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ABSTRACT

The present Final Degree Project has been developed in CENER (National Renewable
Energy Centrg in paticular inthe Photovoltaic Solar Energy department.

Nowadays, E2 (i 2@2f GF A0 G(SOKy2t23AS4aQ YIAYy OKIff¢
efficiency while reducing cost. In crystalline silicon, standar@S3H(Aluminium Back
Surface Fieldtructure does notonstitute an optimal architecture in terms of efficiency.
In order to achieve higher conversion efficiency, PERC (Passivated Emitter and Rear
Contact) architecture has been developed and started to be used in the industry. It is
expected to reach in theoflowing years values of efficiency of up to 23.5 %, never
attainable with the standard ABSF structure, with which the highest efficiency reached is
around 20 %.

During the Project, firstly solar cells are processed according-BSRAlstructure and
chaacterizal to fix a baseline process. Once this finished, the main focus is to process
solar cells with the ew PERC architecture. Different experimewsying rear solar cell
contact- in particular laser parameters to derm localized contacts and thedesign-
arecarried outand characterized in order tonil the optimal parameters of thigrocess.

KEYWORDSPhotovoltaic energy, solar celpetallic contact,A-BSF structure,
PERC, efficiency, recombination
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1.-PROJECT SCOPE AND OBJECTIVE

The presentFinal Degree Projecbelongs tothe area of knowledge involving the
develgppment of production processes faolar cells. In particular, it is focused on improving
their efficiency. The main objective istmodify the rear side electrodes of the soleellaiming
to achieve anore efficientcrystalline silicon solar cellith a modifiedarchitecture.

Firstly, solar cells will be processed according t82% structurewhichis the standard
way used nowadays in the industry to fix a baseline prac€&esform he contacts, screen
printing technique will be performedising aluminum (Al) for the back contact and silver (Ag)
for the front contact. The final performance of these cells will be characterized through IV
curve, electroluminesa®e and thermography Furhermore, the morphology and formation
of the contacts will be studied in depth by using optical microscapy scanning electron
microscope (SEM) techniques.

Once this finished, solar cells will be processed according to (FaR€ivated Emitter and
Rear ©ntact) structure, an improved architectuble to collect broader light spectral range
and in a more efficient waykirst of all a state of the art study of PERC solar ceils be
performedbased on scientific publication® know critical peametersof the layers involved.
Then, new screens will be designed to form front and back contacts in PERC structure. These
screens should be able to work with new scrgeimting pastes that have been purchased to
manufacture the PERC structure. Once this steigtfed, printing process paramegewill be
2LIAYATS (2 LINRPOSaa tow/ &az2ftl N OStftad CAylftex
same characterization tools as with standard solar cells, and both results will be compared.
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2.- CONCERJAL FRAMEWORK OF PHOTOVOLTAIC SOLAR ENERGY

Solar photovoltaic energy useslight to generate electricity thanks to & electronic
characteristics othe usedmaterials(semiconductors)lt is based on the transformation of the
solar radiation into directwrrent ¢ by the Photovoltaic Effeatin a clean and quiet way, when
i KS & dzy Ceater thiks2niicdndudctor materials of the solar cells.

PHOTOVOLTAIC TECHNOLOGIES

The photovoltaic solar energy is one the most growing industries in the wanilcipdly
due to the need of evolving to a cleaner and more sustainable energetic sySiemngthe
last years, new developments have been carriedregardingdevice design, material involved
and production technologiess well as new concepts to enhance tjiebal efficiency of the
cell.

A wide range of photovoltaic cell technologies are available in the marketplace
categorized depending on the raw material used and their commercial maftfity

- First generation Systems that use crystalline silicorSgboth in its monocrystalline
and multicrystalline forms. Silicamased solar cellsount for more than93% of the
worldwide production in 2015( ). Its success is due to its abundancy, its
stability and noroxicity. This technology is mature and in mass production.

- Second generation Systems that are based on thin film technologies, including
amorphous siliconatSi), cadmium telluride (CdTe) and copper indium selenide (CIS).
Thinfilm solar cells require och less semiconductor materjaless than 3pum
compared to around 18Qum of ¢Si technologiesto absorb sunlight. Its main
challenge is tancrease the market share by increasing yield at its competitive cost.

- Third generation Systems that includememing photovoltaic technologiesorganics,
perovskites.. This type of semiconductois considered to bé¢he leastexpensive way
of electricity generationby PV meansbut there are still some issues that must be
solved regarding stability and durabilityThese technologies are stilunder
development
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Figurel. Annualproduction distribution by technology[1]

The efficiency values reachégl each technoloyg are different, being themaximum forlll-
V multi-junction high concetration solar cells. Thikechnology has experienced the highest
increase in efficiency during the last 15 years, as showsignre2. These solar cells reach
efficiencies of 46%n laboratory in high light or sutight concentration. With respect to
crystalline silicon technology, the highest efficiencies are reached by Kaneka jhettian
solar cellswith values up to 26.6 ¥4nder onesun illumination.
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ELEMENTS OF A PHOTOVOLTAIC SYSTEM

The cells, indepeatently of the technology used for theimanufacturing are
interconnectedin series and parallelbtform a module. Apart from ,itan inverter a battery
and a charge controllefnot alway$ are needed(Figure 3). The inverter is responsible for
converting the direct current generated (DC) into alternating current (A@Ge charge
controller has the function of preserving the battery from being charged or discharged
completely.

Consumption 12 volts DC

Solar Module Charge Controller

Battery Bank

Inverter

Consumption 110/220 volts AC

Figure3. Schematic of a ypical photovoltaic systenjl]

3.- CRYSTALLINE SILICON SOLAR CELL TECHNOLOGY

3.1- BASICS OF SOLAR CELLS

Solar cells, which are the principal energy conversion device, ade mf semiconductor
materials. Semiconductors are materials which the range of excitation energies is
interrupted by an energy gap of widths E-igure4). The energy range below the gap, called
the valence band, is nearly completely occupied with electrons. The energy edooye the
gap, called the conduction band is, however, nearly empty. Semiconductors absorb photons
having at least the energysEPhotons with smaller energies cannot excite electrfsom the
valence band to the conduction band, and thase not absorbd. They are transmitted,
reflected or absorbed by phonons, impurities or free charge carriers. For this reason, only a
specific range of thesolar spectrum is absorbed depending othe band gap of the
semiconductoi3].

The basic classification used to ief the different semiconductor types are the
following:
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Intrinsic material.

It is a material to which impurities have not been added, has a certain level of carrier
concentraton at a given temperature. Carrier concentratignthe number of electrons in
the conduction band or the number of holes in the valence band, since both are present in

the same quantity ). Intrinsic carrier concentration increases exponentially with
temperature.

Distanc:e

electrons ®
® ® ®
* ® ®  Conduction Band

5 Fo

]

=

w

Py Y ® @ ValenceBand
® ® ®

heles

Extrinsicmaterial.

An intrinsic structurean be changed to shift the balance between electrons and holes.
This new situation can be observedHin . This shifting in the carrier balance is done
by adding impurities and the effect is called doping. By applying it, two types of
semiconductorsre obtained:

o P-type semiconductor.Holes constitute the majority carriers and electrons the

minority ones.

0 N-type semiconductorin this case, electrons are the majority carriers of the material,
being holes the minority ones.

Once the doping takes place, the new carrier concentration can be calculated. The
equilibrium carrier concentration fomajority carriers is equal to the intrinsic carrier
concentration plus the number of free carriers added by the dopant.
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Figureb. Equilibrium carrier concentration for 4type material and low doping4]

Among semiconductor matialsdescribed beforesilicon is the most widely used type for
the manufacturing of solar cells. Silicaan elemenfrom group IV of the periodic tablg].
Silicon crystalsare composed of atoms bonded together in a regular structure, as can be
obsaved inFigure6. It has 4 electrom in the valence band that can bgromoted to the
conduction band when reaching the necessary energy level.
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Figure6. Representation of the silicon ceygal lattice with its covalent bond$4]

3.2- OPERATION PRINCIPLE: THE PHOTOVOLTAIC EFFECT

As mentioned before, the electricity generation in a solar cell is based on the Photovoltaic
Effect

The generation of current in a solar cell starts with #fissorption ofthe incident photons
by the semiconductor to promote the valence electrons to the conduction barte
promotion of an electron ¢ the conduction band leaves ampty space, which can be
occupied by an lectron from a neighboring atomThis jmenomenon can be seen as the

Y2@SYSyid 2F |y SyYLWie aLlk oS oall2airir@gSte OKIFNABS
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devices

In the absence of an externalircuit, the free generatedcarriers recombineand no
current or poweris generated.To prevent this recombination is what thenpjunction is used
for. A silicon wafer doped with phosphorus andrbn creates an 4type and ptype
semiconductor, respectivelyThis union of two semiconductors with complementary doping is
called pn junction. Bectrons move on their way toward the electron contaat through
regions with a large electron conductivityhile the current of the holes in that direction is
suppressd by a very small hole conductivity. The oppositgpens for holes and electrons on
the way toward the hole contact. For the g junction, different conductivities are achieved
by doping. This leads tan electric potential differencethe soO I f f SitRn valtagdzA
between the contactsThe difference in conductivities of electrons ahdles on the way to
GOKSANE O2yidl OG A aselédikeSrarR@®@5. 4 A S O2y RAGAZ2Y F2NJ

However, not all the electrons are extracted generating current. Some offriée
electrons recombine with free holes, reducing the conversion efficiency of the solar cell.

A graphical representation of the energy generation process is capturedine’ [1].

Front electrode (+)
Sun light

Anti-reflection coating

N- type silicon (+) —> '?O
Junction PN / T ®
P- type silicon (-) — O l

Back electrode (+)

Current

3.3- ELECTRICAL PARAMETERS

The electrial parameters that characterize a solar del ) are the following:

(@7

Shortcircuit current (Isg.

It is the current that flows through the solar cell when the applied voltage is zero. It is
a magnitudethat dependson the active area of the cell, its optical properties and the
spectrum of the incident light among others.



(@]

(@]

(@]

(@l

Final Degree Project 8/97
Contact optimization on crystalline silicon solar cells

Opencircuit voltage (Voc)

It is the voltage of a solar cell when there is zero current fldhat isthe maximum
voltage available from the celk is due to the polarization of the junction because of the
current generated by radiation. The final value depends strongly on ¢ké#
recombinaton, as well as on the operatitgmperature.

Maximum powerpoint (Pmp).

It is the operation point in which the power generated reaches the highest value
(Pmay. The maximum power voltage and current correspond to this operation point.
Therefore, the following relationship is hold:

Pmax= MnpImp

Fill factor (FF)

It is the parameter that, in conjuction with,y&/and L, determines the maximum
power from a solar cell. Theoretically, the maximum value is obtained by differentiating
the product of current and voltage with respect to voltage, and making it equal to zero.
Graphically, the fill factor is the area of the largest rectartan can fit in the IV curvét
is an indicator of the quality of the solar cell.

The fill factor is oldinedwith the following formula:

FF=—

Efficiency 8).

It is determined as the fraction of incident power which is converted to electricity. It
depends on the spectrum and intensity of the incident sunlight and the temperature of the
cell.

As Rhax= Voc Isc FF,

N
1
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Figure8. Electri@al parameters of a slar cell[3]

3.4.- LIMITATION OF SOLAR CELL PERFORMANCE

3.4.1.- Recombination losses

Recombination is the process in which electrons and hole are annihilated. From the
energy set free in this reactn, photons or phonons are producetihere are two main types
of recombination losses depending on the region of the cell in which they occur: at the surface
or in the bulk.

Bulk recombination

There are three types of recombination taking place in thébul

o0 Radiative recombinatianin this process, a hole reacts with an electron and produces a
photon.

o0 Recombination through defect levelBefect levels with energies in the forbidden zone of
the band gap capture electrons and holes over a series of exsitgds with successive
dissipation of energy.

0 Auger recombinationThe energy set free during this recombination is transferred to an
electron of a hole as kinetic energy that is subsequently lost to the lattice through
collisions with phonons.
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Surface ecombination

This type of recombination igaused bydefects at the semiconductorsurface or
impurities withinthe surface interfacesThis region constitutes a severe disruption of the
crystal lattice, causing dangling bonds. The surface recombinatiacityels defined as the
rate at which carriers move towards the surface, and it is used to specify the recombination at
a surface. The reduction of this type of recombination is achievedieppsitinga passivation
layer on top of the semiconductor and/dimiting the concentration of one type of carriers,
electrons or holes, to avoid recombination.

Recombination affects both the sheetrcuit current and the opewircuit voltage.

3.4.2.- Optical losses

This type of losses araainly due to light thatould have generated an electrdmle pair
but it does not it could be because light is reflected from the front surfacédecause it is not
absorbed bythe solar cell.

In order to reduce this type of losses, sevéngbrovementscan be done:

0 Top cont&t coverage minimization.

o Anti-reflection coating deposition on the top surfaceéSeg4.1.4- Silicon nitride
deposition)

Surface texturing to reduce reflection. (See

4.1.1- Cleaning of organic ptcles, saw damage removandtexturing.)

Thicker solar cetb increase absorption.

Increase of the optical path length in the solar cell.

O O O o

Optical losses affect the power from a solar cell by lowering the stiait current.

3.4.3.- Series resistance losses

Series resistance, in conjunction with shunt resistance, dissipates power of the cell
reducing its efficiency. The principal impact is the reduction of the fill factor. The causes of this
effect are the following, Wich are graphically represented fin

o0 The movement of current through the emitter and base of the solar cell.
o0 The contact resistance between the metal contact and the silicon.
0 The resistance of the top andar metalic contacts.
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Therefore, it can be extracted that series resistance is principally caused by the use of
non-optimally-out contact design or problems during contact formation.
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Figure9. Graphical representation of théerms of series resistancpt]

3.4.4 - Shuntresistancdosses

Shunt resistance causes power losses in solar cells by providing an alternative current
path for the lightgenerated current. The effect is particularly visible at low light levels, where
there is less lighgienerated current. These types of losses are typically caused by
manufacturing defects on the solar cell.

3.5-HIGH EFFICIENCY SOLAR CELL ARCHITECTURES: PERC

Nowadays photovoltaic technologies main challenge is to increase soldr&ed ST FA OA Sy C
while reducim cost. With respect to silicamased solar cellghe standard ABSF structure
does not constitute an optimal structure in terms of efficiency. Solar cells featuring a full area
aluminum baclsurface field (ABSF) on the reasurface experiment a high reaurface
recombination velocity and low internagflectance 7). Due to these two loss mechanisms the
YFEAYdzY STFAOASyOe 27F (2RI &Q& iBSRuadbedidstuck &Af A O
to around 20 % in the & few years.

In order to overcome these problems and to achieve higher conversion efficiency, a better
quality of the rearsurface passiv@n and reflectance is neededAn alternative to the
standardAI-BSF structurés the PERC (Passivated Emitter RedrContac) structure, which is
expected to reach in the following years values of efficiency of up to 23.5 %, aitaieable
with the standard ABSF structure, as can be observedimirel0[8].
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In a PER®Hr cell, the full area aluminum layer is substitutegla passivation layer with
local openings where there is contact between the Al layer and the rear silicon s(ffaoe=
11), minimizing the recombinationfdree carriers at the rear surface and increasing, at the
same time, the internal rear reflectivitgnd hence enhancing efficiency.
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Figurel0. Expectations of eftiency by silicon structurén the following yearg[8]

The cominuous increasean efficiency of this type of cells is possible by both, improving

the lifetime of theminority carriersto a higher value than 1 ms and tending the design of
smaller fingers.

In PERC solar cells processing, two process steps are aGdedhe one hand, a
passivation layer is deposited on the rear surface. On the other hand, for the fabrication of the
metal contacts, local areas of the passivation layer are removed before the metallization of the
aluminum electrode. This removal is tyally accomplished by laser ablation.
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Figurell. Schematic of PERC solar ¢@]l

Passivation layer parameters

For ptype solar cells, rear surface recombination is minimized by means of a silicon oxide
layer[10] or an aluminunmoxidelayer[9] grownover the silicon surface. Then, normablificon
nitride is deposited onto it as capping layer.

The silicon nitride layer improves the optical reflectivity of the rear surface. Its typical
thickness is in the rangep to 100 nm fora 180um waferthickness 11, 12, 13].The silicon
oxide layer thickness in the range of 10 nm, also for a 1g6h wafer thicknes$l3].

Laser ablation parameters

In order to create selective openings on the rear dielectric layers, laser is the mosapopul
technique.Toform the contact, an aluminum layer is printeshd a high temperature process
is performed after laser ablation. Then, localtBEF contacts are produced only on the
openings of the rear dielectric layers formed by the laser.

As it is desribed in[7], the contact shape and the thickness ofB$F layer were found to
be heavily dependent on the laser ablation pattern and contact area.

With respect to thecontact areait is necessary to look for a compromise between series
resistance andurface recombination. The more number of laser points and hence, the bigger
the contact surface, the less the series resistance but the greater the surface recombination.

According to RHendel [4], dots or lines can be used for the dielectric ablatidrhe
typical total area to be laser opened falls in the range -6f %. In case of line openings, the
typical line spacing requirement is between 0.5 and 2 mm. However, in case of dot opening,
the spacing range is a bit smaller, between 0.2 and 1 mm.

M. Gebhardt [12] statesthat separation distance between individual dots on the rear
surface of the cell are between 0.4 and 1 mm. Line separation distance should fall in the range
from 0.7 to 1.5 mm.
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Depending on the distance selected and the diameter ofldiser beam, the contact area
can be computed.

With respect to thelaser ablation pattern as mentioned before, the process can be
performed with lines or dots pattern. If choosing dots, different geometries can be found
depending on the disposition of ¢hdots. There are three possible contact lattices disposed in
regular patterns: tiangular, square and hexagonal.

4- METHODOLOGY APPLIED DURING THE PROJECT

4.1- SOLAR CELL FABRICATION PROCESS

As the projecbelongs to the area of knowledge involvitige development of production
processes of solar cells, the explanation of the fabrication process steps applied becomes
crucial.

In the first place,solar cells are processed according teBSI structure, which is
represented in-igurel?2.

Front Contacts

Rear Contact

Figurel2. Representation of the main layers of a processedlype crystallineAl-BSF standardiliconsolar cell

Thefabrication sequence for screeprinted ptype crystalline silicon solar cellgth Al
BSF structureonsistsof severaktepsdepicted sequentially irigurel3[15].
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P-type crystalline silicon Organic removalsaw Phosphorus diffusion
wafer damage removal and
texturization

; i p-type ¢Si
ptype cSi p-type ¢Si
Screen printing Silicon nitride deposition PSG removal
p-type c¢Si p-type ¢Si
Cofiring Edge isolation
N A

p-type ¢Si

4.1.1- Cleaning of organic pcles, aw damage removalnd texturing

When cutting silicon ingots into wafers by wire sawing, small cracks are formed on the
surface of the wafer. These cracks penetrate around 10 pm deep into the surface, reducing the
mechanical strength of the wafer and increasing recombination insiinéace.Hence, this
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damage needs to be removed from the wafer. However, before this step, organic
contaminants need to be removed from the wafer surfaC¢herwise, they would cause an

increase of surface and bulk recombination when being subjected totbigperature in the
following processsteps.

Then, n order to removesawdamage, there are 3 processes that can be used: Alkaline
etching, acidic texturing and plasma etching.

Each of the processes previously stated forms a different surface texturallmf them
help to reduce the totalight reflection of the wafer.

o0 Alkaline etching.

It is an anisotropic process and therefore has different etch rates for different
crystallographic orientations. This makes the method more suitable for monocnystalli
silicon wafers. Pyramids with a square base are formed randomly distributed over the

surface as can be observed Figurel4. To improve uniformity, isopropyl alcohol (IPA) is
added to the solution.

Figurel4. SEM image of the alkalintextured surfaceq15]

o Acidic texturing

The treatment is not dependent on the crystallographic orientation since it is an
isotropic process. This makes it suitable for multicrystalline sificourel5).
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Figurel5. SEM image of the top view of an acieiextured silicon wafer[15]
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To clean the wafers after texturizati, they are cleanedn subsequent cycles of ozone
(Gy), hydrocHoric acid (HCIl)and hydrofluoric acid (HF) and finally dried mtrogen.
Deionized water is used for rinsing after eadtemicalstep. O; is alsoused to oxidize the
silicon surfaceHCI is useful to remove alkahd metal impurities from the surfacghile HF
etches the silicon dioxide off and forms a hydrophobic surface.

4.1.2- Diffusion

The thermal diffusion of phosphorus leads to the creation of an emitter to the wafer, for
p-n junction formation.

The equipment used for this process is caf€G tube furnace {igurel6).

Figurel6. Tube furnacdCENER]

To start the process of phosphorous diffusion, the wafers are put into the tube furnace
and heated up to around 800 °Can Q ambient. Nitrogen is used as a carrier gas through a
bubbler filled with liquid phosphorus oxide (PGihich is the source of phosphorus. From
that reaction, BOs deposits onto the wafer surfaces a thin layerduring predepostion step.

This lger is callech phosphorssilicate glass (PSG) and it is compounded bygidDRBO:s.

Then, a drivein process step diffuses phosphorus into théype silicon wafer due to the
high temperature, forming the neededpjunction.

The dopant surface concentran therefore decreases with time, since the dopant moves
into the semiconductor as time increas&3urve a) front-igurel7 represents the case of low
surface concentration, while curve d) corresponds to a higitentration cas¢16].
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Figurel7. Dopant profile of a phosphorus diffusiofor various surface concentrations after diffusion into silicon
for 1 hour at 1000 °€L6]

4.1.3- Phosphorus silicate glass (PSG) removal

Hydrofluoricacid (HF) is used to etch off phosphosilgateglass on the wafer surface.

4.1.4: Silicon nitride deposition

In this process step, a layer of silicon nitride is deposited onto the front side of the solar
cell. The layer has two main functions: the one handlit is used as an antireflection coating,
and on the other hand, it serves as a good surface passivation to reduce recombination losses
of the surface.

The objective is that the wave reflected from the amflection coating top surface wut
of phase with the wave reflected from the semiconductor surfaces. The destructive
interference results in zero net reflected energy. The thickness of the coating is chosen so that
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the wavelength in the dielectric material is one quarter thavelengthof the incoming wave,
and it is obtained by applying the following formula:

d=—
where,
d =coating thickness
< T -sfabkBvavelength
n = refractive index

For silicon nitride with a refractive index of approximately 2 and in order to minimize
optical reflection at 600 nm where the absorption of silicon is maximunthe silion nitride
film should havea thickness of around 75 n].

There are several ways of depositing this layer. However, the most widely used $gstem
the plasmaenhanced chemical vapor deposition (PEVCIDHe machineused for the
deposition is shown irigure18. During this process, the SiNx:H film is formed in a reaction of
silane (Sik) and ammonia (Nl The conditions of temperature and pressiare in the ranges
of 200450 T and 01-0.1 mbar, respectively.

Figurel8. PECVD equipment for silicon nitride depositif@ENER]

4.1.5- Screen printing of the contacts

In order to extract the electrons from a solar cell, it is necessary to deposit metallic
contacts on thefront and rea surfaces. As metals are opaque to light, to maximize optical
power the front metallized area should cover the smallest area of the surface cell and extract
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the maximum number of electrons. Howeveqgntacts cannot be  small in order to avoid
electricd power losses. A compromise should be found. On the rear side, the shadowing
problem is not critical since lighg not incident directly on this surface.

Thefront usual configurations composed by a few big contacts, calletsbars between
2 and 5 deending on the cell surface, and a higher number of thin contacts, daligers on
a direction perpendicular to busbarsigurel9).

b fingers

u bushars

Figurel9. Schematic of a standard design of froobntacts.

The equipment used to fulfill thecreenprinting process stefFigure20) consists mainly
on screens and pastes as well as a screen printing machine. The screen used is mounted with a
certain tension ito an aluminium frame and has areas that are blocked off with an emulsion,
and opened areas where the paste can go through. The screen is positioned on the machine
just above the front side of the wafer, existing a small and defined distance between both,
which is called snapff distance.

Figure20. Picture of the screeprinting machine(left) and itsinside with the screen and the squeegees used
(right) [CENER
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Two squeegees, each of them located against the other, are regperisr the printing
process. Depending on the direction of the printing, one or the other squeegee nmibkes.
main steps of this process are illustrated-inure2 1.

Squeegee.
N Metallic Paste _Screen mesh (fabric)
, > /s

-~ /
Screen frame —— L ey,
N Emulsion/film

Silicon wafer - RE
~ Print Chuck

Figure21. Main steps of the screesprinting cycle[17]

Front contacts

It consists on the deposition of the silver metallic paste on the front side of the wafer and
above the silicon nitride layer. Buses and fingers are formed, whose width and distance
between them deped on the design of the screen.

Silver paste is used as a conductive metal because of its good contact properties,
conductivity and excellent solderability.

To start the process, one of the squeegees is moved without pressure over the screen.
This way, thescreen openings are uniformly filled with Ag paste, which is called flooding of the
screen. Then, the squeegee is moved with a previously defined pressure, pressing the screen
locally against the wafer surface and pushing the silver metallic paste thriwggbpened
areas of the screen onto the wafer surface.

After finishing this process of printing, the wafer is transported to a dryusm.
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The main components of the front paste are floowing[17]:

A Silver powder. Represents 70-85% in weight. ltis mixed with particles of different
shapes, responsible for the paste conductivity and the cohesion of the contact.

The rest of the components are sensitive to the device surface ithatanted to be
contacted as well as to temperature profiles and prgsiag times.

A Powder of glass frits. Constitutes up to the 5% in weight of the paste. Glass frits are metal
oxides. Their function is to melt the dielectric layers by forming eutectic alloys of lower
melting point. These are deposited on the silicotride layer allowing the metal particles
to reach the silicormitter.

A Organic compounds. To transport the suspended silver and glass patrticles. Inside this
group we find organic solvents to allow the mixture be used as a paint, and organic
binders b maintin the particles joined.

A Other additives to change the rheological properties of the mixture. They are found in
proportions lower than 2 % in weight.

Rear busbars

It is an optional step that only takes place when series interconnection ofiseiianted
to be done to form modulesThis step is necessasince it is not possible to solder onto the
screenprinted Al contact. To print these busbars, a silver and alumirfiughAl) paste is used,
so that they can be easily soldered to tabbing ribbons. Adongrtb the geometry, they need
to be large to allow certain misalignments in the process, and small to reduce efficiency losses
(there is no ABSF underneath the busbars).

After printing, the wafer is transported to a dryimen in order to evaporate th
solvents that seenprinting pastes contain.

Rear contact

In this step, the aluminum paste to form the rear contact is printed in the rear side of the
wafer.

The pattern of the screen used for this printing has a different geometry fronotiee
usedfor the front contact, it covers the whole back surface of the wafer.

Comparing this paste with the silver one, apart from the different metal particles, the rest
of the components aref similar chemistry.

After printing, a drying process im@venisneeded as in the othescreenprinting steps.
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4.1.6- Firing

Once the printing processs finia KSRX 620K FTNRY (G I afRfiretdS I NJ
simultaneously in a firing furnacehown in~Figure22, which iscalled cofiringprocess For that
purpose, a RTP (Rapid Thermal Processing) equipment isResstds are designed in order to
follow a common thermal final treatment to create the contact at the same time in both sides
of the cell.

Q)¢
>
Py

It is important to dryeach of the contacts after printing and before firing to avoid metallic
contamination that would cause a shunting problem of thie junction.

During firing, the wafer is subjected to changes in temperature during a period of time
(Figure 23). This results on chemical and structural changes inside the printing pastes and
substrate surfaces.

Figure22. RTRequipment [CENER]

At the beginning of the process, at tifint sideand at tempeatures below 600 °C, the
organic compounds that keep the dried metallic pastes attached to the surfaces are burned
out. At the same time, the hydrogen contained in the silicon nitride layer is released into the
bulk of the wafer © passivate electricalefects fL7].

In the second step, the firing peak, higher temperatures are reached and the formation of
the contacts takes place. Glass frits melt the silicon nitride and silver particles suffer a sintering
process that creates a conductive film. Previouslyring the chemical reaction liquid Pb
etches the surface in some places, where then, during cooling, silver crystallites form the
ohmic contact with the emitter. Then, a conductive contact is formed during the solidification
of the silver and the glassits mixture. This contact is a combination of a direct contact
between the sintered silver and the silver crystallites, a tunneling contact through frits, and
regions without electrical contact.
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With respect to therear side aluminium paste follows theasne burn out of organic
components. During the firing step, the aluminium melts and can go through the oxide of the
particles, reaching the silicon surface. In the next step, cooling down, silicon is rejected from
the melt, and recrystallizes as tkpitaxal Aldoped layer called Back Surface Field (BSF).

One problemof firing is the bowing. It is produced when temperature gets below 577 °C,
because of the differences of thermal expansion coefficients between the Al contact and the
silicon. It icreated vhen the melted alloy solidifies with the eutectic compositidhis bowing
problemis larger when reducing silicon wafer thickness thislimits the possible reduction of
thickness of the cell.

Melting of the Al powder at 66{1'C

\‘) Al-Si Eutectic solidification at 577°C

Firing

Wafer temperature (°C)

v

|
|
|
|
|
|
|
|
|
|
|
|
T

Time (s)

Figure23. Temperature profile 6the cofiring process in the furnac 7]

4.1.7- Edge isolation

This step consists on the removal of doping around the edge of the solar cell. During
emitter diffusibn process, phosphorus diffusatko takes place over the edges and rear side of
the wafer. This creates shunt paths between the frontype) and back @ype) surfacq18].

The removal of the phosphorus diffusion around the edge isolates electrically the front emitter
from the rear cell as can be seen iagure24 b). This wayshunt resistance iscreasedand
the efficiency of the solar cell increases.
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Figure24. Comparison of (a) a cell with no edge isolation, where front and back side are linked, and (b) a dell wit
front edge isolation[18]

Laser edge isolation is one of the most used techniques because of the high speed and
precision of itsbeam. According to S.IReddy 18], laseredge isolation processes shows an
increase of average output power of solar cddlg 3.45% compared to the plasma edge
isolation process. The process can be performed by scribing a gbyolaser {igure25) on
either front or back side of the solar cell.

Figure25. Picture of the laser equipmeniCENER]
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4.2- SOLAR CELL CHARACTERIZATION

4.2.1- IV Curvaneasurement

26/97

The IV curve represents the operation points of a solar cell, soaderation on its

operationis reflected on this curve.

It can be traced witmatural radiation of the sun or by using a solar simulatorany case,
measurements should be corrected to StandaestConditions or STC (1000 WIn25°C and

AM1.5G spectrum)By the neasurement of the curve, all electrical parameters described in

sedion 3.1- BASICS OF SOLAR Cit¢ bStained.

The curve follows the shape shown fin

. From that measurementseries and
parallel resistance values can be apprcxiehy obtained.

A big value of series resistancan be due to bad metallic contact.ntakes the slope of

the curve around the open circuit voltage decreaae can be observed ffi
it has als a big impact on the fill factor.

, and

A reduction on the value of parallel resistance linked to fabrication defects and

therefore, indicates the presencef shunts in the solar cell. It causes an important reduction
on the current generated, since it fha
the curve is a decrease on its slope near the short circuit current goint
occurs with the series resistance, it has a big imftieeon the fill factor.

A

Increasing Rg

Gt GSNYFGA@DS

A

Decreasing Rgy

LI

iKae G2
)- As it

V<

For the measurement of the curve, a solar simulator is uséis system usesalibrated

light source and a temperature controlleinse a solar cell is sensitive to both.
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For routine measurements, a reference cell is used to calibrate the light source. A
reference cell is aell previously measureand certified and should be electrically and
optically as close as possible to the cell under test.

To control temperature, the cell test block is cooled to keep the tempeeadf the cell
FAESR (G2 Hp k3. a4 akKz2eéy AY

During data acquisition, a load resistor is varied from zero to infinity. The variables that
are directly obtained from this test are opeircuit voltage, shortircuit current density, and
voltage and current desity at maximum power point. From these ones, others as fill factor or
efficiencypreviously mentionedan be obtained.

4.2.2- Electroluminescence

It is acharacterization techniqubased on the picture capturingf solar cellsn order to
study their quality. Solar cells transform electromagnetic radiation emitted by the sun into
electric energy. This technique consists on reversing the process, making current flow through
the cell so that it emits radiatioT.his radiation is captured by a remotealgntrolled camera.

The emission range of silicon solar cells falls in the rahd@001200 nm, range in which
Sichipcameras have a lower response. Some filters limit the camera response to the emission
rangeof solar cellsHowever, this range is relaely smalko high capture times are used.

The method is based on the capture of two complementary images. The festcailed
the high polarity ongis taken by flowing a value of current similar to the skortuit one
through the cell. For capturgnthe second one, the low polarity one, a value of current of a
10% of the applied previously is applied.


















































































































































































































