process to prevent possible contanonaso worsening of cell performance.
Despite acidic cleaning, etching paste residues could still be present on the surface.
So that; in addition to high temperature oxidation step; screen printing, following
heat treatment and post cleaning of etchingepatepsneed tobe added to ¢

standard fabrication process.

dry/wet oxidation $i0, containing
paste prlntlng
laser ablatlon
smterlng @ 500°C

Si0, barrier

POCl, d|ffu5|on spin on dopant
coating
HF clean

n (80-1000/0) spin on dopant

diffusion @ 900°C
HF cIean

n (80-1000/0) n *(40-500/c)

Si;N, deposition

SigN,

n *(40-500/c)

metallization
and co-firinig

Ag Ag

Figure 38: Fabrication process of selective emitter solar cells using silicon
dioxide diffusion barrier
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For the selective emitter approastiadied inthis thesis, a thin wet oxide mask
was utilized as diffusion barrier. Patterning of the barrier was done via laseorabla
which is suitable forthe massproduction. After a dilute KOH cleaningof laser
induced damagehe standard fabrication processluding doping, ARC coating and
metallization processes were followed. Thus, withoutadhitional screen printing,
doping, thermal activation and harsh cleaning steps, selective emitter solar cell could

be fabricated.

3.3.Carrier Recombination and Related Passivation Techniques for

Crystalline Silicon Solar Cells

3.3.1.Recombination Basics

In order to improvecell performance, reflection, siag andcontact losses
are required to beminimized For these purposesurface texturinghas been
developedto improve thelight trapping, anti reflection coatingsuch assilicon
nitride have been devele@ to reduce reflection from the surface, and a proper
contact desigrhas been developed reduceshading effect with loweredontact
resigance In addition to theselevelopmentsthere exists one more criticilctor
limiting the efficiency output of solar cells which is known asinority carrier

recombination

After being generated, minority carriesdll have a certain amount of time to
move throughout the device before being collected at the corresponding metal
contactsAnd the time period starting from generation till recombination of minority
carriers is known aminority carrier lifetimewhich couldtake values ranging from
microsecands to millisecondslf generatedin the depletion regioror within a
diffusion length to depletiomegion, minority carriers wilbe swept away with the
help of electrical field existing in he depletion region and collected at the
correspondingontacts.Otherwise if carriers are not in the vicinity of the depletion
region electrical field; or if the material containinga high concentration of defect

states; or if the material is highly doped resulting in a too crowdédelathen,
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generated minority carriers will recombine, or will be captured by a defect state
within the structureor will be scattered by hostatom or a dopant atonstaying
within the crystallattice during their motion throughout the devibefore being
collected at the contactsEach recombined carrigepresents #ssin the current

output of the cell.

Recanbination process could take place baththe surfaces or within the
bulk of semicoductor material both of which have adverse effect on cell conversion

efficiency..

Main recombination processes in silicon could be nameddiative, trap assisted

(ShockleyReadHall) andAuger recombinatiof2].

3.3.1.1.Radiative Recombination

Radiative recombination which is also known as bimnrldand recombination
is simplest one among the other recombination procd8&¢s For this type of
recombination, an electron staying in an allowed state of conductiondiautly
fallsinto a vacant valence band state eexbmbinewith the hole staying there. As a
result, both electron and hadeeannihilated and theesulting excess energy will be
released as photoms demonstrated iRigure 39. Radiative recombination could be
thought as the reverse of light induced carrieregation processAnd sincethe top
of valence band and bottom of conduction band of a direct band gap semiconductor
have the same momentum valuBwing direct transition of a conduction band
electron to valence band could besaidthat direct band gamaterials are more
probable to sffier bandto-band recombinationThus, his type of recombination is
less probable to take place in indirect band gap matersa that radiative

recombination effect could be neglected for Si.
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Figure 39: Schematic ofradiative recombinationprocess

Moreover, any type of recombination raté#) (s proportional to excess carrier
concentration(gm) and carrier lifetimeg(() [21]. For any semiconductor, difference
between total recombination rate and equilibrium generation rate defines the net

recombination rate as expressed in the follmgaequation

YoERER ER & O 2!

In Eq. 28, n and p defines steady state electron rasld concentration
respectively whereas, iand p stands for equilibrium carrier concentration for n and
p type materialsAlso n; is conventional symbol of intrinsic carrier concentration.
Knowing the fact that, radiativeecombinationwill constitute some portionof the
total recombination rate, it could be expressea aulltiple of total re@mbination

rate as expressed in Eq.29 below.

~.

YO8 ERER BEnR & o) A

In this equationB is radiative recombination coefficiemthich is equal to 2.1x18
cm®s for silicon[12]. Moreover recombination rate directly depends on excess
carrier concentration and lifetime of the generated minority carriers and this

relationship could be expressed mshe following equation.
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Combining Eq. 29 & 30, the followingxpression given as Eq.3dould be
obtained to calculatéfetime for radiative recombination;

o~ [36]
O ORo P

For low injection conditionwhere excess minority carrier concentration is
less than dopant atom concentratign, << Ny, then, bothogm and g terms will be
negligible compared to suterm andunder fully ionization assumption of dopant

atoms, 9 Ng. Thus, Eg. 31 takes the following form;

p p O ¢ B

For high injection condition where excess minority carrier concentration is
equal to or higher than the dopant concentratipn>> Ny, gn term will dominate

Eq. 31 and the new form of the equation will be as in Eq. 33 below.

p O o 1
BA

Thus, considering Eq. 32 and Eg.33;anbe deduced that under low carrier
injection radiative lifetime is constant whereas under high carrier injection, it starts to

decreas as the number of injected dars increases.
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3.3.1.2.Auger Recombination

Unlike radiative recombinatigrAuger recombination stems fromteraction
of threecharge carrierdnteractingcarrierscould be two electronanda hole or two
holesand an electron During Auger recombination, excess energy resulting from
recombination of a hole and an electron will either be transferred to a free electron in
the conduction band or a free hole in the valence b&hdn, the excess energy
gained by the third carriewill be transferred to the lattice in form of phonons to
bring the excited carrier back to its original energy state as demonstrdtegliin
40.
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Figure 40: Schematic ofAuger recombination

process

If the excess energy is given to a conduction band electron, Abger

recombination rate would be expressed as in the following equation;

Y o6& Ot 11
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Else if the excess energy is given to a valance Waold, then Auger
recombination rate would be expressed as in the following equation;

Y oo6ne O U

Summing the effect of eeh and ehh type Auger recombination and subtracting
carrier generation, net Auger recombination rate would be expressed by the equation

below.

YO8 &R &8 6 &Rn &N O B

Low injection Auger lifetime for p-type and ntype material could be

expressed as,

i B P O x
00
b O Y
h
f 00

On the other hand, higmjection Auger lifetimefor p-type and ntype
materal could be expressed as in the following equations.

+ ﬁ P P O w3
6 6 Y3 0o ¥
; : P p O T [36]
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Cn and C, are Auger coefficientdor n and ptype materials respectively whe@
stands forambipolar Auger coefficienComparing Eq. 33 with Eq.40, it could be
deduced that Auger lifetime more strongly depends on injection level than radiative
lifetime does. Thus, under high injectioanditions like concentrated illumination or

for heavily doped materials, Auger recombination becomes more dominant.

3.3.1.3.Shockley Read Hall(SRH) Recombination
Bulk Recombination

Shockl ey Read Hall r e ¢ 0 mbrecomabtnationrthrough i ¢ h |
d e f ecoulddae place both in the bulk Si or at the surfaces.

Crystallographic imperfections or impurities within the bulk Si results in SRH
recombinationand the recombination mechanism could be described by four
dynamic processe€86]. Electron capture, electron emission, hole capture and hole
emission procegs make th recombination process ag demonstrated Fgure4l.

And for a singlerecombinatiorievel SRHrecombination rate could be described as

in thefollowing equation

. ERE OO (O p®
” ‘8 ‘8 n” h r‘]

whereb defines thermal velogitof generated charge carriers with a value-b¥

cm/s at room temperatyré stands for density dherecombination centerser unit
volumeg ,, and, are capture crossectionfor holes and electrons respectively
Also n; andp; define electron and hole concentrations staying in the recombination

level.
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Figure 41. Schematic of Shockley Read Hallnechanism: (a) electron
emission, (b) electron capture, (c) hole capture, (d) hole emission

Combining Eq. 30 and Eq. 41, SRH lifetime could be obtained as in the

following equation;

t n 0 ¥ t & & ¥ o ¢

In above equatiok), and Q,o standfor minority carrier lietime of eéctrons and holes

respectively anthey could be defined as in the following;

SurfaceRecombination

In addition to bulk recombination, like other materials Si also suffers from
surface recombination. Unsaturatednds at the bare surfaces of Si or interfaces
betweenSi and dielectric materials or even metalshances recombination velocity

at the surface which is the rate at which electrole pairs recombine
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angling bonds

Figure 42: Representatbn of Sidangling bonds

Unsaturated bonds are also known as dangling bonds and result from the fact
that Si atoms at the surface are unable to make four covalent bonds with their nearest
neighbors. Instead, they make bonds with two or three neighboring Si atoms and one
or two borls remain open ended as showrFigure 42. Since each Si atom with
unsaturated bond needs to saturate its bonds to become more stable, these dangling
bonds at thesurface of Si will capture minority transportirogrriers so becomes
saturatedSame condition is also valid ftneinterface trap state€aptured minority
carries will not be held for a long time, after while they will be freed and
subsequent carrigrwill be held bythe relaxed dangling bondsap states This
capture and freeing loofakes placecontinuously during the operation of Si solar
cells and affects the cell performance adversely by decreasingrity carrier
lifetime. Moreover, dumg holding period of an electrdor hole) if another holgor
electron is captured by the same defect state, they will recondiitieis defect site
and the excess energygiven to the lattice as hed®®ecombination at the surface or
at the Siinsulator interface occuthe sameas SRH mechanism in the by®6] and
the rate of SRH surface recombination could be expressed as in the following

equation.
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Here,ns andps are electron and surface concentrations respectively wh&geasd
Sy are surface recombination velocities of electrons asdshrespectivelyS,, and

Swo could be defined as in the following equation.
Yk, R Yk, O O v

where 0  defines thermal velocity of generated charge carriérs,stands for
density of surface states per unit arga,and , are capture crossection for holes

and electrons respectively.

Among three recombination mechanisms, SRH recombination is the most
dominant one for Sunder doping concentrationsf 10*° cm®. Above 16° cm?®

Auger recombination starts ttominate the bulk lifetime of the samp&s].

Effective Lifetime

Effective lifetime is the measaiple lifetime valueof a sample including the
effect of totalbulk and surface recombination whereas total bulk lifetime includes
the all effect of Radiative, Auger and SRH recombination velocifiess, effective

lifetime of a wafer could be expressed as in the following equation,

P P O @l

FoT

P p p
t T T

P P
t t

Effective lifetime is generally measured by using Photoconductive Decay
Method (PCD) where electremle pairs are generated by exposing théewt a

short light pulse.
64



Since generated minority carriers chamgaductancef the sample, by monitoring
the changeén conductance, information about the decay of minority carriers could be
deduce{B6].

3.3.2.Passivation Techniques

Minority carrier recombination both within the bulk Si and at the surface
poses an yger limit to cell efficiency valuesNithout a proper surface passivation,
hi ghest possible efficiency v &ihceéulkof a
recombinati on mai nl vy depends controlleda t er i &
significantly after wafering process. However surface recombinagtocity could
bereducedoy differentpassivatiortechniquesegardless ofvafer quality.

Surface passivation techniquean be mainly divided into three sub topics.
The first way of reducing the surface recombination velocityasapplya highlow
junctionto reduce the number of minority carrier present at the suidé&¢e
In this methogla p'p or A'n junction is formed at the rear side of the cell to induce an
additional electric field pointinghe same diremn as the electric field at the
depletion region of m junctionas demonstrated fFigure43.

Figure 43: Energy band diagram of a p-n junction with a back surface
field at p-Side
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Although electric field of higHow junction will not be as strong as that of p
n junction, it will help topush minority carriers towards corresponding contacts so
increase their collection probability. This method is widely utilized for Si solar cells
ard known asBack Surface Field (BSF)or standard Si solar cell lines;type
wafers are utilized and for that reason, BSPprovided via Al rear contacDuring
co-firing of Ag front and Al reacontacts, temperatusround830-850°C is reached.
Al-Si binary system has a eutectic temperature of’G7A%ith a composition of
11.7% Siin weight[37] whereasAg-Si binary system has a eutectic temperatir
835°C with a composition of 3.1% Si in weigf88]. Also, melting point of Al is
660°C and of Ag is962C. Thus, during cdiring of front and rear contacts, At the
rear side will melt and form an Ai alloy which acts as BSFwhereas Agwill not
melt within this temperature rangleus no AgSi alloy will be formed at the front
side

Another way to reduce recombination velocity at the surfaces of the wafer is
field effect passivatiowhich is provided by a charged dielectric lageated on the
surface.

For this type of passivatiorfixed charges stored in the passivation layer repel
minority carriers towardscorrespondingcontacts [36]. For the front surface
applications, passivation layers should have refractive indices with minimum
reflection at~500 nmto match with the peak of solar spectrdon proper ant
reflection Silicon nitride (SiN) layers are known to have positive fixed chari@sg

so areable toproperly passivate-type surfaces whereas,8i; layer havenegative
fixed chargeq40] thus good apassivation of giype surfacesAdditionally, SiG,
could be used both fortype and gtype surfaces.

These three mentioned dielectric layers are widely used by the indinstry.
addition to their application as single lagethese dielectrics could bdilized in
form of stack layers where a thin Si@ Al,Os layer is capped with SiN

Surface passivation could also be providedchiamical passivatiarfor this
type of passivation, dangling bondsthe surfacaresaturatecdy formation of new
bonds between underlyingSi and above deposited or coated layer of passivation
material. Although amorphous Si (i) itself is a highly defective material, i$
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capable of providing excellent passivatiohc-Si surface.lt could be deposited at
lower temperatureandthis structure is known as hetgumction[41].

In addition to application of-&i, surface passivation could also be reached
by solutionimmersion.In this casesample is needed to be dgainto very dilute
lodine Methanol (IM) or lodine Ethanol (IE) solutions where fraeris are ready to
stick to Si surface. Thus, termination of dangling bonds éllsaturatedby I ions
[42]. These techniques can albe used for bulk lifetime estations. During such
measuremest surface recombinationan be almost reducedo zero, so measured
effective lifetime will approximately be equal to bulk lifetime. Howevaslution
based chemical passivation is unable to enhance device performance, because
excellent passivation effeatannot be maintained during the high temperature
fabrication steps solar cell. sAsoon as the sampis taken out of the solution,
provided passivationeffect will be lost. Moreover iodine residues must be
completely removed from the surfaiweavoid detrimental contamination effedtar
these reasons solution based passivation is not used in the industrial production lines.

In addition to their surfae passivation property, SiNind aSi layers could
also provide bulk passivation gydrogenatior{39].
In other words, during deposition of SiNayer, hydrogen (H) atoms are bonded to
amorphous SiNmolecules, also known ds/drogenated silicon nitride {&iN:H)
and these H molecules diffuse into the bulk Si during contact firing prott$sthe
help of heat energy, weak N: H bonds will be broken and new Si:H op Bairtls
will be formed where Si:H bonds are proven to provide more effective passivation
than Si:H does. Thus, in addition to field effect passivation at the surface, defect
states within the bulk Si could also be saturated by:&iNayer. Amorphous silicon
is arother material capable of providing simultaneous bulk and surface passivation of
underlying crystal silicon. Durinthe deposition of &i layer, if hydrogen gas ialso
fed to the system then, the deposited layer wilhperogenated amorphous Si (a
Si:H) whose H atoms will be freed during post thermal treatment and freed H atoms
will stick to defect states withithe bulk of the wafelThus, aSiNs:H and aSi:H are
capable of providing passivatidsy bothfield effectwith the help of stored charge
and chemical passivation respectiveiyh the help ohydrogenation
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Passivation using Si\ SiO,, aSi:H and SiN:SiO, has been studied during
this thesiswvork.
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CHAPTER 4

EXPERIMENTAL PROCEDURE S

4.1.SINGLE DOPING STEP SELECTIVE EMITTER SOLAR CELL
FABRICATION PROCESSFLOW

Fabrication of selective emitter structure with singl@ping step using @& oxide
barrier layer has been studied imstthesis. The device structure and process flow is
described inSection 3.2 in the previous chapter. In this chapter, details of each

process step are described

4.1.1.Texturing

Selective emitter solar cell fabrication process starts with alkali texturing of
Si wafers as in standard cell fabricatidexturing reactions carried outn acustom
designedcontinuously stirred polypropylene tankhich is capablef procesieg 50
wafersper run Stirring is done by means aftrogen (N) bubbling which provides
uniform temperature distributiorand solution homogeneity during reaction.
Texturing solution has a weight distribution of 91.4%0H4.5% IPA: 4.1% KOH
and the reactiois conducted at P& for 40-45 minutes This recipe is optinzed at
GUNAM Laboratories fothe above described system

After texturing,an HCI dip is necessarip neutralize KOH residueshich is
followed by HF dip to removexide layer formed on the surfacend DFH,0 rinse
betweeneach stepFinally, texturing step iompletedwith drying of wafer under

nitrogengas
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4.1.2.0xide Masking

Oxide masking is an additional step whis notusedin standard cell fabrication.

For selective emitter cell fabrication with single step doping, a diffusion barrier is
necessary which is chosen as thin 8@ the studies within the scope of this thesis.
Since mask layer is not supmsal to have high quality, oxide masks were grown via
pyrogenic oxidation instead of dry oxidatio8ince the growth raten pyrogenic
oxidation is much faster compared to that of dry oxidafibf]l, using pyrogenic
oxidation would decrease the total thermal budget and process time of the whole
fabrication. All oxidation processes are carried out SEMCO Engineering
Incorporation MINILAB Serieoxidation furnace. As demonstrated kigure 44,
oxidation furnace consistof a horizontal quartz tube with its gas inlets and

corresponding controllers.
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Figure 44: Schematt of oxidation furnace

Pyrogenic oxidation of Si is similar to wet oxidation and obeys the same

reaction equation as wet oxidatidoes which is expressed in Eq.47
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The difference between pyrogenic and wet oxidatiothes reaction inlets.
For pyrogenic oxidation, i) and Qg will be fed to the systepnwhereasfor wet
oxidation BO) will be the reaction inputAs Hyg and Qg gases come in contact
within the furnaceat high temperatureghey form HO vaporthat oxidizes the Si
surface[14].

To be able tause SiQ as a diffusion barrier its thicknebasto be optimized
properly If the oxide layer is not thick enoughthen no barrier effectan be
obtained If the barrier is not thin enougliopant atoms canngtenetrate through
Thus, no doping an be obtained For this reasoman extensive optimization study
has been carried out to determine thy@imum oxide thicknessesnd different

doping recipeso achieve a successfakelectiveemitterstructureat the surface.

4.1.3.Laser Patterning

After formation of an oxide maskon the surfacefabrication process
continue with laser scribingstep It wascarried out byan IR marking laser with a
maximum power of 30W and wavelength of 10@#. For patterning, grooves are
opened a masklayerin sucha way that front contact fingers witle printed over
these grooves witthe smallestnisalignment as possible order to give a tolerance
for finger alignment under each finget6 grooves are opened with a separatdn
250m whereas spot size of the laser beamsws0Om. Thus,successively opened
grooves overlap anfinal width of the groove becomes equal to @76 The final
width of the groove exceds that of fingerwhich is equal to1250m. Reducing
groove thickness ressltin misalignment which adversty affects the device
operation Sincemisalignmentis a serious problem resulting in an increased series
resistanceand deadregionswhich can easily be identified by electroluminescence
we have used a high tolerance value in this stilywever, in principle, the
difference between the grooves and the metal finger thickness can be minimized by

special equipment so that better performance can be obtained.
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In order toobtain optimum laser gitern different laser parameterskeé
power, speed and passimber have been studied in detail fifferent oxide
thicknessesdifferent doping recipes and also fdifferent post cleaning recipes.
Changing laser parameters not only changes doping concentration at the surface but
alsoaffectslaser induced damage @iv to the underlying Si surface which should be

minimized as much as possible.

4.1.4.Post Laser Cleaning

After laser ablation, Si surface is damaged even at low jaseer values and
the damagehasto be treatedFor thispurpose laser ablated wafers are dipped into
10% wt KOH solution where Si surfacgisotropically etched to remove damaged
portion of Si away from the surfaceEtching duration is optimized using oftic
microscope images angrofilometer measurementesults. After KOH dipping,
wafers are rinsed in DI water which is followed by 10% HCI solution to remove
KOH resdues so that no Kcontanination will be present prior to high temperature
doping processDuring successivi&KOH, DI water and HCI dips, a possible oxide
layer is formed on oxide ablated regions of Si which could act as a potential barrier
during following doping step. To get raf this oxide layer, a short dilute HF step is
introducedat the end ofcleaningstep Solution concentratioof 1% HF does not
removethe oxide masKayer. The etchtime period<of this processverestudiedand
optimizedfor different oxide thicknesses. After HF dignother DI water rinse step

wasapplied and then samples are dried in hpéiironment prior to doping.

4.1.5.Doping

Following additional oxide masking, laser patterning and posnabgesteps,
rest ofthefabrication proceswill be the sameas in standard celabrication so that,
post cleaning stewill be followed by dopingln addition to standdrdoping recipe
resulting in 50q/I sheet resistancea high doping recipe was alsapplied for
selective emitter solar cells which resulted in a sheet resistaaceurid30q /T .
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Doping is carried out ISEMCO Engineering Incorporation MINILAB Serssping
furnace where POggquig) iS used aghe dopant source. As shown frgure 45,
POCkis carried through the furnace by.N

/ heater \
— 0o,
( —
/1 =
 l[ocoocooOoOCOO0OO000.
\ heater / N, carrier

Vacuum
pump

POCly ;) +Ny,

Figure 45; Schematic of doping @irnace

In the predepositiorstep of dopingO,g andPOCE is simultaneously fed to
the furnacdo form P,Osg) as described bi¢qg.13.Then, in drivein step, POG! flow
is suppressed and reactions expressed in Eq.14 and Eq.15 simultareaighatce
to form PSG on the surface.

To ensure phosphorous diffusion through SiQayer, full wafers with
different oxide thicknesses are doped using both standard and high doping recipes,
then corresponding sheet resistance values are meaattegdremoving theoxide
layer from the surface.

After doping PSG and mask oxide layers are cortgdleremoved from the
surfaceusing 10% HF solution and samples are dried under hot nitrogen ptie to
nitride deposition. However, a thin layer of oxide is grown on a group of samples by
dry oxidation at low temperature for taking the advantage o#/Sil stack layer

passivation over Sipsingle layer passivatiod3].

73



4.1.6.Anti Reflection Coating

After doping and corresponding cleaning steps, anti reflection coating
depositionis carried out where-8iNy is deposited by using PECVD chamber of
SEMCO Engineering Incorporation MINILAB Sesi@=igure 46), which is capable
of processing 10 wafers per tufor SiNyk deposition, Sild and NH; gases are fed to
the chamber aa temperature of 38Q and pressure of 1Torr. Dissociation of inlet
gasedo their reactive radicals is provided by means of an RErgéor operating at
375 W with afrequencyof 50 kHz.
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Figure 46. Schematic of PECVD tiamber

Within the generated plasnthe chemical reaction expressed in Eq&ié&s
placeand the product molecul€SisN4) move down and stick onto Si substrates. As
soon as they stick onto substrate surfacg\,Smnolecules condense and covbe

whole surface inheform of a thin film.
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Depending on thanlet gas ratios, obtained film composition could be
changed. $N4 which is known as stoichiometric silicon nitride needs 3 parts of SiH
gas for every 4 parts of NHentering the system. Thuthe parameteK which is
defined as [N]/[SI] ratio is equab 1.33 for stoichiometric nitride layef44]. Higher
SiH, flows results ingreaterX valuesleading to formation oSi rich nitride layers
whereashigher NH; flows result innitrogen richfilms with X values less than 1.33
Changing composition of nitride layer will also change optical propeBiegending
on thefilm compositions, nitriddayerscanhaverefractive ndices ranging from 1.8
to 2.3.1t is known that stoichiometric silicon nitride has a refractive index of 2.01 at
632nm and increasing Si content would increase this value up[#42.3

Changing gas ratiavould not only affect the optical propertiesut alsg
temperature stability and passivation properties of the .layensity of N is
1.251x10° g/lcm®; whereasit is equal t02.33 g/cni for Si [45]. Hence, mcreasing
nitrogen contentdecreaseshe density of the silicon nitride filnand temperature
stability of the film degradesSilicon rich nitride layers are thought to release atomic
hydrogen whose diffusion through Si surface will be assisted via defdiitngen
rich films, on the other hand, are believed to induce moletylinogen release into
the atmospher§4]. Since atomic Hydrogen is believed to be responsibldahfer
bulk and surface passivation-i8h SiN, layers would provide superior passivation
compared to Nich layers. Also, NH bonds,also known as Hydrogen bondsare
stronger compared to-&i bonds; so NH bonds are less likely to be broken ahds
lessHydrogenwill be available fopassivation.

For passivatiorstudies differentgas flow rates have been applied on both
passivation samples and also selective emitter solar cells to determine nitride recipe
resulting ina better cell performanceDuring deposition, total gas flow, chamber
pressureand plasma tempature hae beenkept cormstant. Also, thickness of the
layers has been kept constant within the range €807@m to provide the best anti

reflection performance.
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Passivation quality of different layers whose thicknesses and refractive
indiceshave beerobtained by ellipsmetric measurements, have been examined via
lifetime measurements whereas theiilection spectrum were obtainbeg reflection

measurements.

4.1.7.Metallization and Co-Firing

Metallization of samples lsdbeen done bASYS EKRAL1 screen printing
system.n the selective emitter process we develop heoat fAg fingers have to be
aligned in a way that fingers wiéll into alreadyopened grooves whetbe dopant
concentration is higher. Finger alignmesithe most challenging part of the whole
selective emitter cellabrication processwhich should be conducted carefully and
properly.Even a small shift between the fingers and underlying grooves may result
in dramatic performance lossdor the rear side ahe cells industrialized full Al
contact design igsed

Screen printing and drying of front and rear contacts is followed Hying
during which samples are exposed to high temperature on a conveyor bedt with
speed 0of90 mm/s under atmepheic conditions Temperature profile of the firing
furnace reembles a shar@aussian distribution function with a peak temperature
around 838C. Such a sudden increase in temperature provides melting of back Al
thus forming p" back surface fieldt the rear side while front Ag contact diffuses

through thenitride layer and touchmitter region without melting.

4.1.8.Edge Isolation

Cell fabrication sequence endgith edge isolation stepgedge isolationis
carried out byanIR marking laserwhich is also used for oxide mask patterniRgt
isolation, edges of the whole sample are scanned bybasenwithout shorting the
p-n junction.That is if the laser beam penetrates through thg@ymction,a new path
combining p and n regions would fi’med and the generated carries in the vicinity
of the junction region would follow this new path instead of moving towards the

corresponding contact®uring edge isolationSi is ablatedvhich results in 145
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Om deep grooves opened on the surfatese grooveelectrically disconnect front

emitter from the rear collector.

4.2.PASSIVATION STUDIES

For passivation studies SiOSiN; and SiN/SiO, stack layers have been
studied SiNy and SiQ layers are already utilized in stard solar cellproduction
lines;thus, suitable for mass production.

For SiN, optimization, flow rates of process gases were varied starting from
N-rich towards Strich layers whose refractive indices and thicknesses were
monitoral by ellipsometric measurementifetime measurements were conducted
by SINTON WTEL20 Photoconductance Lifetime Testetich is a contactless
measurement methothat requires symmetrical samples. For this reason,x SiN
depositions were applied on both sides of all lifetime samples.

SiO, was also applied as a single layer arth SiN, as capping layer on top.
Different thicknesses of oxide layers were grown at different temperatures by both
dry and pyrogenic oxidation methods.

4.3.CHARACTERIZATION

4.3.1.Solar Cell Characterization

4.3.1.1.Reflection Measurements

Solar cell characterization starts with reflection measurement just after the
surface texturing step to observe the effect of alkali etching on surface reflection.
With the help of light trapping providetly the pyramids, reflection of bare silicon
reducesAlso after silicon nitride deposition, reflection would be measured one more

time in order to observe anti reflection effectlod nitride layer.
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Reflection measurements are carried aiging the eflection setup
schematially shownin Figure4?7.

chopper  diaphram lens INTEGRATING SPHERE
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Figure 47: Reflection ®t-up used inGUNAM Laboratories

In this set up, a halogen lamp is used adititeé source whose output signal
is modulated by chopper Chopper rotates at a set frequency which is not an integer
multiple of 50Hz to avoid from possible affects of network electricity. Then, with the
help of chopper controller connected to laokamplifier, only signal with the set
chopper frequency value could be detected, other frequency values were.filtered
After passing through the chopper, spot size of the modulated liljlitendecreased
a the diaphramn and smaller spots then focusel onto the entrancgort of
integrating spherwith the help of acondensingens Since pyramids are randomly
oriented over the surfacencident light will be arbitrarilyreflected. After many
reflecions within the integrating sphere, reflected light will be collected at the exit

port of the sphetavhich is connected to entrance slit of the monochromatothe
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exit of the monochromatog Si detector is placedvhich is connected to a computer
via a lockin amplifier. Usingabove described sep, reflection measurements of the
samples were carried out 350-1100nm rangeln order to calculate reflectidinom

the sample,a calibration measurement has to beriea outusing a standard sample
like a BaSQ disc with 100% reflectivity. Thus, reflection of the sample would be

equal to ratio of sampleds intensity spe:

4.3.1.2.SheetResistance Measurements

After doping, sheet resistance of the wafers are measured JANBEL-
RM3-AR four point probe. Sheet resistance measurement became doicihle
optimization ofhigh-low doping profile of selective emitter cells

During the optimization studies, oxide masked wafevgth varying oxide
thicknessesvere laser scanneas squares of 1x1cfrfor different laser parameters.
And for each laser parameter and oxide thickness, sheet resistanogeasured.
Then,onceoptimum oxide thicknesand laser parametergere obtaineduniformity

of the whole wafers was checked by sheet resistance measurements

4.3.1.3.1-V Measurements

I-V measurement is theostconventional way banalyzingsolar cell performance.
I-V measurements of fabricated sotails were conducted bQUICK SUN120CA

XL Solar Simulator whose schematic is demonstratedrigure 48.Solar cells are
illuminated under ISUN AM 1.5 G and current output is measuras a function of

appliedbias voltage.
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Figure 48: Schematic of solar snulator
Si mul atords software provides <cell efficien

resistance, open circuit voltage, shoircuit current and maximum power point as

output data.

4.3.1.4 Electroluminescence Measurements

ElectroluminescencéL) is a methodwhere cells are forced to radiatader
an applied bias For this purposea MBJ closed box EL system is utilized.
Measurement mailts provide information about the dead regions of g betause
no radiation could be generated from these regions. For the analysis of a fabricated
selective emitter solar cell, front Ag contact misalignment problems, back Al
adhesion problemor anypossible crackalong the celtould be realized.
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4.3.1.5.External Quantum Efficiency Measurements

External quantum efficiency (EQE) is anothaeseful technique widely
applied for solar cell characterization.
In this method, number of electrons generated per incident photon is determined as a
function of wavelengthThis method gives information aboukbe junction quality
effects of contacts, recombination dynamics across the device
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Figure 49: Schematic of external quantum efficiency et-up placed at GUNAM
Laboratories

EQE measurements are carried out at the systeawnin Figure49. Unlike
reflection setup, modulated beam of light interacts with the sample after pa

through the monochromator.
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At the exit of the monochromator, light beam is focused on the sample ar
corresponding response is collected by two probes, one of which is in contact w
front busbar while the other is touching rear Al of the CBEfle ollected signal is

amplified prior to lockin amplifier and the resultant response is monitored.

4.3.1.6.SunsVoc Measurements

After whole fabrication sequence, open circuit voltages of the samples with
contacts on both sides could be measured as a function of the incident lightyintensi
with the help of Sun¥oc system.The measurement resulfives information both

about the base material and passivation quality

Moreover, obtained data can be analyzed to predict-thédhavior of the
cell under zero seriggsistance assumption. By tlassumptionsome important cell
parameters likpseudcefficiency, pseuddill factor, etc could be estimated, since the
effect of shunt and series resistance could have been separated from each other. And
the differencebetween maximum power estimated by SuWies and measured by

solar simulatorould be related to series resistance |48

4.3.1.7.Contact Resistance Measurements

Contact resistance of éhfabricaed cells was calculated by taking/ldata
from equally separated front fingers. For this measurement, full cell was separated
into smaller, busbaoff pieces as demonstrated kigure 50. Then, by keeping
position of the first probeonstant second probe was placed on successive fingers
respectively Moving second finger changed thepamtion between two probes.
Since front contacts are expected to be Ohmic, resistance to be calculated from taken
I-V data would be linearly dependent on geparation between two probédter
plotting resistance v.s. separation graph, extrapolation of the plotted lineytaxtise

would give resistance at zero contact separatitmich isvalue ofcontact resistance

The above described method is knownTasnsfer Line Method (TLMand

the total measured resistand®)(will be summation of contact resistance coming
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from two contad (R;) and resistance of the underlying semiconduckg.f as
expressed as in Eq. 447].
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Figure 50: Schematic of contact resistance measuremenisem

As mentioned above-intercept ofRr vs. length plot gives R, whereas its slope is

equal to sheet resistance of the underlying Si wafer.

4.3.2.Characterization of Lifetime Samples

4.3.2.1 Lifetime Measurements

Lifetime measurement of the samples veasried out bySinton WTE120 Lifetime

Testerwherethe method is based updthotoconductance Decay (PCLDuring
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measurement, sample is exposed to light pulse with a decay constang faom

10-20 Gs to 2ms depending on the measurement mode. As the light decays, steady
state injection assumption holds trueus each second of measuremeould be
described with a slightly different injection levigle]. Whereas the decaying light
intensity is being measuredth a calibrated light sensgositiored at the same level

as the samplethe sheet conductivity of the sample is being measured by an
inductively copled RF coil as demonstrated ifrigure 51 and this measured

conductivityis then to be used for lifetime calculation.
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Figure 51: Schematic of Lifetimemeasurement gstem

Measured conductance of the sample is related to excess carrier density by

the Eq. 50 expressed below.

. Y, O Oy mie
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In this equationgp {it): measured conductance varying with time
g: elementary charge
W: sample thickness

0,,Qy: electron and holmobilities respectively

Inserting sample thickness as an input tosibiéware excess carrier density could be
calculated as a fution of time. Also, under steastate assuption, generation rate
measured with reference cell will be equalth® recombination rate. Then, by

applying Eq. 30, effective lifetime is calculated.
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CHAPTER 5

RESULTS and DISCUSSION

5.1.SELECTIVE EMITTER SOLAR CELL PROCESS
OPTIMI ZATIONS

Detailed description of the selective emitter proaksseloped in this work is
given in the previous chapters. In this chapiex present the results and discussion
of the studies we carried out to develop this technology

5.1.1.First Run

As the firstrun of selective emitter cell fabricatiplaser scribing wastudied
for different laserpowers, differert scribing speeds and differeatribe numbers.
Lase current was setb 30-32 A and 3638 A whereas scribing speadasadjusted
as 300mm/s and 600nm/s. For each laser parametegitherl, 2, or 3 successive
grooves were opened to provide some tolerancethferalignment offront side
contact patternFor all scribeparameterslaser wavelength was 53#n; whereas
repetition rate was 50 kHZDoping mask oxide layer was grown via pyrogenic
oxidation at 958C for 3, 4,and 6 minto be able to properly control phosphorous
concentration not only sidethe opened grooves but also undride layer.At this
point, KOH dipping duration was algequiredto be optimized in order toeduce
laser induced damage at the surfaEer this purpose 10% KOH dipping was
applied for 10, 2@nd 35 minvhich wasfollowed by 10% HCI dipping for 20 mito
neutralize residual Kions. Moreover, in addition to fistandard dopigd recipe
resulting ina sheetresistanceof 50 q /I with the estimated peak P concentration of
2.8%107%cm?.
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Another recipe named @&sh i g h  dvaspais ngpd for selective emitter doping
generatinga sheet resistance & 5 q Mwlhose estimated peak concentration was
4.28x13°cm. Deposition and drivén duration ofthe standard doping recipe was 35

min and 30 min respectively; whereas, deposition duration was increased to 45 min
and drivein duration was kept constant at 30 niam high doping recipeProcess
temperature was kept constant at ®38&r both standard and high doping recip&s.
proper scribing parameter was aimed to be chosen as the starting point. Opened
grooves were required to be wide enough to provide someancke for the
subsequen metallization step and alsoshallow enough to ablate only mask layer
giving as less damage as possible to the underlying silicon su&ex@ve depth and
width was measured just after scribing and after2@and 35 mi KOH dippingto
observe the effedf dipping duration.
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Figure 52: Effect of KOH dipping duration on groove depth
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In order to express the effect of laser scribing in a compact way, we define a new

par amet e.aserdnpact Faaiar fa-s . This factor

express how strongly the materialeisposed to the laser radiatidn.Figure52, the
dependence of groove depth formed by laser scribintpisnimpact factor is given.

We see that thdepth of the opened groove increases with the impact factor as might
be expectedGroove depth was proportional to laser current and scribe number
whereas inversely proportional to scribing speddwever, ashe KOH dipping
duration increased, laser induced damage on the swifaseedu@d more, so
opened groovesdges wasmoothened moreDecreased roughness is reflected as
reduced standard deviation in groove depthlaser impact factoplots. In order to
decrease the groove depth and give less damage to silicon surface, laser current was
chosen to be smallesthich was 3632A; whereas scribing sped was set to its
highest valuavhich was 60Gnm/s.Theselaser parameterrrespondo fi 5 olasert
impact factoraxesin Figure52. Prior to laser scribing, sheet resistance of the scribe
free regios had to be set at a value in-80 /I range For each oxide thickness,
both standard and high doping recipes were appgiedetermine the optimum
doping recipe After removing PSG by HF dippingheet resistance values were

measured by fodpoint probe.
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Figure 53: Oxidation duration, oxide thickness and sheet resistance
relationship

89



As demonstrated inFigure 53, applied oxidation durations resulted in oxide
thicknesses of 20, 30 and 50 nm respectivebnsidering measured sheet resistance
values; for 50nm mask oxide, standard dopingipe resulted in sheet resistance
greater than 12/ ,  wis not dppropriate to be used as emitter layer of a solar
cell. After observingthe effect of KOH dippig duration on groove morphology and
realizing oxide thicknessheet resistance relationghbehavior of sheet resistance
subsequento KOH exposurehad to be examinedn order to see upper and lower
limits of sheet resistance, only 10min. aris r@in. KOH dipping wasapplied As

seen inFigure 54, KOH dipping duration didnot
values of standard doping samples whereas longer KOH dipping resulted in
relatively lower sheet resistance values for high dopargples with @ nmand ®

nm mask oxidelayers. This means that, 35mKOH dipping somehow affects
diffusion barrier property of the mask oxide and results in higher phosphorous
concentration on the surface. If the oxide mask layer is thinned too muith, bo
scribed and wscribed regimes of the surface would be almost equally degeadh

creates a homogenous emitter instead of a selective one.
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Figure 54: Effect of 10% KOH dipping duration on sheet resistance of (a)
standard doping, (b) high doping samples
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ConsideringFigure 52 and Figure 54 simultaneously20 min KOH dipping
seems suitablfor laser induced daage removalAfter determining laser parameters
and KOH dipping durationptbe able to sethe effect of oxide mask thickness on

cell performance, aet of 36 cells were fabricatéadlf of which was standard doped
and the other half was highly doped.
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Figure 55: Effect of mask oxide thickness on (a) cell efficiency, (b) fill factor

As seen inFigure 55, increasing oxide thickness decreased both efficiency
and fill factor values of the fabricated solar celgro oxide thickness, whicis
referring toreference set overcome selective emitigls in performance. However,
comparing selective emitter cefl terms ofhigh and standard dopingigh doping
cells showedelativelybetter performare For a selective emitter cell, blue response
of the device is expected to improve which wouldules enhanced short circuit
current density and open circuit voltages demonstrated iRigure56 (b), both high
doping and low doping samples hakigher J; values than reference oneshich
means selective emitter design is workikpwever, considering § values shown

in Figure56 (a), again selective emitter cells améerior to reference cells.
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Figure 56: Effect of mask oxide thickness on (a) V¢, (b) Jsc

At this point it could be deduced that selective emitter effeatd beobtainedat the

first trial; but, some other problems were preventing selective emitter cells from
higherperformance.

Rseries (MQ)

a B o 08 o 8 o 8 o 8 o & o & o @& o

0 5 10 15 20 25 30
Mask oxide thickness (nm)

Figure 57: Effect of mask oxide thickness on seriesesistance

Taking Figure 57 into consideration, it cabe deduced that selective emitter

cells suffer from high series resistancehich explains lower efficiency values
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compared tdhereference cellsMoreover, relatively lower series resistance of high
doping cells could beounted as the reasontbkir better performance compared to
standard dopingells In order torevealthe reason of high series resistanédhe

selective emitter cellglectroluminescence measurements were carried out.

Electroluminescence image of reference cefigyre 58 (a)) reveals that
there exist no dead regis despite single broken finger which results from the
printing mask. Asshownin Figure 58(b) and (c), there exist some dark areas in
electroluminescercimages of selective emitter ceNghich meanghatthese areas

are not working properlgin other words they ané d e aegjions.

(b) (©)

Figure 58: Electroluminescence images of (a) reference cell, (b) selective emitter wit
20 nm oxide mask, (c) slective emitter with 30 nm oxide mask for standard doping

These dead regions originate from contact misalignnpeoblem and results in
similar electroluminescence image for both standard doping and high doping
conditions.In case omisaligned contast front side fingersvould bein contact with

the high sheet resistance emitter layestead of lower sheet resistance ayes
However,standardAg paste used for metallizatida already optimized fo60-70

q/l sowhen it is printed on higher sheet resistance emitieis possible to have
high contact resistancevhich will in turn increasehe series resistance of thelar

cell. In the case of high doping, sheet resistance of the emitter regios #ake

maximumvalueof 73q/l at30 nmoxidewhichincreasestd05q/l f or st and a
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doping caseThus, even if front Ag fingers are misaligned, they would contact with

73q/l instead ofl05q/ emi tter which wil |lsisgesmer at e s m:
This explains relatively loweseries resistance, thus higher fill factbigher open

circuit voltage and higher efficienayutputs of high doping samplddsing Imagel

software, dead area ratio to the whole cell area was calculzdedidering the effect

of sheet resistancnddead are@n series resistance, it is deductledteven at high

dead areaatios sampleswith the high doping levelesultin lower series resistances

than standard ones as demonstrateHigure 59 where series resistance valas

labeled next to data points.

60p ° - . - . v L . Ve
8.15mQ
=40} .
©
e} 8.39mQ 8.85mQ,
©
T
S 20p .
a) 7.05mQ 7.63mQ
[ ~@—high doping
7.02mQ =Q@-standard doping
40 60 80 100 120

Sheet resistance Q/0)

Figure 59: Effect of sheet lesistanceand dead aea on series
resistance

Upon understandinghe misalignment problem and observing its effect on
series resistance, optical microscope analysis was carried out to figuakevaith
points of the cellprinted fingers are out of contact with the opened groA®seen
in Figure60 (a) and (b) misaligned Ag fingers lie above opened groowelsereas
for properly aligned contact printed Ag finger fills opened groot/egufe60 (c)).
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Figure 60: Optical microscopeimages of (a) misalignedihger, (b) misaligned finger
busbar crosssection, (c) aligned finger under 20X ragnification

At this point another problem was realized that opened grooves were too
narrow for overlying fingers which means even if therendgs misalignment, still
some part of the printed finger is in contact with the high sheet resistance emitter
surface.Additionally, narrow grooves do h@rovide any tolerance for alignment.
This conditionwas fixed in the lattetrial.

In order toestimate theperformance of fabricated cells under negligible series
resistance assumption, StMec measurements were carried ollturing this
measuremengxpectedshort circuit current density and waferdkmess are inserted
astheinputto the software, therV . of thecell is measured; efficiency and fill factor
values areapproximatedoy two diode modeWhose circuit representation is shown
in Figure61.

According to two diode model, the recombination in the solar cell is
dominated by surface and bulk recombination at high voltages and this situation
corresponds to a diode whose idedl#gtor is close to one. However, recombination
in the junction region becomes dominant at low voltages and it corresponds to a
diode whose ideality factor is close to tv&p that, by adding the latter diode parallel
to the former one, junction recombiratiis modeled.
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Figure 61: Circuit representation oftwo diode model

According toFigure62 (a), reference cells of both high and standard doping
sets have higher efficiency values compared to selective emitter cells, which means
even if series resistance were decreased, there vatillldbe some other factors
preventing selective emitter cells havioetterperformance.

;\?18-0 i «=standard 'dopin'g { 83} o= standard 'dopin'g 1

‘0;17.5 I == high doping ) § 82 =2= high doping |

e <

2 17.0} { &8

E L © g0 I

® 16.5} x {3 .

S I $ 79 :

2 16.0} {0

2 78 <
Ll | " 5 5 5 . 2 . 77, N N N N 2 s

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Mask oxide thickness (nm) Mask oxide thickness (nm)

(@) (b)

Figure 62 Effect of maskoxide thickness on (a) pseudo efficienc
(b) pseudo fill factor

For 20nm mask oxide; pseudo efficiency of standard doping cells is greater

than that of high doping cell which could be related to relatively lower phosphorous
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concentration at theurface. Lower dopant concentration is expected to enhapce V
and FF due to reduced surface recombination velagitie Figure62 (b) andFigure

63 confirm this condition.
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Figure 63: Effect of mask oxide thickness on \6c

However, when mask oxide thickness is increased tor80 dopant atom
concentration significantly reduces which will in turn weakens electric field at-the p
n junctionthus both \,. (Figure63) and FF(Figure62 (b)) is expected to reduce as a
result ofweakcarrier separatiarandcollectionproperties of the cell. As a resuibr

standard doping cells, efficiency will inevitably decrease.

In addition to measurement of above mentioned cell parameters, two diode
modelreverse saturation current componentsadd 4, could also be extracted by
SunsVoc measurementsAccording to two diode model,gJJstands for minority
carrier recombination in the base and emitter region wheggascdounts forthe
recombination in ta depletion region which is expected to be in the order of 10
Alcm? [48]. As demonstrated iffigure 63 (a) reference cells have lowegiJalues
than selective emitter cellgve. Although dopant concentration is decreasing, laser
damage given to silicon surface could increase density of trap states in the emitter

region which enhances surface recombination.
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Relatively higher ¢k values of standard doping cells could be attaduto higher
contact resistance between lightly doped emitter region and front Ag fingers which

results in reduced collection probability of carsiat the correspondingpntactshus

increased recombination rate.

Moreover, since base wafers are of the same part of the ingot, all processed

cell could be assumed to be of the same base material quality. However, since high

dopingsamples were exposed to PQgffor a longer time, more effective gettering

could be attained compared to standard doping cells which would also explain lower

Jo1 values of high doping samples

L N (=)

Jo1 (x10™"%Alcm?)

N

Considering g (Figure 64b)), reference samples haskghtly lower values
againwhich imply higher junction qualityWhen magnitude ofqd is taken into
considerationnot only selective emitter cells but also refece cells are 100&nd

100 times greater than the optimum valtéch should be around T®A/cm? [48].

As the last step of device characterizati@xternal quantum efficiency
(E.Q.E.) measurements were carriegt. Both high doping and standard doping
stimedJW regiom whech s &xpectednas rat

natural result of reduced dopant concentration at selective emitter surface. It is

sampl es b

known that reduced dopant concentration will decrease carrier recombination
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Figure 64: Effect of mask oxide thickness on (a) ¢, and (b) J.
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velocity at the surfaceSince high energy photons are absorla¢dthe surface,
carriers corresponding to these photons balicreated in the vicinity of surfacso

that these carriers are more likely to recombine with the dopant atoms whose
concentration is very high at the surface of silicon. Thus, when dopant concentration
at thethe surface is reduced, their recombination probability with generated carriers

will also decrease

== high doping reference
20 high doping 20 nm oxide mask
—a= high doping 30 nm oxide mask

500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 65: Effect of mask oxide thickness onexternal quantum
efficiency of high doping samples

As seen inFigure 65, both 20nm and 30hm oxide mask have better blue response

than reference sample whereasrB3 o xi de sampl e Gely highers pons e
which could be related tfurther reduction of dopant concentration compared to 20

nm oxide samplesWhen current densityoltage characteristics of fabricated cells

are plotted as shown Figure66, it is clearly seen that selective emitter salliffer

from lower fill factor and lower efficieny valuescompared tahe reference cell.
Moreover,open circuit voltagesf the selective ertter cells are loweeven if they

have higher short circuit current densitiddso, 30 nm oxide sample has slightly

higher short circuit current density than 2@ oxide layer samples does whereas its

open circuit voltage is slightly smaller than thaR6inm oxide sample.
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This improvement ing is related to lower dopant atom concentration when mask
oxide thickness is increased from 20 to 30 nm whereas the decreagasrdie to

increased series resistarEween the emitter and metal contacts.

£ 25p | sample Eff.(%) FF (%)
o 20 reference 15.7 75.5
E 20nm oxide  14.9 731
<= 15p |30nmoxide 14.7 71
-

10

high doping-reference
==@==high doping-20nm oxide mask
=== high doping-30nm oxide mask

00700 200 300 400 500 600 700
V (mV)

-.-l-l-.-.-l-l-.-

Figure 66: J-V characteristics and corresponding
efficiency and fill factors of high doping selective emitter
and reference cells

5.1.2.Second Run

As the second run for selective emitter fabrication, previously utilized laser
hasbeen replaced with a newarkingonewhose properties have been mentioned in
the previous chapter. Lower scribing and corner turning speed of the previous laser
were its main disadvantages that really decrda$e process throughpu®rior to
starting cell fabrication sequenceew laser parameters had to be optimized
according tothe process requirementgor this, solar grade, texturediafers with
varying mask oxide thicknesses of 20, 30 anaiOwasp r ep ar e d . Taking firs
results inb accourt laser power was decreasad much as possible so tHaser

currentwas set 15%, 20% and 25% of its maximum vald€@H dipping duration
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was already set to 2@in. But different than the first run, an additiortdlF dipping
stepwas aimed to be djnized at this run.

During KOH dipping, post HCI dipping and BNater rinses in between, laser
damaged surface &i is prone to be oxided This oxide layer between Si and Ag
finger would generate a potential barrier whwebuld resist against carrieransport
during operation of the corresponding solar .ckil order to be sureabout how
formed oxide layer affects cell performance, 1%HF dipping step tudged for 5,

10 and 17 seconds
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20% current
. . . 25% current

+ 1pass

.. 2 passes

BEEE e

96

Figure 67: Sheetresistancemapping on afull wafer with 4cm? laser
scannedsquares ofdifferent parameters

In order to scan laseparametesheet resistance relatioms detailed as
possible each wafer was patterned with different laser powers, different laser speeds
and different pass numbers. As demonstrateBigure 67, one third of the whole
wafer was scanned with 15% laser current, one third was with 20% and the rest was

scanned with 25% laser curreard corresponding regiongere shown withirgreen,
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red and yellow rectanglegespectivelyDots at the bottom of each square define how
many times the laser beam scanned associated arg¢hisugglantity was named as
fipass number varyingfrom 1 to 3. Numbers written in the small squares are sheet
resistancevalues whereasthe numbes written at squarefree region of the wafers
define sheet resistance under mask oxide Jaybich will be equal to emitter
resistanceipon the fabricatioof the corresponding cell

For different laser scan rates, effect of HF dippidgration doping recipe

and mask oxide thickness wasestigated
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Figure 68: Effect of (a) 5sec., (b) 10sec., (c) 17 9d€ dipping on sheetresistance of
both high and standard doping samples with 20,30 and 5&im mask oxide layers for
laserspeed: 3mm/swith table (d) of symbol about corresponding doping recipe,
oxide thickness and laser currentLines are for visual aid

In Figure68 (a), (b) and (c); sheet resistance values for a constant laser scan

rate were plotted as a function of pass number for 5sec., 10sec. aset HF
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dipping, respectively. In the plots, lines are used for visual Aldo in the same
figure (d); plot symbols corresponding to doping, mask oxide thickness and laser
current values were tabulated.

Since 50nm mask oxide resulted in sheet resistance values changing frooq/i50

to 140q/i as HF chtiopwas imgeasedufrom 5 to 17 seorresponding
sheet esi st ance demonhstratedvansthed game plot. Although sheet
resistance behavior was pledt for a constant value of laser speed, the same trend
was followed for the other speed values.

As shownin Figure68, increasingnput current of thdaser decreasesheet
resistance since more Si@an be ablated from the surface whidhcilitates
phosphoroushroughoxide layer. Also, sheet resistance differencebietween high
doping samples are much lessnpared to that of standard dopmues which means
dopingprofile is not significantly affected by mask oxide thickness for high doping
recipe.Sheet resistance of the oxide ablated region is almost equal to that of oxide
covered region and this reduces selectivity of the emitter significantly for the case of
high doping.Considering high doping samples, sheet resistance and pass number
dependence of samples with different mask oxide thickness was not conclusive. Low
sheet resistance values were obtained even the thickest mask oxide was utilized. As a
result, hign doping recipe was determined to be inappropr@dasidering the effect
of HF dipping, it is clear that increasing dip duration reduces sheet resistance since
mask oxide thickness will be reduced thus more dopant atoms would penetrate
through underlyingilicon.

Moreover, in order to see laser scan sp&®kt resistance relation, sheet
resistancevs. speed graph has been plotted forn2d oxide mask, standard doping,
5sec. HF dipped sample8s sen in Figure 69, for each different pass number
sample sheet resistance shows similar nonlinear behavior. Peak resistance value
increases with increasing pass numlvdrich could be related to increasedfaoe
damage. Scan speed was determined in a way that total process time and laser
induced damage would be decreased simultaneously as the sheet resskapte
within an appropriate rangés a result, scan speed of the laser was determined to be
2.86 Dor the following cell fabrication where corresponding data points are shown

within a square ifrigure69.
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For cell fabrication, laser current was chosen to be 2596es15% current
was observed to be insufficient and 20% current could not generate enough contrast,
which would make front Ag alignment difficult. After determining new laser
parameters, three different mask oxide thicknesses were processed with standard
doping recipe. Emitter doping profile was designed to have a sheet resistanee of 50
60q/l under metal contacts and-80q/il over the contact free reg
the experience from the first run, this time opened groove width wast+B®0 Om t o
provide some tolerance towards possible contact misalignments. Also half of the
processed cells were oxidized via dry oxidation at°85@ enhance surface

passivation.
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Figure 69: Effect of laserscan speed onsheet
resistancelines are for visual aid

As could be deduced frofiigure69, while 5secHF dippingwas enough for
20 nm or 30nm which did not affect 50 nm mask oxide significantlyef:17sec
dipping resulted in very high sheet resistanoesler mask oxidevhose gaphs
werenodt pl ot t e cConmparingtpériermaneenofehe fabrigated ells as
shownin Figure 70, selective emitter ones with passivation exbuldoutperform

corresponding reference cells in efficienéyso, increasing oxide mask thickness,
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decreased efficiency of selective emitter cells; those both with and without
passivation oxide.
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Figure 70: Effect of mask oxide thickness oncell efficiency of fabricated cells
(a) with oxide passivation,(b) without oxide passivation
Lines are for visual &@d

When fill factors are taken into consideration, a similar behawoth
efficiency values was observed.
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Figure 71 Effect of mask oxide thickness orfill factor of solar cells(a)
with oxide passivation,(b) without oxide passivation
Lines are for visual aid

105



On one handFF values of oxide passivated selective emitter cells are significantly
greater than those of reference cells even though mask oxide thickoessses
(Figure 71 (a)). On the other hand, reference cells without oxide passivation have
greater FF values and increasing mask oxide thickness decreases FF values of the

selective emitter cell@igure71(b)).

In case of V. significantly lower values have been observed ioxide
passivated cellgFigure 72 (a)). Although selective emitter cells have relatively
higher V,c values,such adecrease in ) of all oxide passivated wafemdicatesa
possible series resistance proble@ontraryto passivated samples, for tloells
without oxide passivation, reference cells have the highgstalue (Figure72 (b));
whereas increasing mask oxide thickness decreased correspondingalies of

selective emitter cells
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Figure 72: Effect of mask oxide hickness onVoc (a) with oxide passivation,
(b) without oxide passivation Lines are for visual aid

Despite relatively lower efficiency and fill factor values, selective emitter
effect could apparently be observedligresults Figure73). As expectedselective
emitter cells both with and without oxide passivatibave higher g} values than
reference cellwhich is apparentlydue to reduced front surface recombination
velocity. Relatively lower ¢} values belonging to oxide passivated cells could be

related to some contact problems.
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Figure 73. Effect of mask oxide thickness on dc (a) with oxide passivation,
(b) without oxide passivation Lines are for visual aid

Series resistance behavior of the fabricated cells was as exp€oteds
oxide passivated sagve emitter cellshad lower series resistanceompared to
referencecells of the same séfigure74).
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Figure 74: Effect of mask oxide tickness onRseries(a) with oxide
passivation, (b) without oxide @ssivation Lines are for visual aid

Increasing mask oxide thickness increased corresponding series resistance

with a similar mannersaseen irkFF behavior case.
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Passivation of opened grooves by oxide lageuld be counted as the readam

higher efficiency,FF, Voc and 3c values of selective emitter cell comparedte
reference ones. Comparitkjgure 74(a) andFigure 74(b), it is clear that average
series resistance of the oxide passivated cells are significantly greater than that of
oxide free cellswhich could be counted as the reagoninferior cell peformance.

For nonoxidized cells on the other hand, increasing mask oxide thickness increases
series resistancehus reference cells have the lowest series resistampéaining

their better performance.

After 1-V characterization of the fabricated llse electroluminescence
measurements were carried out to observe whether high series resistance of the cells
are due to contact misalignment problem or @amparing 20, 30 and 5m of
mask oxide samples for 5sEi€ dipping; 30nm mask oxidesamplesvere observed
to havemoredead regiongFigure 75) explaining very low efficiency values of this

set

(@) (b) (©)

Figure 75: Electroluminescenceamages of selective emitterealls with
(a) 20, (b) 30, and ()50 nm mask oxide. Lines are for visual aid

Also it stands out that regardless of mask oxide thickness, all selective emitter cells

suffer from dead fingersAs seen inFigure 76, dead fingers r@ alsoseenon

reference celtavhich meanshatt hey 6r e not due to alignment

finger results from printing mask contamination.
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(@)

Figure 76: Electroluminescencamages ofr eferencecells (a)
without oxide passivation, (b) with oxide pssivation Lines
are for visual aid

Additionally, reference cells with oxide passivation suffer from far more
serious problems because almost whole calbisworking properly(Figure 76(b)).
The cell is not completely dead since there exist wiviatsin-between black ones,
corresponding to workingart of the cels. It is possible tambservesuch aresultif
front Ag and rear Al is not in good contact with the siliaafer. That is, grown
oxide layer acted as a barriggainstdiffusion of Ag and Al atomswvhich explains

high series resistance of all oxide passivated samples.

m
LT M |
(b)

Figure 77: Electroluminescenceamages ofoxide passivatedselectiveemitter cells
with (a) 20, (b) 30and (c) 50nm mask oxide. Lines are for visual aid

109



Not only reference samples but also selective emitter cells suffer from
ineffective contact formation problem when they have passivation oxide layer. A
similar patternas Figure 76(b) can beseenin Figure 77 but dead area amount of
selective emitter celless than that of reference cells and this reduced dead area
amount explains their better performance.rin mask oxide cells have less dead
layer amount compared to 30n oxide one which explains their relatively higher
performance. Also, B nm oxide cells have the highest dead area amount which
expl ai ns wh yperforrham sicceptable leden 6 t

After electroluminescence, Sulg. measurements were carried out to have

an estimate of cell performance witholué series resistance effect.
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Figure 78: Effect of mask oxide thickness onpseudaoefficiency (a) with
(b) without oxide passivation Lines are for visual aid

As seen inFigure 78, pseudo efficiencies are significantly greater than real
efficiency values for both reference and selective emitter,oshsch means all
fabricated cells suffer from series resistance prablot only for oxide passivated
cells but also for wpassivated ones, increasing mask oxide thickness decreases
pseudo efficiencies

Pseudo FF shows a similar behavior as pseudoefti@sthatis increasing
oxide mask thickness decreases pseudo FF and reference cells are superior to
selective emitter one&igure79).
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Figure 79: Effect of mask oxide thickness onpseudofill factor (a) with
(b) without oxide passivation Lines are for visual aid

Measured ¥ valuesalso follow the same trend as pseudo efficiency and
pseudoFF. Cells with oxide passivation have slightly loweg.Walues compared to
without oxide samples whicbould be related to increased series resistance due to
existing oxide layerKigure80).
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Figure 80: Effect of mask oxide thickness onVoc (a) with (b) without oxide
passivation Lines are for visual aid
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Emitter and bulk materiaklated component of the reverse saturation current
for both with and without oxide passivatioallsis on the ordeof 10% A/cm?, which
is much higher than the value that it is supposed t&igee8l).
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Figure 81: Effect of mask oxide thickness onJy, (a) with (b) without oxide
passivation Lines are for visual aid
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On the other handjepletion regiorrelated component of reverse saturation
current is @ the ordef 102 Alcm? (Figure 82); whereasits ideal value isaround
10*°A/cn?.
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Figure 82: Effect on mask oxide thickness on ¢, (a) with (b) without oxide
passivation Lines arefor visual aid
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Sampleseither with or without oxide passivation have very high reverse
saturation current values regardless of their emitter profile. If only selective emitter
cells had such high values, the reason would be related to selective emitter
fabrication process. However, reference cab®suffer from the same probleffihe
reason of such high saturation current could be associated with low junction.quality
After realizing high reverse saturation current problem, EQE measurements were
carriedout to observe whether there is a selective emitter effect in blue response or

not.

=Q==reference

=Q==20nm oxide mask
30nm oxide mask

== 50nm oxide mask
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Figure 83: External guantum efficiency comparison of
fabricated solar cells

As seen inFigure 83, selective emitter cells have better response in short
wavelengths compared tie reference cellMoreover, it could be deduced that
increasing mask oxide thickness decreases EQE of thesporrding cells anolide
thicknessof 20 nmseems to behe optimum mask oxide thickness for designed

fabrication sequence.

As the final step of characterization, contact resistance measurements were

carried out as described @hapter4.3.1.7
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As shownin Figure 84, measured resistance values were almost linearly

dependent on the contact separation.
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Figure 84: Resistancemeasurements bytransferring line
method. Lines arefor visual aid

By extrapolating above plotted graphs to zero contaparséion, contact
resistance can be extractedThrough the application dhe same procedure for at
least two samples from each smigragecontactresistancenask oxide relationship
canbe plotted as shown iRigure85. For without passivation oxide caske contact
resistance of reference samples are lower @evatpto that of selective emitter ones,
which could be related to the damage given to silicon surface during laser scribing
step. Since increasing oxide mask thickness increases sheet resistance, contact

resistance between the metal and underlying Sialg increaseRigure85).
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Figure 85: Effect of mask oxide thickness oncontact
resistanceLines are for visual aid

The same condition holds true for samples with passivation oxide layer.
However, this time selective emitter cells have relatively lower contact resistances
than the reference cells.Considering series resistance valugfs samples with
passivation oxid layer (Figure 74(a)) reference cellsvere observed to have higher
resistance valuest could be deduced that the oxide passivation layer is not thin
enoughto generate required, low series resistabge still able to passivate laser
damaged regions under metal contacts of selective emitter Eeda. 50nm mask
oxide samples have lower contact resistance valuesthiearference cedl (Figure
85) which could be related tthe reduceddangling bond concentration provided by

oxide passivation.

5.1.3.Third Run

As the final fabrication run, all gained experience from previousts of
samples was brought together and a new set of samplsrecessedMask oxide
thickness was sdb 20 nm, doping recipe was senly to standard doping, laser
parametes were chosen as 20% currenith scan speed of 1.42m/s HF dipping

step wascompletely removed from process sequence to save mask oxide quality,
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KOH dipping wasreduced to 10min. Different than the previous sets, gettering
effect was triedto be compehended. It wasiecessary to investigate this since
existence of an oxide layen wafer surface during doping could weaken gettering
effect. For this, half ofhe samples were oxidized at 8@for 2 hours priorto the
formation ofmask oxide layerGettering oxi@tionwascarried outvia dry oxidation
and formed oxide layer was etchieefore selective emitter process flow startey
this, at leastsome part of the impuritie bulk Si was aimed to be accumulated
within the growing oxide layer which would be removed via HF etchiteywards
Also, in order to understand the effect of wafer qualityadmmicated cells, a set otZF
samples was prepared with an equal numbeaafples a€z set After doping and
cleaning stepdhalf of each set was oxidized at 8600 provide surfacegssivation
But this time oxidation duration was 40 mimhich was 80min in the previous run.

Front side finger alignment has been the most challenging step along all
selective emitter fabrications. For the first run, where small squares wereasised
alignment mark, the fabricated cells suffed from seriouscontact misalignment
problem For the second run, where last finger of the front mask was scribed with
higher laser power thascribing power to generaleo me contr ast , but it
properly. For the last run, plus symbols were added between two subsequent fingers
at the top left and bottom right of the wafer as alignment marks and even th@igh
met hod di dnot make alignment l ess chall engi
properalignment

At the end ofprocesssequence?5 selective emitter cells were fabricated; 11
of which were passed through getterimgdation whereas remaining 13 cells were
kept as without gettering samplées.cells from with gettering set, 6 cells from
without getteing set and 6 cells out of 12 reference samples wedtkzed at850°C
to form passivation layeil.he same set of samples was also preparedZavdfers.

After oxidation for passivation layer formatiostandardcell fabrication potocol
was followed for all wafersCharacterization of fabricated cells started wii |
measurementsAs demonstrated ifrigure 86, reference cells of both £Land Z
wafers hd higher efficiency values thatorrespondingelective emitter cells which
were | aseel ed as i
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Figure 86: Efficiency values offabricated (a) Cz and (b) FZ cells. Linesare
for visual aid

Moreover, not only reference ones but also selective emitter adll&Z set are

superior to @ setwhich could be related to higher wafer quality. It could be deduced

that gettering affected performance loéth with and without passtion oxide

selective emittercells of FZ set positively Figure 86). On the contrarygettering

either provided

with passivation oxide cells of ZCset. Since @ wafers have higher impurity

concentrations tharFZ wafers, it seems that the foreseen geite recipe was

insufficientfor Cz wafers.

ConsideringFF values, eference cells dboth Cz andFZ set are superior to
selective emitter ong$igure 87); although FZ cells have relawely higherFF than
Cz cells. For Czset, samples without passivation oxide layer have higher FF values

if gettering is applied whereas samples with passivation oxide layer have higher FF

values if gettering is not applied.
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Figure 87: Fill factor values offabricated (a) Cz and (b) FZ cells. Lines are
for visual aid

Although samplesvithout passivation oxide laydrave higher FF values for
gettering and without gettering sets, difference betwssenpleswithout and with
oxide passivatiohayergets bigger for without gettering case.

For the case of §, behavior of @ and Z samples are similar except with

oxide passivation samples of Bet Figure88).
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Figure 88: Opencircuit voltagevalues offabricated (a) Cz and (b) FZ cells.
Lines are for visual aid
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Reference cells have the highest. Walues and without gettering samples are
superior to gettering sampl es; whi ch
enhancement in ¢ The onlychange as demonstrated iigure 88, was observed

for FZ with passivation oxide samples but not significant.
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Figure 89: Short circuit current density values offabricated (a) Cz and (b) FZ
cells. Lines are forvisual aid

WhenJs; valuesare taken into consideration, selective emitter cells overcome
reference cellswhich is an expected result and was also observed in the previous
fabrication runsSelective emitter effedts more distinguishablfor FZ cells which
could be related to higher bulk material qualiBglre 89). Moreover, itcould be
deduced that gettering o e s n 0t S | g ng Values .ot Witout @xidé e c t
passivation cells approximately-43 mA/cn? greater than those of with oxide
passivation cells whiclmeans oxide passivation layer is still thicker than required
which could also be confirmed by their higher series resistancesvagishown in
Figure 90. Moreover, selective emitter cells of both Cz arfldamples still suffer
from high series resistanggoblemwhich stands as one possible reason of their

lower efficiencyvalues tharthe corresponding reference cells.
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Figure 90: Seriesresistancevalues offabricated (a) Cz and (b) FZ cells. Lines
are for visual aid

Although series resistance of selective emitteiseglhot as much as they used to be
in the first Figure 57) and second runF{gure 73(b)), it is still high enough to
significantly reduce cell performancEven an increase @&.7mq (Figure 90(a)) in
series resistance results in a decrease of 1.5% in efficien®f aréPo inFF (Figure
91(a)).

(a) (b)

Figure 91: Seriesresistancefill factor-efficiency relationship offabricated
(a) Czand (b) FZ cells. Lines are for visual aid
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