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Abstract

This thesis addresses twbthe mainmaterialsfor solar cells, namelsgilicon andthe family

of halide perovskites. For silicon, light trapping structures are investightedolar cell
applicatiors while perovskite materialareinvestigated as a gamaterialfor optoelectronic
applicatiors. Light trapping allows the capture of photons that might otherwise be lost,
especially at the red end of the spectratmere silicon is less absorptivéhe key is to
enhance thefficiency of silicon celk by thinnng down the wafeand reducing thdulk
recombination losseand to achieve aigher Voc while maintaining strondight absorption
(represented by ligh short circuit current)s)) by applying efficient light trapping schemes.

It is still an open question whether nanostructures are beneficial for real devices, especially
since highly efficiensolar cells employ >100 um thick absorber mateaaldusewet etched
micronsized pyramids for light trapping. In this thesis, | condastudy which compares
nanostructureand pyramidmicrostructureon waferbased silicon solar cells. This study is
importantbecausg1) most light trapping nanostructures are investigated ortlyeioptical
regime, while | realize them on silicon desés to analyze botkheir optical and their
electrical character (2) nanostructures perform better than microstructures in wafer based
silicon solar ceB, highlighting the effectivity of nanostructuresenin waferbasedsilicon.

Here, the nanostructes comprisewet and dryetchedquastrandomstructres and they are
comparedwith pyramidal microstructures. A photocurrent as high as 38 mAfoma dry
etched quasirandom nanostructure is attained experimentally, which is 3.2 friAgtrer

than wet etched pyramids fabricated in the same batch. The other matadalis now
becoming very populanithe solar cell community ighe family of metal halide perovskite
materialsthat areincreasingly attracting the attention of optoelexics researcherbpth for

solar cell andor light emission applications. The ultimate is in simplicity, howeigeto
observe lasing from a continuous thin film, which has not been aimed before. Here, | show
perovskite random lasers; they are depdsi#® room temperature on unpatterned glass
substrates and they exhibit a minimum threshold value of 10 flJAcrather special feature is

that some of the films exhibit single and dual mode lasing action, which is rarely observed in random
lasers.This wak fully exploits the simplicity of the solutiehased process and thereby adds

an important capability to the emerging field of perovskésed light emitters
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(b) Amplified spontaneous emission spectrdilafs excited with a narrow stripe in 1.6 x 0.4
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Chapter 1: Basics of solar cells

1 Chapter 1. Basics of solar cells

Why PV technology?

Over the past decades, an extensive growth has occurred in the demand for energy. The main
reason for this development has been the urbanization of mankind which has led to improved
living standards with industrial infrastructures, high electricity demand increased
transport. These technologies all impact on the environment, with global warming based on
increased carbon emissions being a key concern. To minimise the impact of global warming,
clean energy generation is a key requirement that drivexpamsion of research in the field

of photovoltaic technology which convedslar energy into electricity.

Using Photovoltaic (PV) technology is arguably the most promising way to harvest solar
energy and to satisfy current and future clean energy denvaitittsut generating carbon
dioxide emissions. Theain building block of any photovoltaic technology is a solar cell.
Many cells are connected together to form a panel. Solar panels can be installed onto the
roofs to produce energy for individuals for theersonal needs. Zero energy buildings can be
built that operate independeny the electricity market by using decentralized solar panels.

Many panelsanput togetheforming solar thermal parks and solar farms on a large scale.

How does PV compare to the other renewable energy sources e.g. nuclear, hydro and wind?
To answer this, we note that the growth of solar energy installations can be much faster
compared to nuclear and hydro, as these redaiger scale centralized techlogies; big

dams and power plants are needed which require significant investments, while PV can be
installed as decentralized roof technologyh additionalargument is that theunis the
primaryenergy source on earth and is available in abundanceotapd wind are secondary

sources produced by the temperature differences on earth, but ultimately drivesioy the
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In the following chapter, the physics of solar cells is discussed in detail. First, | introduce
semiconductomaterials that form the bding block of a solar cell based on their energy
band structure. The fundamentals of energy band alignment and charge tcamsport
mechanism is discussed using the example of a sipoediode. The silicon solar cell has
characteristic response tbe solar spectrum in terms of photon absorption, charge carrier
generation and recombination processes. TheclWracteristic curve under illuminatias
discussedhe figures of merit of a solar cell, that is, the openuit voltage, theshortcircuit
current density, the fill factor, the power conversion efficiency and the internal and external
collection efficiency. Efficiency limiting factors, such as the recombination rate and parasitic

resistance effects are also briefly discussed.

1.1 Material classification

Semiconductors aré¢he most common materialssed to make solar deviced key
characteristioof semiconductor materials is the fact that the energy levels of their valence
electrons and their conduction electrons are separated by an enedgyabarnypically of

order 1 eV for solar cell materials. In contrast to semicondudimisly conductive materials

do not exhibit such a bandgap and as such, do not require the addition of energy to move
from the valence band (VB) to the conduction ba@B)( sotheyalways have free electrons
available for electrical conduction. Thirdly, insulators are characterised by very large
bandgaps (typically several eV), which means that there are very few conduction electrons
available at room temperature. Theergy band diagram for thretypes of materials is
described inFigure 1.1whereFermi level indicates that all thevailablestates above it are

empty and all the states below are occupied at absolute zero temperature.
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Figure 1.1. Classification of materials based on bayagh energy. Physics behind the

realization of solar cell.

In semiconductor materials, because of their moderate bandgap energy, electrons can be
excited into the conduction band bypapng thermal or optical energy. When a photon of an
energy greater than the bandgap is absorbed, the electron is promoted to the conduction band
and an electrohole pair is generated. Thishehole pair isthen collected to generate
electricity. The mst commonly used semiconductor material in solar cells is silicon because
of its stability, abundance, and favourable bandgap energy of 1.12 eV (the discussion of the
ShockleyQueisser limit in sectiornl.5 explains why this bandgap is favourable). The
genegation of an electrical voltage under illumination of a silicon rod was first noticed by
Russel Ohl [1939] in a purifying process of silicon where n apdype impurities solidify

during recrystallization within muksilicon ingots and formed localized junction points.
Details can be found in the patent refece filed by Ohl.yS Patent 24026623 After the
advances in transistor devices invented in 1894@®Bell laboratory also has the credit to the

first commercial use of this effect in solar technology, in 1@64he space application$’!

Chapin, Pearson and Fuller, three scientists from Bell Laboratories, publi$faunal PV

device with 6% efficiency inthe Journal of Applkd Physics and this device was the

extension of OKIb6s device with 1%.

Silicon is a group IV element and with a bandgap of 1.12 eV. The upper band is typically

referred to as the conduction band (CB) and the lower as the valence band (VB). Intrinsic
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silicon behaves as an insulator at room temperature, because the thermal emagy is
sufficient to promote electrons into the CB. In general, the free charge carrier density obeys

the equality

n=p = (1.1

herebynvis the electron carrier concentratign,is the hole carrier concentration amds the
intrinsic carrier concentration. The productheofindpLis given by:

n.p=n’ (12
The probability of these states to be occupied by a free carrietasnined by thé-ermt
Dirac distribution
1 (13)

(E- E)
1+e kg T

f(E) =

where Er representghe Fermi leve] T (K) is the temperature ands ks the Boltzmann
constant. At T= 0, the Fermi function is a stigge function, indicating that all the states
above the Fermi level are empty and all the states below it is occupied. At higher
temperatures (T > 0 K), some of the carriers are thermallyegkaihd can occupy higher

energy states. The carrier concentration at equilibrium is given

(E¢- Ec)
=N W 14
- 9
é_kE?I' (1.6)
pn=N.N,é*

The product irequation 1.6, deends only on the bandgap and temperature.
The free carrier concentration in crystalline silicon can be modified by intentionally
introducing impurities. For example, by introducing a group V donor element, additional

energy levels are irdduced below the CB, which are ionised at room temperature, thereby
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increasing the free electron concentratiostyfme) doping Conversely, a group Il acceptor
impurity introduce energy levels just above the VB and increases the hole concentration (p
type).

Assuming that all the dopant impurities are ionized, faype & 0 and using the
equality equationn’ = pn , we can write following expression to determine the minority

2
carrier concentration (holes) pos:n— . In thermal equilibrium, by taking the ionized donor
D

N, and N, acceptor impurities into account, the free carrier density can be determined via

the Fermi function and we can express the Fermi enerpjiass:

For ntype:
a 1.7)
E, =E #Tinge
¢ch
For ptype:
a (1.8
E =E -k Tinga
¢ch
p-type n-type
| CB ‘ CcB
>. s.| FermiEnergy Level
) )
Y g
IE Eyap LE Egap
Fermi Energy Level
VB VB
Distance Distance

Figurel.2. Band diagram for{pandn-type silicon together with the illustration of the Fermi

energy level positioning.
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According to these equations, the Fermi energy level positions are close to the VB edge in p

type and close to CB edge in théype semiconductor material. The bandgtam for rtype

and ptype silicon together with ther Bosition dependence is shownFigure 1.2.

1.1.1 Energy band alignment for the formation of a silicon diode structure
The silicon solar cell is a twoeterminal devicej.e. a diode that generatemltagevia the

photovoltaic effect when illuminated. The device is a basic semiconductor diode which

conducts currenpreferentiallyin one direction when aexternd voltage is appliedA diode
IS a p-n junction is made by creatingtppe andn-type doped regias in the silicon. In
thermal equilibrium, the pnjunction potential is constant and hence the Fermi level is
aligned across the junction. The resulting band diagnagncharge distributions asaown as

a function of distanceacross the metallurgicallyofmed junctionin Figure 1.3(a). The

junction potenti al, dDlus bt & ed,ed trandd by dhe a s

concentration gradient between theapd ntype regions. This concentration gradient drives

a diffusion flow of electrons to the-gioped region and holes tbhe ndoped region, thus

t

establishing an equal and opposite charge on either side of the junction and creating a space

charge region in the deatesainelectric fieldvhishisshiovening e
Figure 1.3(b), (c). This builtin electric field opposes the diffusion flow and stops it in

equilibrium.

The potential difference across the junctinis the difference between the Fermi energies

in the doped regions. We can write an expression for theibyatitential as follow:

AN. © 3 (1.9
e =E -B £ kTnee ok %
¢ch = 23
AN, N (110
eV, ° I%Tlna:,.—’*2 D
G

The above equation determines the builtpotential of a pn junction formed in a

semiconductor, by knowing the dopant concentration and the intrinsic carrier concentration.

den



Chapter 1: Basics of solar cells
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Figure 1.3. Diagramrepresents (a) A metallurgical junction formed by combiningnd p
type silicon. (b) Abrupt doping density distribution across the junction. (c) the electric field

formation in the depletion region. (d){gnnction band alignment diagram.

For examplegilicon wafer is doped with a background acceptor concentratiggp@) of
10 cnm® and | doped it with a donor concentrationtype) of 13° cm? at the front surface
to form an emitter | ayer of t lheiotdnsicecarser 1 & m.
concentration is 1.5xtBcm3. By assuming thahe formed junction is abrupt (step like) and
all the doped atoms are ionizeeluation1.10 allows us to calculate the built voltage
across the junction, fahe material dopingoncentrationsV,i=0.81 V. More detailsabout

equationl.11can be found in referen&e.

1.1.2 Carriers transport mechanisms under biased condition

When an external voltage is applied across thgymction, the junctioexhibits a rectifying
behaviour. Under reverse bias, when the positive terminal connetite atside and the
negative terminal connects at thaige, a small drift current flows. This drift current occurs
because the applied bias disturbs the diffusion equilibrium and charge carriers are attracted

towards the opposite terminal polarities. The dwiftrent density is described as follows:
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For hole charge carriers:

J:”ﬁ =gm r (1.1

For electron charge carriers:

3% = gm r 112
mis the charge carrier mobility parameter arttie magnitude of the electric field. The drift

drift
e

current density is therefore given by the product of charge carrier dengity tie

mobility, the electric fied and the charge.

As these carriers leave ionized atoms behind, the space charge region gets wider. The effect
of reverse bias on the space charge region is shoWwigume 1.4(b). Under reverse bias, a

small drift current flows. Conversely, undirward biasin Figure 1.4 (c) charge carriers

start to flow into the space charge region. Initially, the size of the speoge region
reduces; when the applied voltag@proacheghe builtin voltage, dargediffusion currents

built-up. The characterigti currentvoltage (V) curve can easily be calculated underk
condition and is known as the Shockley equation. The derivation assumes that generation and
recombination rates are negligible in the space charge region and that the depletion region is

abrupt with boundaries, andx, as shown in the charge distributiBigure 1.3(b).

Hence, we can select the boundaries of the spla@eye region to calculate a current. In the
spacecharge, only the diffusive flow of minority carriers (say electrons) is considered in the
majority charge (gype) region. The resultingiflsion current density is then described as

follows:

_ dn (1.13
3.(=( ¢ DY

Similarly, for holes as minority carriers, the diffusion current in ttgpe region is given by:

(1.14)
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The sum of electron diffusion into therpgion and hole diffusion into theregion delivers

the Shockley equation (also called, diode equation):

8 av (1.15)

— BT -
J—Jh +Je 30? 1

) ) T (o)

D | . . 1 1
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- —
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Figure 1.4. pn junction under unbiased, reverse biased and forward biased conditions,
representing the effect on depletion region depth and the alignment of energy bands.
Here,J is the reverse saturation currenndigy of the diode due tthe drift current from
minority charge carriers and V is the applipdtential across the device, withs khe

Boltzmann constant and T the temperature.

1.2 Solar spectrum

Photovoltaic technology can harvest sunlight by convertingstten 6 s ener gy di r e
electricity. An alternative way to capture sunlight would be to rely on plants, who use
chlorophyll to capture the sunlight and convert it into chemical energy. In the process, plants

also consume Cfand emit Q, thereby countacting the imbalance created by the human
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consumption of fossil fuels. In fact, the fossil fuel energy sources that currently meet our
daily energy demands were formed by the growth and decay of plaitts aredriven by the

sun. Solar energy is cleatlye key factor for our survival on earth.

The sunds energy is commonly represented as
spectrum of energy is well approximated by assuming it as a perfect black body. A black
body is defined as an ideal bothat completely absorbs incident light at every wavelength
with zero reflection or transmittance | o0osses:s
can be considered as a black box with a small hole in it that iseflenting. The emission
spectrumis temperature dependent and it obeys Planck's radiation law. The emission
spectrum from the sun is characterized as a black bodgngberature6000 K. As the
sunlight reaches the surface of the earth,
sunlight, except at the equator, is also collected from an inclined surface. These effects are
included in Aair masso. For exampl e, t he so
at mosphere is referred to as antegbated power mas s
density of this spectrum is 1366.1 W/m

The air mass (AM) is then defined as:

AM = 1 (1.16)
cosq
where d is the angle of incidence, measured

AM is described as a ratio of the actual path length of a sun ray through the earth atmosphere

to the path length of perpendicularly incident light. Hence, the spectrum of sunray incident
directly perpendicul ar to t hoaghdtha athdspheseiout er
defined as AM1 whereas AMO is the spectrum ¢
but at the entry point of the atmosphere v
boundary. For a solar device characterization, thedatdnspectrum used is AM1.5, at an

incident angle of 48 The integrated power density over this spectrum is 10002100
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mW/cn?. This number describes the maximum available irradiance. Clearly, for power
generation purposes, we need to average overdihe ahd the yearly cycles, which yields
much lower numbers. For example, in Germany, an average power density of approximately
1700 kWh/m} per annum is availabl€!. In a very sunny desert area, however, such as in
Saudi Arabia, this vak almost doubles to [2200 kWHH! The average power density at
Bisha in Saudi Arabia is ~ 8.004 kWHiiaay, which gives 2920 kWh/rh per annum®l
whereas in death valley, California, this number is 7.80 k\&/day) [2840 kWh/nt per
annum]® The AM1.5 spectrum can be further classified into AM1.5G (1000 3vand
AM1.5D (900 W/n?), whereby AM 1.5G is relevant for solar panel devices and includes both
direct and diffused light, while AM1[3 describes only the direct sunlight relevant for
concentrated solar devices. All three spectra are shofigume 1.5011]

These spectra show additional minima, particularly in the infrared wavelength range, due to
absorption by different gas molecules in the atmosphere, particularly water vapour. Also, the
ultraviolet part ofthe spectrums filtered out by the ozone layer wh acts as a shield for

high-energy photons.

1.3 Steps in utilization of the solar spectrum by the solar cell

The conversion of solar energy into electrical energy by a photovoltaic device can be
described by the following steps:

(a) Photon absorption by the aa material layer

(b) Absorbed photon generates charge carriers, i.e. eleotierpairs.

(c) Charge carriers diffuse to the junction.

(d) Separation of charge carriers at the junction by drift current

(e) The collectionat the respective contacts., i.e. holes at theda and electrons at the

cathode. These steps are showRigure 16.
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Figure1.5. Reference solar irradiance spectridith.

1.3.1 Absorption and carrier generation

Sunlight is an electromagnetic radiation which consists of wave packets called photons that
carry energy. Thearticlecharacter of photons related to their wavelength is described by the

following simple equation, whicktateghewave particle duality of sunlight:

E,:E (2.27)
/
where h i s Pl anck @dightiovacesumant ¢ i s the speed

As the light is absorbed as it penetrates into the material, its intensity decreases as a function

of the thickness x, as shown in Figure 1.7 (a) described by the.Bew#ert law:

1(x) =1 e (1.18)
Oi's the incident intensity of light and U th
The absorption coefficient depends on wavelength and is very specific for each material. The
absorption coefficiet! for silicon is shown in Figure 1.7 (b). The absorption coefficient as a

function of wavelength for a given photon enerty, is proportional to the product of the
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transition probability, B, of an electron from an initial energy level té the final energy

level B and the available density of states.

CB® . R
‘@

qVI

e

Load

Figure 1.6. A solar cell energy band diagram represents the utilization of sunlight by

absorption, chargearrier generation and collection mechanisms.

Assuming that all the valendmand states are full and all the conducti@amd states are

empty, the absorption coefficieist given by a sum over all the possible transitions between

the available density statesE, - E, 2,

athn” R, (E)a(E) (119
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Figurel.7. Photonabsorption through a medium as a function of thickr
following the Beedambert law (b)The absorption coefficient spectrum

indirect energy bandgap of silicon (e¢bh as a function of wavelength.
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Figure1.8. An electron transition from VB to CB is shown in Direct and Indirect band gap

semiconductor materials.

In the fundamental absorption process, both momentum and energy must be conserved. For
example, inFigure 1.8 electron tansition from VB to CB is illustrated in both direct band

gap andndirect band gapemiconductors. In a direct bandgap semiconductor such as GaAs,

the crystal momentum of the initial state is the same as the final Btat€, =P In indirect

bandgap semiconductor such as Si, the conductiand minimum and valence band
maximum occur at a different crystal momentum, so additional momentum is required to
facilitate the transition.

Because photons have very little momentum, momentum conservation necessitates involving
another particle, typically a phonon. A phonomiguantum otrystal lattice vibration; it has

low energy but large momentum and must be emitted or absorbed toveomsenentum in

the absorption process. The need for involving both a phonon and a photon in the indirect
transition is the reasdhatthe absorption coefficient of indirect band gap matenaseases

slowly as the wavelength gets lowdran that of diect bandgapsemiconductor materials as
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illustrated in Figure 1.8 It is important to note that absorption in indirect bandgap
semiconductor materials can also take place without phonon assistance but only if the photon
energy is high enough (in Si, 3.3 eld)excite an electron carrier directly.

Once the light has been absorbed and the elebttenpairs have been created, they may
either diffuse to thelepletionregion and get separated under the influence of theibditld

and generate the desiredopttgenerated current flow, or they may recombine in the material

or at a surface and generate heat.

1.3.2 Recombination Processes

Oncea photon has been absorbed and created an eldaierpair, the thermal equilibrium

is disturbed and so te &) € relationship is no longer valid. Instead it is replaced by the
€d)] ¢ inequality. When the photon flux stops, the excess carriers recombine to recover
the equilibrium state agalitf! These recombination processes depend on the type of material
and strongly determine the output performance of satrThree fundamental processes are
responsible for recombination in solar devices and are schematically shdviguie 1.9.
Recombination losses are typically measured in terms of minority carrier lifetimarand
defined as the amount of time that a phgémerated charge carrier can survive in its excited

state before recombining. The lifetime is expressed as follows:

an (1.20)

[ =—=

R

where 0600U66 vol umet rticor) aceountsrfob allrypetof losees inat e
solarc e | | . “®)caecourtcfon both hole and electron charge carrier densities under the

assumption t haneutrgbregiohs. p i N quasi

The lifetime of a minority carried can also be expressed in terms of all recombination

mechanisms as follow¥!

RTotal = I%?adia’[ive +RSRH RAuge
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1 1 1 1 (1.21)
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Figure 1.9. Schematic representation of recombination mechandauosrs in silicon solar
cell. Left: Radiative recombination is an inverse process of absorption, commonly occur
indirect bandgap semiconductor material. Centre: SRH recombination mechanism happens

when defect densities lie between the bandgap energy.

wherg [ e fsry @Nd 5,4, are the minority carrier lifetime associated to the radiative,

ShockleyReadHall (SRH) and Auger recombination mechanisms respectively. Here, two
recombination processes (bulk) are intrinsic while SRH (extrinsic) dominates when the bulk
recombination loses are reduced by using thin higlality material substrates. SRH relates

to the defect density associated to the surface.

These recombination mechanisms are now briefly discussed:

1.3.2.1 Radiative (Direct) recombination

This process mainly occurs in direct bagap materials as it is a batmband process. It
describes the relaxation of an excited electron from the conduction bardl¢neeband
with the emission of a photon. As silicon is an indirect bandgap matieaprobabilityof

direct recombination is very low. The radiative recombination rate is expressed as‘fdllows
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Readiaive = C(NP - P P) (1.22

where C (cris?!) is the radiative recombination coefficient and np is the volumetric
concentration of charge carrier densities. For silicon, C value is determined by different
groups as minimm as 0.95 10%° cn’s! andmaximum as & 10%° cns?. 161 Dependence

of C as a function of temperature is determined varying fronx 30 cm’s® (T=90 K) to

4.7 x 10'° cn’st (T=300 K)I*1 These determined vads are lower in silicon due to its

intrinsic indirect band gap nature compared to th¥ semiconductors (18-1079). 8l

For ntype, under the low injection condition where, we can write an expressidn faf.as

follow:

Radiative = Cn( p - p) (123)
1

e radiative =
ptyp: Cn

1

ntype radiative C

p-

T

In p-type Si, with a given hole density- = 10'° cm®, the lifetime of minority carriers

(electrons) can be calculated as 0.03 sec where C='3gffs.

1.3.2.2 Auger recombination
This loss mechanism involves three particles, in contrast to the previously described

recombination mechanisms, where only two particles are involved. In Auger recombination,
the energy of the recombining carriers is transferred to a third particle tladmeemitting a
photon. If the third particle is an electron, this electron is excited to a higher level in the
conduction band and then relaxes back to the band edge by thermalising its energy. Similar is
the case for hole, whidk excitedto the deep kel in thevalence band and relax back to the
band edge by transferring energy to the lattice vibratibith isdissipaédin form of heat.

Auger recombination depends on the doping concentration and is the dominant

recombination mechanism in higjuality silicon[*°120

For electrorelectronhole (eeh) Jarticle casgethe recombination rate is giveny
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Reeh = C:nr‘l2 p (124)

For holehole-electron (hhe) particle case

the =C pnp2 (125)
By adding these together:

Rawer =Ca* p #C, NP (1.26)
(a) Under the assumption ¢dw-injection (gm<<n) and strongly doped-type silicon, we can
approximate n to Nnor (and similarly in the case of pype silico) with a dopant

concentration Bcepor. In this case, we can write

R, poe =C.N p (1.27)

n, Auger N Y ponor

Rp,Augur = CpnN

Acceptor

and therefore:

1 (1289
tn,Auger - 2
Cn NDonor
1
t o — 7
PR C N

p

Acceptor

The Auger recombination rate is proportional to the square of the doping concentration. As
the Auger recombination rate is strongly depgmuhthe doping concentration, so Auger
recombination is unavoidable in doped silicon (highly doped emitter).

(b) Underhigh injection condition(Dn =n n, p p)

We can write,

; _ 1 (1.29)
n, Auger (Cn +Ch) mz

In silicon, GA&Cn& 1x103%° cm®sec. Fora given qgm= 10 cm® and gn=10 cm?3

concentrationghelifetime under Auger recombination iss$ and 10 ms respectively.
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1.3.2.3 ShockleyReadHall recombination

This recombination process occurs via defects that generate istdbes band gap of the
material. These states provide an alternative route for the tielava excited carriers. In
amorphous or muklerystalline material, but also in low quality crystalline material, this
effect may be the dominant recombination process The process was first explained by
William Shockley, Robert Hall and William Read ia32. 212!

1.3.2.4 Surface recombination

The above mechanisms are all related to bulk losses, which happen insidetehal.ma
Additionally, surface recombination losses also play a role. Surface recombination is an
extension of SRH recombination where the intermediate band gap defects occur at the device
surfaces. Any interruption of the periodic crystal structure asthmtaces leads to dangling
bonds known as defect states. The surface recombination mechanism is very relevant in the
context of light trapping, as this mechanism is crucial to textured surfaces in terms of
increased surface area and the surface damagedcdnysthe etching method used for
texturing the surface.

The surface velocity ian important parameter which is definesl the velocity with which

the charge carriers recombine at the surfacéhe surface recombination velocity clearly
impacts on the caer lifetime and the more recombination mechanisms are present, the
shorteris the carrier lifetimelf, however, the device is well passivated and has low surface
and Auger recombination losses, then the overall recombination is dominated by the bulk.
Therefore, thinner substrates are now being

have lower bulk recombination rates

In n-type semiconductor materidghe surface recombinatiorR,,...iIS an important process

andwhich is describé®’

Rsurfaceo Ssr( psurface - p) (130)
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where p_,... and p,are the hole concentration at the surface and the equilibrium hole

concentration, respectivelys, is the surface velocity of minority charge carriers, which is

the speed with which the carriers can recombine at the surfagShiekleyReadHall

recombinatioh SRH recombination.S, is the parameter of measure in determining the
surface recombination and is given as a produet,6f N, where is thev, thermal velocity
(cm/sec),s , is surface trap density (cthand N, is the capture crossection per cubic cm.

Therefore,the surface velocity of the minority charge carriers is crucial for controlling the
surface recombination. Commonly, two complementary approaches are used; one way is to
reduce the trap density at the sugfdy passivating these recombination centiiggically,

silicon oxidé?®, silicon nitride or aluminium oxidé'® are deposited, which have the

additional beefit of antireflection coating (AR®f. Good passivation surfacean be

prepared withN¢,, < 10t%cn? eV and is achieved an interface of Si/Suhere typicallyS,

O 10 cm/ sec.

Anotherway is to reduce the excess minority charge carrier concentragtign.{ or n

surface)

by introducing a high doping concentration that acts as a barrier for minority carriers at the
surface. This method is called surface field passivationisaasignificantly applicable to the

back surface of FB device to creaelower defect density tathe metal / Si interface.
Lifetime of charge carriers in terms 8f can be given as follow:

1 (131)

S eSsr n1 impurity

1.3.2.5 Surface damage losses and their impact on the V

The maximum \ that can be achieved with a solar cell is limited by recombination currents,
since the V. of a solarcell is determined by the splitting of the quésimi levels, which, in

turn, is limited by the recombination losses. The egietuit voltage can be @xessed in
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terms of theG ...« ( generation rate of charge carriers per unit volume), the carrier lifetime

t and the intrinsic carrier density. Assuming that the generation rate is uniform actioss
prHjunction, we can writé®!:
o 2kBT éGphotoﬂwg: (132)

In g

a ¢ N

ni intrinsic carrier density in silicon, with a typical value of 1.5¥1€w3 at 300 K where T

VOC

becomes more relevant parameter.
According to this equatioi.33, if the solar cell irradiance goes @which increases the

charge carrier generation rate, hengei¥alsoincreased).

Vi directly scales withG,oonuWhich is aneffect also utilized in concentrator cef¥

Defects clearly reduce thé.c as they reduce the lifetime of minority charge carriers. As
explained in equatiot.22, lifetime of the carriers, goes down with increased recombination

losses. So, M can be used as a direct indicator of the recombination losas®iar cell.

1.4 Conventional solar device characterization parameters

When a diode i€xternally connected to a biasedltage the current flow is given by the

Shockleyequation

3o = 3 FexpatY 941 (139
Diode OJf pﬁ; BT 9' i|

As discussed before, a photocurrent flows when the absorbed photons produce charge carriers
and are collected at the contacthese charge carriers diffuse to the junction due to the
concentration gradient and are separated across the junction via drift flow to produce the
photocurrent.Now there are two currents in the equivalent circuit, i.e. the diode current and
the photoarrentas shown in Figure 101 The total current that flows in the equivalent circuit

is given as follow:

J =3 (1.34)

Total Diode Photocurren
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g ev Fol (135
_ oT 4 =
JTotaI - J° ? 1 8 JPhotocurrem

where the current densitidsrepresents the current per unit aréa understand the current
flow mechanism, ssume we operateetween point A to Bvherea small forward biased
voltageis applied In this case shde is negligible because the applied voltage is kept below
the diode threshold The total current in the circuit is given by the photocurrent current
density dnotocurrenvhich is represented in thé” fuadrant for its opposite polarity compared

to diode currentThis currentis called theshort circuitcurrent density ¢d) which is the
maximum current that can floim the equivalent circuit at point A where it is a shaortcuit
condition Now, oncethe forward biased voltage is increased ssgchesat point C,the

diode current starts flowing in the opposite direction to the photocurrent and so the total

device current goes down

R

Series IToTn\

Current

| T l
Photocurrent ID\ode

A —
Voc [D - ,/ \\.‘

Voltaée \ /""

C -
JSC

Figure 1.10. Left: An equivalent circuit for an ideal solar cell under illumination condition.

Voul

A
RShunt

Right: Graphical representation of an-I®haracteristic curve under illumination condition

where shortircuit and operctircuit two operational modes are shown byah Voc.

At point D, he open circuit voltageV(.) refers to the voltage where thatal current flow

through the external circuit becomes zéviathematicallywhenJrotal is Set zero in equation
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1.36, Jphotocurrentbecomes equal tduiode andwe can write an expression for the open circuit

voltage as follow:

1.36
k T (J DhOtOCurrent+ JO) ( )
Voc =—2=1In
q J
AS I otocurent™>> J, » SO @pproximation in equatidn38is well justified.
Voc o kBT In (Jphotocurrent) (1.37)

o} J

(e}

wher L(éTbig/the thermal voltage.
q

Typically, J e NAS small variation bud, can vary in significant order of magnitude so
is the key factor of consideration. As recombination losses occur in the internal circuit of the
solar cell, they directly impact on,and thereby on th&,; hence wecan interpret a

variation of theVoc as a signature of recombination losses.
In real solar deviceglue to electrical lossesprrideal diodebehaviour is introduced using a

nortrideality factor as follow:

Jou= 3 Fexpe Y 84! (139
Diode ol pé%m('? 9' i|

Practically, resistive losses lead to lower FF, which are indicatéx»bynd can vary up to a
value of 2. n not only lowers ¢hFF but also accounts for a high recombination loss in device.
As we have discussed before that Voc indicates recombination losses, so we can rewrite

equation in terms of ideality factor:

(1.39)

VOC ° nkBT In (J pho\t]OCUrrem)

q

(e]
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series

l? l,dodel \diode,

D }/ K

Figurel.11. An equivalent circuit diagram representation for a real solar cell as-ditde

Rshunt
V,

model where diode 1 has an ideality factor=1 and diode 2 an ideality factor >1.

In real devices, n>1 and the mahatical description considers a tdimde model, as shown
in Figure 1.11 Diode 1 represents the ideal behaviour (h=1) and Diode 2 thédeain

behaviour (n>1). Mathematically, this can be described as:

& o 0 % o (1.40)
- T o T .
JTotaI - J"lgl 1 8 :ﬂ’z 1- g-otocurrent

¢ - ¢ -
The operating region of a solaell where it can generate useful output power, is between
V=0 to V=Voc. The power generated is calculated in the fourth quadrahiedfV curve by
multiplying | and V. The most important point on th¥ lcurve is the one where the product
of voltage and current is maximum, also referred to as the maximum power weint P

PMPP =VMP' I MP (1'41)

As shown inFigure 1.12this point defines the maximuarea of therectangle that can be
fitted into the IV curve. Similarly, another rectangle is defined at Wg, (s point.

Together, the ratio of both producisfinesthe fill factor (FF) of a solacell.

P _Vup-Vur (142

The most important figure of merit for a solar cell is the output power conversion efficiency
(PCE), d, which is defined as

h= Rae
P

incident

FFVoc I (243
P

incident
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with Pinc., the incident power. The product of tR€, Voc and Jc describes the maximum
output power of the device, and the ratio of this maximum output power against the input
power determines the rated sodetl efficiency. Typically, standard test conditions assess the

efficiency with anAM1.5G spectrum at an integrated power of 100 mW/amt 2 5 C.

!

I

O

N

PMPPE

Current

Voltage

Figure 1.12. Graphical representation of power output rectangdpsesented atMer, Voc
and kc points, are used to calculate the FF of a solar cell. For simplicity, the power output is

displayed in the first quadrangle.

Another parameter that is closely related to the power efficiency is the external quantum
efficiency (EQE). The EQHBepends omoth optical and electrical losses in the solar device.
The EQE is assessed at the short circuit condition, under illuminatien cdrresponding
photocurrent lghotocurren) that is generated is a function of the wavelength and is defined as

follows:[?8]

oF ‘Oé 6 & QTN GBI 1| BT E Qo QQ
U \ ’ I3 T R~y \ T e~ % w oy o\ ’
€04 QRO 6 ¢ i

I photocurrentiS the maximum possible photocurrent that results if all the incident photons with E
> Eg create eh pairs and areatlected. Since the EQE measuredn short circuit mode
(V=0), the Jsc can be calculated by integrating the EQE over the full wavelength range,
which, for silicon, is typically 400100 nniSl.

/2 144
‘]sc = ﬁEQE(/) {;cident( )/d ( )

/

where £, ...( /) corresponds to the standard spectrurAMf1.5.



Chapter 1: Basics of solar cells

1.4.1 Parasitic Effects and TwoDiode Equivalent Circuit of a Solar Cell

Many factors can influence the ideality factor of a solar cell. Major factors are the series
resistance and the shunt resistance, which significantly affect the external current flow in the
circuit. The series restiance arises from tlwmic lossesind it needs to be balanced against
the optical shading effect; so while the front contact grid should be as large as possible to
reduce the contact resistance, it should be as small as possible to shade the least light;
typical compromise is 109%’! The diode equation for an equivalent circuit including series

and shunt resistance chea written as follows;

é % 6 a - IReries Vﬁ J ) (145)
J= Jolg el 1 8 4, %%T 1- _SESF%—EH% ‘;]:'ho;ocurrent
g = g =" ‘Shunt

The charge carriers flow to the respective contacts and the resistance to this flow is measured
in terms of series resistance of the solar cell. The shunt resistance accounts for all possible
current leakage paths across thgyction. Both resistancedses lead to a lower FF of the
solarcell and their respective effect is depictedrigure 1.13a). In case of shunt resistance

as shown irFigure1.13 (b), as the value goes down, the FF is lowered down but at a certain
Rshunt Value (10 ohm.cA), circuit becomes short circuited sa,cMat open circuit mode)

cannot be determined as intersected voltage value along horizontal axis.

(a) 20 —R=0 Q ] (b) 200 | = R,=0.0010
m===R =250 S ---RF:O.OOSQ
..... R=5 Q . ==R =001 Q
100F e R=750 Bt 10F =003 Q
------- R=100Q e R =100 Q)
0 : e 0 p

R s 4

RO | | ;

- o /.

'

-100

-200 ¢

Current Density (A/m?)
Current Density (A/m?)

-300 R

400 T e

-500

-500 L L L L . s Ml
0 0.1 02 03 04 05 06 07 08
Voltage (V)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Voltage (V)

Figure 1.13. Effect of (a) Series resistance and (b) Shunt (paralletquivalent circuit)

resistance on solar cell {\¢urve in terms of lowering of FE®
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15 ShockleyQueisser limit Ultimate efficiency limit

Thermodynamics limit provides an upper limit on a classical engine which can be achieved
by converting heat to work. To determine this limit, we can considesdle cell as an
engine which absorbs energy from a hot reservoir. The heat engine (solar cell) operated
between absorber and surroundings with temperaturesand Tc= 300 K. As heat is
absorbed into absorber and stored as chemical energy (storeldl jraies) the solar cell
converts this chemical energy to the electrical energy. Here it is assumed that this conversion
is lossless with efficiency of 1. In thermodynamiasCarnot engine is the ideal with an
efficiency limit given ag*®!

— 1 TCoId (146)

Carnot T
Hot

h

Comparing it to the solar cell as an engine, we can write

-1 Te (TCoId) (1'47)

™ TA (THot)

Here, an absorber is considered as a blackbody, absorbing all incident radidatien
maximum absorber efficiency can be achieved under maximal concentration given as

T (1.49)

hmax =1 —A
Abs -I-S4

where Ta is the absorber temperature andslthe sun temperature (6000 K).
From equatiorl.50 and equation 1.51the efficiency of the absorbefi(.) is higrer when

Ta is lower whereas the efficien®f a heat engine £, ) is higher when Ta is higher. For

total solar cell efficiencyr . , we combine these equations as follow:

T (1.49)

h.. =
SC TA

Lol ?B_\QJO

0 -b’)’_-l'k

«p @5@?

From thisequation 152, the maximum limit is achievable as 858lat Ta= 2480 K. This

model does notepresent real solar cell, where all the solar spectrum is utilizethdy
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absorber material with a lossless conversion of chemical into electrical energy. But it

emphasizes on the physical limit of the utility of solar spectrum.

A solar cell based on a single semiconductor material with a single bandgap energy cannot
reach thidimit because photons with an energy below the band gap value are not absorbed,
while photons above the band gap energy are only partially converted and cause
thermalization losss The efficiency limit based on these two effects (lack of absorption and
thermalisation) was first determined by Shockley and Queisser in 1961, and it is known as the
AShoececkuleeiysser | i mito. The model celwhethder s
ideal device excludes all extrinsic losses such as contact losseptaoad losses from the
surface ofthe absorber material. Under these ideal conditions, photons are fully absorbed
above the band gap and not at all absorbed below the bandgap. The loss mechanisms
considered by this model are these unavoidable intriosgeb only and so the maximum
efficiency limit is calculated from the short circuit current that is extracted per incident

photon. The ideal efficiency &function of bandgaghown inFigure 1.14.

- Detailed balance
limit for Si

w
o

Max efficiency (%)
5 O

o

o

1 2 3
Bandgap (eV)

Figure 1.14. Calculation of the maximum efficiency of a single junction solar cell as a
function of banegap energy, known as the Shockl@ueisser limit model. [28]

The maximum efficiency calculated at 1 sun is around 30% for a nidtaridgap between

1.1 and 1.6 eV as highlighted tyigure 1.14°°! Low bandgap semiconductors lead to a
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decrease in efficiencyug to thermalization losses resulting in a I8ac, while higher
bandgap semiconductors do not absorb low energy photons and therefore exhibiksa low
the silicon band gap is close to the efficiency maxinauna silicon(31 % with a band gap of
1.12 eV) is therefore a very good choice for a PV matefiais efficiency limit for silicon is
recalculated as 29.4% by Richter et al. where tlmnradiative recombination lossese
taken into accourit®? Compared to the modern monocrystalline silicon solarvekith has
achieved an efficiency d#5% Practically efficiency is lower due to optical and the contact

/Si interface losses.
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2 Chapter: Approaches for optical pathlength enhancement in

silicon solar cells

Why apply light trapping irsolar cells?

Light trapping insolar cels is realizedto boost the absorptioThus, light trapping in solar
devices can givan enhanced short circuit current density)(JThe ultimate success of PV
technologydepends oefficiencyenhamcemerdnd effective cost reduction.

Integrating solar devices with light trapping nanostructpreside the simultaneous solution

to these objectives. In weak light absorbing materials, light trapping allowssthefthin
absorbing layer r educi ng mat ewihoat Iredlging dheaffectivenphbdté o n
generated charge carrier collection by reduced carrier collection path length in thin active
layer. For costeffective applications, thin film based PV technologies are potentially
interestingto study due taheir small material usagedditionally to their applicability as
flexible building integrated modules to light weighted portable power devides.is not

only a costeffective solution bytmost importantly provides a way tomprove the open

circuit voltage (\4c) while maintaiing Jsc thusresulting in high efficiency.

Consequetty, light-trapping isa promisingsolution to improve solacells efficiencieswith

low material consumption. ndependent of t hhe punpast ef applgingéds t hi
light trapping structure in a solaell to couplea maximum possible amount photonsinto

the active absorber layer and to increase the dwell time (path length) of light in it.

This chapter gives fundamental approachedidbt trapping as well as the limitations to the
enhanced light absorption factor @nsilicon material layerCommonly observed optical
mechanisms are classified based on ray optics and wave optics; light trapping structures are

discussed ithefollowing section under theegiemsof both ray and wave optics.

2.1 Geometrical optics
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Geometrical optics is applicable when the interacting electromagnetic radiation has a small
wavelength compared to the geometrical dimensions of the system under Istsdyh
interactions, light propagation is studied as ray optics. When these light rays propagate in two
media of different refractive indices, the reflection, refraction and transmission occurs at the
interface and are descr i beidns dsp prévideefamueas dd s e q u
basic optical phenomenon | i ke t he refractiom | i nt
discussed later Likewise, the attenuation of the intensity of light when travelling in a
material given by the LambeBeer law,also comes under the study with geometrical ray

optics. In solacellsthemost commonly used silicomudhayer t

higher than the interacting light wavelength.

2.1.1 Anti-reflective dielectric coatings

Major optical loss comes fronhe reflectance at the front surface of the sokdls. For a
planar Si surface, nearly about 30% of the incident light is reflected out at the Si/air interface.
A commonly used technique reduceront reflectance is to apply an anéflectioncoating
(ARC) layer placed on the front surface of the saelt active layer.Reflection of light

between twayiven surfaceis given by Fresneleflection:

re (- 1) (21)
(n +n,)*

where n; and n2 are the refractive indes of two media.Light reflectivity is strongly

dependent to the indices contrastweerthe two media. Foanair/siliconinterface R=30%

An intermediate material layer can be introduced to lower the indices contrast with an
intermediate refractive index value given by me & . The thickness of the ARC is
approxi mately equal to the quartrasshowmamel eng
Figure2.1 so the reflected waves will interfere destructively, resultmbpwer reflectivity

from the front surface. ARC coating is commonly made up of dielectric material with

refractive index lowert han t h e indeb waber lbteerARG film satisfies the
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condition of equation 2, the reflection losses at wavelengih dan be significantly
minimized.

2.2)

|
nARC'tARC - Z

Figure 2.1. Destructive interference caused by an ARC with a thickness of quarter

wavelengtH3!

Single ARC cannot meet the requirement of a broadbatidedlection so multiple coatings
are applied to minimize reflectivity frortihe silicon surface. ARQan be made of dielectric
material which makes SiGand SiN4 appealing candidates due to their additional beneficial
surfacepassivationeffects However, the deposition process of such multiple coatings is

often expensive for most commercial solar devices.

2.1.2 Optical pathlength enhancement

2.1.2.1 Planer metal reflector (ML) at the rear surface

The front surface reflectivity of a solaell can be reduced by adding an additional layer of
ARC with minimum parasitic absorption losses to the front surface. In a siliconcetjar
photons with energy much higher than the bgagd (Ehotons™> Egap) Of silicon are absorbed
within first few micrans of theabsorbing layerwhereas photons with low energy near the

bandgap (Bnotons ~ Egap) Need to propagate a longer distanck this situation, a large
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amount of light will be transmitted out of the solar device ibpticalbarrier is introducedt

the front or rear of the device to trap this ligRear reflecting coatirgyincreases theptical
pathlength This will avoid the light escaping through transmission from the rear surface and
will double the light pastength inthe active layer. The most commonly used bacétal
reflectors are aluminium (Aland silver (Ag) which provide light reflection over 9&
However, doubling the optical pathlengtim active materiais not suficient to maximize
photon absorptigra solutionto this isanother critical approach where light scattering centres
are introduced to increase optical path length withaactive layer based on total internal

reflection this idea of light trapping by total internal reflection Viiast proposed in 165.52

2.1.2.2 Diffusive reflectors (DR) at the rear surface
This approach introducekelight diffusivity concept in the active material. To minimise the

escapef light, light scattering centres can be used to scatter back the propagating light at the
rear ofthe solarcell. Light is reflected at an oblique angle and if the incident angle exceeds
the critical angle, total internal reflection occurs at the front surfacettendptical path

length is further increased. In this case of diffusion reflectors (DR), totahahtesflection is
maximised by using pigment based DR to trap more light in the absorber medium. Here, the
reflecting coating is made up of micro/nano scale particles which are dispersed into a
transparent binding material. This simple technique leadswoparasitic absorptioand

high reflectivity for silicon solarcells in a cheaper way. The concept of diffusive light
reflector was introduced by Gétzberger for light confinement in thin film solar debites
Cotter et al. calculated the absorption enhancement upper limit based on an optical model in
thin film solar devices by considering both reflection and scattering effects frétf. DR

An expression for the optical enhancement factor A for weakly absorbed light in a planar

silicon with perfectlydiffused and perfectlyeflecting DR is given a%!:

2
A= 4'nsilicon Npr (23)
2 )
nsiIicon nsilicon nDR
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From above expression, the light trapping properties of DR significantly depend on the
contrast of refractive indices of the ambient and the DR material. The interaction b#te/een
electromagnetic wave and the pigment is explaibgdMie scattering theory. The size
compatibility of the pigment particles with that of incident wavelength, geometry and the
distribution of these pigment particles can strongly affect the opticaineonént of the DR.

Lin et al. has calculated an overall 99% reflectivity from 400 to 1200 nm with cylindrical
shaped Ti@ based DR distributed in the active medifnThe distribtion order of these
particles can lead to different spectral respsnsedered distribution resultén high
reflectance ina narrow band while disordered distribution gives significant broadband

performancavith lower reflectivity.

2.2 Geometrical optic§Yablonovitch) Limit on light trapping

A surface that randomizes and diffuses light into the abspléyer is known to ba suitable solution

for light trapping. The textured front surface has the function of enhanced scattering of the incident
light into absorber layei.ight scattered at angles larger than the critical angle is trapped by total
internal reflectionThe introdiction of the Lambertian scattering surface into a solar cell modifies the
standard exponential absorptiosmere Lambertiamiffusive surface is thesurface where the radiant

intensity is directly proportional to tlewsineo f t he angl e tibnditeaingideatdightt he di
and the surface normdtor a single optical pass through the absorber layer of a solar device, the

absorbed light fraction is simply given by the Beambert law:

A(/)=1 -¢@" (24)
©Os the incident i ntensity ofThe laisgpidn withracplandk t h e
surface is related to the optical péghgthaand U which is the absorptio

absorber material in the solar device and is wavelength dependent.

In silicon wafer, excellent light trappingan be achieved witbambertian surface. In Figure

2.2, the demonstration of escape cimeshown for a rear Lambertian surface. The incident
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light which is totally internally reflected will be absorbed by silicon while rdraainswill

escape through the cone to the air.

Figure 2.2. lllustration of the escape cone in a silicon absorber material with total internal

reflection at a critical angle.

The critical angle is the half angle thfe escape cone whetbe condition for total internal
reflection is defined asQ) —& The critical angle ofangle of total internal reflection is
given by Snell 6s | aw of refraction:
Mjne. SIN@hjnc.) = Napue SIN( Gour) (2.5)
Here—; ds the angle between the incident light andrtbemal to the surface boundaagd
— Is the angle of the outgoing lightith respect tahe normal to the surfacélso, the
refractive indexe  gcorresponds to the medium in which ligist incidentand €
denotes the refractivadex othes e cond medi um where | ight esca

can find that critical angle for silicon/air interface given-as, O E—bi—x 0.

Integrating the escape cone reveals that only a small fractiof) @f/light will scatter into
the escape cone after encountering the Lambertian surfaoeording to Yablonovitch

[1980s], an ideal Lambertian surface will provide the best light trapping scheme possible in a
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textured slab using geometrical ray optics considerations. The Lamberfaress a famous
benchmark for light management in solar devices. An ideal structured surface is one which
isotopically scatters light without any reflection losses. For an absorber material of refractive
index n and thickness, the optical pattengthof weakly absorbed light is increased by an
enhancement factor af¢ 0 with an application of a Lambertian surface at front. If this
structure ina solar cell is combined with a perfect reflector at the back, this factor can be
doubled and maximal opttpathlength is given by”]

. =4n’w (2.6)

For silicon absorber material, this factor translates to alpatith enhancement afound 50
times the solar device thickness. The maximal absorption for this opticadepathdefined

as Yablonovitch limit:
Avax = 4008 () (2.7)
By considering that all the absorbed photons produce charge carriers and are collected

to contributeto the Jsc, thend  gprovides an upper limito the EQE of a solarcell. The

statistical derivation athe fundamental limit can be found i#!.

2.3 Limitations of Yablonovitch limit

Now | discuss the theoretical aspects and the limitatiortheol ablonovitch limit in this
section. In the derivation dhe Yablonovitch limit, the solacell structures are considered
without any optical losses, which are unavoidable in the realization of these solar devices.
The optical losses in front and back of solar device, significartlycethe enhancement
factor of 4rdetermined by the statisticaptics®® To derive this fundamental limit, solar

cdl is assumed to be under isotropic illumination; independent of the angularernaht of

the incident light.

Anotherassumption in the derivation tfie fundamental limit is the thickness tfe solar

absorber materiglwhich is much greater than the wavelength of incident light and is
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describedby geometrical ray optics. This assption is not valid, when light propagation is
considered in a thin absorber material. Another essential assumption for the Yablonovitch
limit is the isotropic distribution of propagating light into the absorber material. Based on
this, mostly isotropic ight distribution isassumed to bequal to the Lambertian light
scatterer. But this is not always the casdhe fundamental limit imot applicable to systems

with selective directional light scattering such as gratings of periodicity significqueter
(a>>a) than the wavelength of incident 1 ight
Following the assumptions of absorber thickness and period sizheofjrating, the
Yablonovitch limit is only applicableshenthe wave nature of light is not considered. At the
same time, the wave op#l effects such as interference, diffraction and local field
enhancement phenomenon cannot be disregarded thbebsorber thickness and grating
period size get comparable to the wavelength of incident light. Wave dmiosmes
significantly importantn thin film solar devices and solar devices with diffraction grating
nanostructures. This fundamental theory, however, cannot be applied in the nanostructures

regime. Briefly, wave optics is discussed in the following section.

2.4 Wave Optics

In wave opticsthe light propagatiosan bedescribed bylaneelectromagnetic waves which

are time harmonic solution of the Helmholtz equations and is described as follow:

Em(x, t) = E& ™ (28)
Bum(x, t) = B-e®™

where the direction of the electromagnetic waves is givethbk wavevector. Wave

optics not only describes geometrical ray optics but also the light interaction with system of
dimensionscompatible or smaller thathe wavelength of lightimportant phenomenon
explained by wave optics atleelight diffraction the interference of light waves.

When light is incident onthe surface of a medium, it is redirected when it bourafésan

obstaclereflects or refract fnrm one medium to another one with a change in its propagation
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direction. This phenomenon also happens when light passes throwagiernre.In 1665,
Francesco Grimaldi publishedwork based on the discussion of this phenomBflom his
experimentatin, heshone avery narrow beam of light into a dark room and placed a rod in
its path. He observed that the casted shadatveaiod in the cone of light was broader than
the shadow predicted by geometric ray optic
which means fAbreaking upo. He al so used the
wave nature of light.

The patternsformedby superposition of diffracted waves is called as diffraction pattern and
can berealized by textured structures. An important realization of diffraction is if the
obstacle is an array of diffracting units that yield a periodic alteration of theepbr
amplitude of the transmitted wave. Such an obstacle is named a diffraction grating.

The structures with lattice periods of comparable size to the wavelength of incident light do
not obey the laws of geometrical ray optics. Such periodic structteateacribed using the
wave nature of light which produce many intemggtiproperties like interferencevhich
cannot bedescribed bygeometrical ray optics. These periodic structures are also known as
photonic crystabnd may be classified based on pei@ty such as one (1D), two (2D) or
threedimensional (3D) periodicity and these structures serve different purposes in a solar
cell. In 1983, Sheng et al. first used the periodic structures to improve light trapping in solar
devices. “9IThey recognised a potential absorption enhancement in light trapping from these
periodic structurers compared to the randomizing silicon surfatese periodic structures

can beapplied to both front and back surfaces of the devices. At the front surface, the
periodic structures serve both as an ARC and to achieve light tragpnthe other hand,

back surface structures awsually optimized toa narrow spectrum range; this range is
determined by the spectral absorptiorthasolarcell along with its thickness which acts as a
high energy light filter.For siliconabsorbingayer of 20microns, the light spectrum below

800 nm will be absorbed fure it reaches to the rear side. So, the back side periodic structure
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optimization needs to be in the wéa@W%efitengt h

full spectrum range.

2.4.1 Diffraction Gratings

Optical diffractiongratings arestructure which redirects (transmits or reflects) the incident
light into discrete diffraction orderslhe dffraction ordes are defined at certain angles
where the scattered waves superimpose constructividlg diffraction angles of the
diffraction orcers are determined by the grating equation.

Here, we examinbow agrating interacts with light to redirect the incident light into discrete
diffractive orders. A diffraction grating is basically characterized by a grating igidrich

in terms of magiude is defined a$li |= 2 dg/ wheres is the period of thaliffraction
grating, andthe grating vectorii is in the direction of periodicityThe gratingredirectsthe
incident light by adding integer multiples of the grating vectar 8 to the incident

transmittedparallelwavevector k
k,=k +m (2.9
mis thediffracted order. To explore more, we substitute the vector x and z components of the

wavevectors into a twdimensional geometry and rewrite above equation:

2Pn, (2.10)

(sing, X+ cos gE) =

ZP/nl (sin ¥ -€0s, ZSEEI_L“ >

Here,_ is the freespace wavelength of ligh® —is the wavenumber andd and¢ are the

refractive indices of thransmittedand the incident medium, respectively.
We can rewrite the equation forE+ by only considering the components:

o / (2.11)
n,sing, = n,sin g 4m -

Fort he di ffraction order i s numbered &8 zero

grating equation for m=0.

r
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We can see that diffractioanglesar e hi ghly dependent win o.
chosen smll with respect to the light wavelength, then small changes in the wavelength
affect dm significantly. As gratings are highly dispersiweery sensitive to wavelength, they
find direct and natural applicatidn spectroscopy. In generdhe largeris the ratio of the

grating period to the incident wavelength, the ndiffeaction orders exist.

2.4.2 Wave optics (Electromagnetic) limit on theoretical designs for enhanced
absorption

In the literature, several gratinglesignsare investigated based on differemumerical
methods to attain high absorption enhancemémtsolar cells. Thesenethods include a
rigorous coupled wave analysis (RCWA) method and finite difference time domain (FDTD)
method. Recently, Fan and his-workers, developed a statistical coeghimode theory
where wave opticsis used for the description of light absorption enhancement with
wavelengthscale grating structure$o illustrate their theory, a higindex optically thirfilm

active layer is considered with a higtflectivity mirror & back and air on tg@s this system
provides guided modes. Light trapping is realized when incident plane waves are coupled
into these guided modes, either by applying waveleag#e grating with periodicity

By consideringthe case of very low absotipn, when light propagation is realized by
exciting individual guided modes, the maximum spectral absormg#nbecalculated by the
temporal couplesnode theory equation. By adding up the maximal absorption of all
individual guided modes of the activaykr in the limit of strongly coupled guided modes to
the incident light, Fan and eamorkers derived an upper limit for the maximum enhanced
absorption Absuax in the solar device given as:

1, 2Pdm (2.12)

wherem s the number of coupling modes in the active layerMumslthe number of incident
plane waves that can couple to a certain guided mods.the intrinsic loss rate related to

guided modes which is equal for all.
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Equation2.12is valid over a frequency bandwidth] where all resonances are occurring.
From each of the resonant mode, the peak absorption is in fact strong but rethativety

the total enhanced absorption factor can be obtained by summing over the contributions from
all individual resonant modes. Fan ettals detailed that the fundamental limit of/in’d is
correctly applicable to the bulk structure regime but asecof nanostructuring for light
trapping, the fundamental limit cée highemwith the application of proper grating design.

As the thickness d of device is much larger than the incident wavelength, the waveguided
modes can be approximated as propagatiages. Then mthe total number of resonant
modes in the active layer of solar device is equal to the prodtice tical volume and the
photon flux density.For the specific case of subwavelength confinement matel,
absorption enhancement factor of 412 is determined with isotropic angular response and
over an unlimited spectral bandwidth. In next chapter, | will review the-seale diffraction

light trapping structures reported in literature by comparing with the rsate structures.
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3 Chapter 3. Review of light trapping

nanostructures

Crystalline silicon (€Si) solar cellsare the dominant photovoltaic technology and represents
nearly 92% share of the production market with the remainder being thin film technology.
Monocrystalline and mukHcrystalline silicon solacells have achieved 25.6 % and 21.7 %
power conversion efficiency (PCE), respectively, in the laborédtdd Silicon is a weak
absorber (at longer wavelength) material with higiiactiveindex To reducethe difference
betweenthe theoretical (29.4%) and practical silicon sotail efficiency (25%), in optical

and recombination loss nee@dto be reducedrorthe opticalside reflection suppression is
achievableusing ARC and the index graded nastsuctures whereas ithe electrical side

light trapping structures allow aignificant reduction in material thickness (lower bulk

recombination) while sustaining the high light absorptién.

High reflectionlosses (30%at front surface are reduced using ARC whereas the weak light
absorption character at longer wavelength is suppressed using light trapping structures. AR
effect mainly applies 1. high indeantireflection coatings (ARC) which are optimized in

thickness onplanar silicon surface to reduce reflectance from the silicon front surface.
However, these high index coatings tend to produce undesired reflection losses of incident
light and do not provide light trapping. Another AR approach is achieved from 2. nano

textured silicorsurfaces, famously knowsss6 6 Bl ack siliconddé for gra

textured features.

The research and development efforts to enhanceethieiency of silicon solar cell by
thinning down the silicon wafer for lower bulk recombination (higl) While maintaining

the high & by applying efficient lightrappingschemes.In thin silicon devices, microscale
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structures cannot bleecause the size of the nanostructures become compareable with the

thickness of the absorbing layer.

In this chapter] will describe the Statef-the-Art of nanostructures integrateato silicon

solar cell devices.
Two distinct categories are introduced with respect to their scale:

1 Wavelength scale texturing (Random/Periodic)

1 Subwavelength scale texturing (Random/iBdic/quasirandom(QR))

The frst category regards the length scalemo€ronsize under ray optics regime whereas
nanoescale covers structuresder waveoptics study. Sub division of narszale structucres

is then compared based on periodicity.

3.1 Micro-scale texturing (ray optics)

3.1.1 Upright pyramids

Randomly distributed pyramid texture facing the incoming solar radiation is the current State
of-the-Art for light trapping schemim commercial solar cell technologlogether with a thin
antireflection film, it offers very high performance and allows relatively simple
implementation by wet etching. An additional advantage of using the wet etch process is that
it cleans sawdamage and unwanted contamination on the surface, typically used before solar
cell fabication. The basis for the ability of creating pyramids by a simple wet etching
process is the crystal structure of silicon, as silicon crystallises in a diamond lattice, which is
illustrated inFigure 3.1. The diamond lattice can be understood as two interpenetrated fcc
sublattices®¥ with one subattice being displaced from the other by a quarter length along
the body diagonal. This structure creates a different packing density alonffehendiattice
planes. It must be noted that such pyramid structures are only observed for [100] oriented
silicon wafers and only formed by preferential etching along crystallographic orientations in

monocrystalline silicon. As the packing density ighar in the (111) planes compared to
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the (100) planes, the etch rate is faster along the (100) planes, which generates facets of (111)
planes. The resulting pyramids typically cov

the angle of 54.7 degrees]

Figure 3.1.1llustration of the silicon diamond crystal lattice structure along with its planes

representation.

The structure is random in its nature due to varied distribution in positioning and sizeeover
surface. Commonly used wet etching methods involve alkaline chemistry such as potassium
hydroxide (KOH) or (tetramethylammonium hydroxide) TMAH. As the chemical etch
depends on to the orientation of atomic planes of the wafer, the angles are diffecent,
random distributed, for muftrystalline silicon. The alkaline solvents provide a hydroxyl
group, which attacks silicon with a resultani bl-productthat escapes in gaseous form

(bubbles). The chemistry is summarised by the following reaé&tbns

KOH- K'+OH"-
Si+OH #H,0 -S{OH, H
Si(OH),+2H,0 - S{OH, +H
Isopropyl alcohol (IPA) is commonly used as an additive to increase the number of etching

spots by reducing the surface tension and resultindrigredensitypyramid texturel4®! [47]
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H R=30%

d ’ d
| Optical path length=1.73

Figure 3.2.0ptical ray tracing is illustrated for an incident light normal to the silicon front

surface. (a) Polished surface. (b) Upright pyramid texture.

The light incoupling is ®own in Figure 3.2, which illustrates how the pyramid structure
increases the probability of light coupling into the high index material. Because the light
reflected at the first interface will hit another faitegets at least one more chance to enter the
absorber material. Multiple bounces (scattering) at the front surtagdeseven more light

into the absorber. This effect accounts ddower reflectionwhenfront pyramid surfacés

o

1
used Once light entes the silicon wafer, the optical path Ien% is increased by a
¢

factor of 1.73 forafacet angle of 54.7 degrees. The details of ray tracing analysis for upright
pyramid structures can be found in refereH€ewhere micron-sized pyramids have been
studied using the geometrical optics approximation. As conventional pyramids provide the
benchmark for lightrapping in silicon solar cells, | use them as a reference to make a fair
comparison with nanostructures; the detailed fabrication and characterization methods are

described in sectio.3.

3.2 Periodiclnverted pyramids

Alternative textures are aimed at improving the scattering efficiency,htdmeycomb
structure being a good example, which is periodic mnatonsized Inverted pyramids use
the same mukibouncing mechanism as upright pyramids. Periodically arranged inverted

pyramids (honexxomb) structures performaneeas shown by BakeFinch et al*® to be
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optically comparable ¢ 41.71 mA/cm with SiN (ARC): 72.8 nm) to the upright random

pyramid texture & 41.57 mA/crd with SiN (ARC): 76.3 nm).

Coarresponding to the higher performance of inverted pyramids, the highest performing solar
cells use this geometry, e.g. the PERL cell with a reported efficiency of 25.0% (Zhao et al,
1998) [ The fabrication process of inverted pyramids is more complex than that of upright
pyramids, as it involves photolithography, laser ablatifnion implantatio* 52 and a
plasma etch clean process, the fabrication process costsitmagglication at theindustrial

level are hindered.

3.3 Subwavelength scale texturingRandomtexturing

More recently, suwavelength scale textured surfaces have been investigated showing
potential to reach theLambertianlimit at lab-scale fabrication. Most prament are the
randomly etched features with gradient index density accompanyingefiattion (AR)

effects over a broadpectrum range with large acceptance angle. This random structure is
known as Black Silicon, which features nearly zero reflectiom auwroad spectral range and

a large acceptance angle. The high index mismatch between air and silicon interface is
reduced by incorporating tapered ndarturing for lower reflection by grading the index
value. Black silicon is created via a mdsgs ractive ion etchin§® process with a mixture

of (Sk+02) or (R+02) gases, which creates standing arrays of ndédestructures Their

key advantage is the ease of fabrication and their exceptionally high AdRnpance, as they
achieve low reflectivity (<1%) oveslmostentire spectrum. In comparison to pyramids, this
texture is independent of the crystal orientation and beiagkless coseffective process,

which eliminates the need of vacuum based expensive AR deposition techniques, so it can
potentially replace the current state of #re But the limitation lies in the electrical regime

where the nanotextured surfaces are highly prone to high recombinaties dogsthe gain in
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the optical regime is compromised by the electrical los3dss iswhy the record ionly

22.1% from Aalto compared to 25.6% HIT cell with pyramid structures.

3.4 Subwavelength scale texturingeriodic

3.4.1 Photonic crystal structures

Photoric crystals are a twor threedimensionally periodic structures thaap light by

exciting guided modes. Photonic crystal light trapping structures operate in the wave optics
regime and are correspondingly designed for thin film solar cells. Nanophstomitured

layers with several morphologl&8 include nanowires (ExperimentakJ~17 mA/cnt for 20

e m¥% inverted nanopyramids @) nanodomes (theoreticalcJ33.7 mA/cnif or t he 2 g1
54 nanopillars ( 99% absorption over 3000 nm rangelf!, inverted nanocones (34%

higher performance than flat counterp&#) nanocones (theoreticakJ34.6 mA/cni for the

2 em) have Bdeen reported.

3.5 Subwavelength scale texturin@Quas-random

Periodic structured gratings are designed to excitedediheddiffraction orders with strong
resonant absorption enhancement but their limitation is that the absorption enhancement is
only achieved over a narrow bandwidth. In contrast, randamstares offer a large number

of diffraction orders that cover an extremely large bandwidth, but timeitation is that the
absorption enhancemerdt each wavelengths relatively we&. Quasirandom (QR)
nanostructured gratings are positioned betweeseth&o extremes by providing both strong
and broadband absorption enhancemd@ihie design of the quasindom nanostructures
follows the recipe of enhancing Fourier components with higher orders while suppressing
Fourier component with lower orders [9, 23his approach promotes diffraction into higher
angles, thereby boosting the light trapping properties. The period of theeling 1800 nm

and each unit cell is composed of a matrix of 8 x 8 pixels [23]. The resulting Fourier

spectrum is shown in Fige 33. Notice that the spectrum is characterized by a depletion of
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energy in the low k components and a concentration of energy in the high k compbments.
my work, | have etched QR nanostructures into the front silicon surface as will be discussed

in chapter 4.

3.6 Light trapping textures realization onto silicon solar cell

3.6.1 Industrial scale light trapping integrated solar cell technology

The threemain silicon solar cellsare the PERL (passivated emitter rear localized), HIT
(heterojunction intrinsic thindnd IBC (interdigitated back contact) architecsurd! of these
are currently using pyramids for light trapping in combination sitfyleor double ARC. In
PERL devicesmicronsized pyramids are already bBenchmarkfor light trapping®® At
laboratory scale, PERL deviaeasreported withefficiendes of 24% in 1990 and 24.7% in

1996 and is the most efficient monocrystalline device to the date.

. e

Figure3.3. QR structure in Fourier and real space (inset) with aaatiiof 1800 nm.

The catch ilrPERL s its high-quality passivation of all surfaces aitsl point contact design

to minimize the metal/contact interface area tauoedrecombination losses at the interface.
It is important to say here thhaigh-quality passivation and point contact design makes PERL
fabrication, an expensive technology to implement on commercial lesaresplacemendf
multiple lithography stepsvhich make thisprocess epensive, PLUTO®Y(19.2%) device

design was developed at same UNSW in 18&%is conmercialized by SunTech C§?
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IBCs: Another commerciaed technologyiBC solar cells use random upright pyramids
integrated light structuresSunPower cooperation is a leading company in producing IBC
modules with devicefficiency of 24.2 % and 21% modulefficiency. (61641 The detail of

this architecture is given igection4.2, wherel have fabricated these solar devices in our
available facilities.

HIT: Another technologymportantfor industrial commercialization, HIT solaells were
reported with an efficiency of 24.7 % for large area de{d®@® cnf) by Panasoni®l. HIT

uses intermediate intrinsic amorphous silicon lay&s reducerecombinationresulting ina

Voc Of 729 mV compared to that of 706 mV in PEBR&vices. A heterojunction ibuilt-up by
introducing a widetbandgapmaterial betweerthe Si/metal interface. The widdrandgap
material introduces energy steps due to a combination of two differentglpgnohaterials

Now only holes (minority carriers) can drift by tunnelling through this energy step and
advanced quality passivation is accomplished.

But due totheincorporated i layer, theblue spectrum is compromised based on its high
index gradient causing a lowéc value of 39.5 mA/crhcompared to PERL device with 42.7
mA/cr?.881 An importantlimitation of HIT design is the parasitic absorption losses due to
TCO (commonly us# is ITO) which is layered abovéhe aSi layer to achieve good
conduction of catrers asa-Si has poor conductiomhe HIT-IBC device is a combination of
above two technologies to overcome the parasitic absorption losses at front contacts by
moving them at theear Panasonic has optimized this design wiite highesefficiency of

25.6 9%4°71. Massive production technology: The above three technologies are expensive on a
massproduction level. Commonly solar cell architecture massively produced-BSAIp

type device due to itgrocesssimplicity and coseffectivity. The centre of attraction in mass
production is its simplification of th&bricationprocess. The above disgion shows that

the light trapping structures are not updated since the commercialization of PV technology.

The mainreason is the cost of PV module fabrication which is 50 % of theibstallation
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(including cables, batteries amvertorg process, @ costeffective, high efficient textures

are the key to replacement.

3.7 Why are nanostructured solar cells not as good as those using

pyramids?

| will now address the question why naskouctures are mainly used in passive devices and
are only reported witrsimulated & values, and only very rarely feature experimental
measurements. Simultaneouslyalso address the question wByack Silicon does not
provide the highest performance compared to pyramids despite its superior antireflection
performance. Asidcussed above, the point of nanostructuring is to maintain a &ighal
thinner device, because thinner material allows for a higherTWe relationship between

waf er t hi c andtieesvgis dascr(bedrag follow

5 31
v, oc el |k (3-)
g ¢

The larger the absorber thickness (¥ lower is the Vec.[5868
However, the optimization of a nanostructured solar device requires a balanced design
involving various parameters, such as shape, roughness, depth, aspect ratio, periodicity and

fabrication method, all of which impact on the optectronic performance.

3.7.1 Surface area

Even though nantexturing enhances photons harvesting, it also adds surface area to the
device, which increases the surface recombination current and therebyth@\és., as
detailed by Oh et al®®. The nomplanar junction caused by doping a nanostructured surface
may also lead to taral current flow and lower shunt resistance as reported by Hslf®t al.
Doping control is morecritical becausehe surface area is increasethe samedoping
conditions used in planaurfaceswill show high lifetimeof minority carriers compared to

the lifetime at nandextured surface8Y ie in a report for alpnarand nanostructure8i

surface, lifetimevariesfrom1 3 0 & s dtthe sd@nie dapg conditions High dopant
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concentration in textured surfaces make them highly vulnerable to the Augur recombination
losses!”? One might think of a solution by lowering the dopant concentratiothistauses

an additionalincrease inseries resistanc@his effect is also explained by Oh et al. in a
reportshowing al8.7% Black silicon solar celln this reporta low sheet resistance showed a
decrease in FF from9.3 to 75.9% as detincreases frond 5  do/200q / .1Sevin et al.
reportsa 22.1% black silicon IBC device by overcoming the surface recombination which is
a commonly believetb be thecause of recombination in timanotexturedgurface due to the
increasedsurface ard®l. They found thatconformal alumina layer deposition a good
solution to passivate the device chemically and electrically.

An additional loss on theextured surface is theincreasedcontact resistance, because
roughness contribute® a poor silicorvhetal interface. This point is discussed in detail by

Naser et all®®!

3.7.2 Etching transfer methods

In the dry etching method, nanostructures are etched away usiplgsma which introduces
many defects and damagje the surfacelntomatet al. [1997] used only dry etch (IERE)

to etch nanostructures, passivated with,Sidowingan efficiencyof 17.1 % while Schnell et
all”™ Yoo et all"and Zaidi et all”® experimentedhe same process and claimed thiae
absorption enhancement factor for nanostmas is compromised in the blue spectrum due to
introduced damage at front surfd€e Reactive ion etdhg can fam a 50 nm thick layer of
defects, called a dead layét’! The defect layer can significantly decrease the minority
carrier |ifetime,; one report shows it goes
efficient devices need a lifetime of 1 rfrrespondindo asurface velocity of 20 cm/sec).
As a solution, posprocessig of damage removal is performed via post etching process

to remove the damage introducedhe dry etchng method. This additional process showed
that thelifetimegoesu p f r om 3 U& Manyt gooup8 Gudiedshe effects of damage

removal etching (DRE)ostprocesswhere theyfound the unwantedoptical lossfrom
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featured texture§®I®% They suggested a balancB®RE treatment to optimize narexture
for minimum surface damage while maintaining laptical lossess recommended by Otto
et al”®. The highest efficient reviewed above blaikcon devices are not as good as PERL
and HIT devices which incorporate micresized features. Later, Hung et al. reported
same device with an additional post wet dtturing an efficiency 015.1%.18% Yoo et al
1] and Chen et af®? reported better output dige in 2011 with an optimized passivation
scheme 17.27%, 18.3 % respectively. Repal.used ICP-RIE with passivation AlOs and
reportedan efficiency of 18.7%. They did natseany post wet etch treatment but only®4

as a passivation layéf’!

3.8 Summary

This chapter has introduced the major light trapping schemes by categorizing them into either
the ray optics or the wave optics regime and described thedtdieArt in both regimes.
size and degree of periodicity. | haskso discussedhe current state of thart of micron
sized pyramid and compared them with black silicon AR texture. | reviewadnaberof
nane light trapping grating structures (PC) reported on passive devices by r#i&ng
guestion of why these structures are nocbmmory apply into active solar cel§ to
characterize in botbptical and electricalegime. To address this question, | have discussed
the limitation factors where benchmark parameters to analyseptioelectricalcharacter
alwaysfocuseson absorptiorvs electrical losses.

To improvethe Stateof-the-Art, it is possible that nanostructured surfaces may outperform
the existing rayoptics pyramietype structures because of their ability to combine excellent
AR coating with the efficient light trapping @fuasirandom nanostructures, all in a thinner
cell that has the potential to achieve a higher My solution to this challenge is described

in chapter
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4 Chapter 4. Fabrication techniques and

experimental detalls

This chapter gives an overviewf the experimental techniques and provides a short
theoretical background of methods and the equipment used for the fabrication of Si solar
devices. In this work, | have fabricated two configurations of devices;-fback (FB) and
interdigitated back conta (IBCs) solar cells. The fabrication of the basic §Bucturs

consists of a thermally dopeguh junction at the front of the silicon wafer and metal contacts

at both the front and the back side of the devidee optimization of various parameteass
discussed in detail; the goal ig obtain a good rectifying diode involving shunting paths
elimination, reduced series resistance and conformal doping processes. The second type of
structure | investigatewvere interdigitated back contact (IBC) solar dewcevhereby both

the ptype and the #type contacts are placed on the back of the wafer as interdigitated
fingers.The IBC architecture has advantages in terms of zero optical shading as it has a metal
free front surface with all currewbllecting contacfingers being placed at the back surface.
These n and p type fingers are interdigitated by a minimum isolation gép.
photolithography process is used to create selective doped areas and selected metal deposition
for creating the fingers. In addition, thetegration of light trapping structures and the

characterization techniques required to investitagsolarcellsperformanceare described.

4.1 Processing of front back (FB) Si solar cell

All the processing steps are carried out in the cleanroom facility at the York Jeol Nanocentre.
The process flow for the front back solar cell is shown in Figuteand each step is
explained in detail. Even though most steps are commonly used in licoessing, it is

important to describe the aspects that are required to obtalg kifhient solarcells.
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In the fabrication process of a sotalls, the main technical aspects to be considered are

1) Enhanced light absorption in the semiconductotena to increase the generation of

chargecarriers.

2) Enhanced collection probability of light generated charge carriers.

The enhanced light absorption is the optical aspect of device and it is the main content of this
thesis in terms of integratingght trapping structures into solaells The collection
probability mainly refers to the electrical properties of solar devices in terms of shunting
paths, series resistance, recombination losses, design of the metal contact grid design (for
optimum tranport of carriers) and the metal/silicon interface passivation (by enhancing the

field at the back side of device). These details are discussed in following sections.

Cleaning Oxidation p-type doping n-type doping
PLG process ARC Deposition Passive oxidation l' Edge Isolation

—

-

1 Metallization Lift off Annealing process
!

Figure4.1. Fabrication process of froback (FB) silicon solar cell device.
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4.1.1 Wafer specification

Thickness: The first step in the fabrication process isetectsilicon wafers of the correct
thickness, resistivity and qualityAs silicon is an indirect materialthe wafer thickness
commonlyused is 200 to 300 pror effective absorption of photonicker material tends
to deliver higher absorption, especially for lemgvelength §bove 900 nilight where the

absorption coefficient is low1000 cm! at bang gap edgeyvhile thinner materiatielivers a
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higher opercircuit voltage due to its reduced bulk recombination losses. As | am integrating
light trapping structures on to devicgs used wafers with athg hi ckn

light trapping effect can be significantly observed if pame to a bare surface device.

Type and Resistivity: | usedtype wafer of resistivity in the range of {20 ohm.cm) with
<100> N 0.5 oriented planes; the materi al
wafers are ftype, the dopant impuritin phosphorous. The resistivity is determined by the
doping concentration which is then verified by using a-fmint probe instrument (JANDEL

RM3-AR) . Briefly, the material 6s sheet resist.|

F\>Sheet: L \I_/ :135

v (4.1)
In2’ I

where 4.35 is a tooling factor depending on the dimensions of the probes used. For my
wafers, the typical voltage measured across the two outer probesm¥ 1With an inner
probe current o f 100 €A so the <calculated s

known quantity, we can calculate the resistivity as follows:

I =R eert (4.2
wherej i s t he r esi s ttisthe waler trockness Vake. Moaduremaferawitlol
their thickness of 180 pm, the resistivity is 9 ohm.cm which is well within the expected value
provided by the data sheet with avi ati on of N 10 q.cm. The
determining this value is to estimate the doping conditions for the emitgpdp the back
surface field (BSF, ) and front surface field (FSF,™M formation considering the
concentration of phosphorsalready present into the wafef)(rso the doping conditions to
attain a certain doped layer can fmmind. For examplewafer with a background (h
phosphorous doping of ¥will need longer doping time compared to the wafer with
background doping af0'® at constant given temperature to achievé*adoped layer (BSF)

of 10 cm3 The sweep for resistivity and dopant concentration [

https://www.pvlighthouse.com.au/resistiityis determined a® q. cm r esi sti vi ty

background concentration value of 5.02%1@m>,


https://www.pvlighthouse.com.au/resistivity
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4.1.2 Wafer cleaning process:

4.1.2.1 Wet chemical cleaning (RCA cleaning)

As-cut wafers from the silicon ingot have damaged surfaces at the rsicatan level. To

remove thisdlamage, an alkaline solution is used at high temperature with high concentration.

In our process, we remove the surface damage with the RCA four step wet chemistry process
developed at RCA laboratories in 198%. This process involves {istep) a 5:1:1 wt. % ratio

of alkaline etch solution, made of MBIH, H O and HO: at a temperature of 8C to remove

all organic contaminations. The 2nd step uses a 1:6 diluted WP :etthant ér 20 to 30
seconds to remove any oxide layer contamination. The 3rd step uses an acidic etch solution
consisting of a mixture of HCI, #. and BHO (5:1:1). This step is also known as the ionic
cleanng and is useful for the removal of metal ion impuritiEgally, an HF: HO clean is

performed for oxide removal. Samples are nitrogen gun dried after each step.

4.1.2.2 Thermal cleaning and mask formation

Diffusivity of commonly used dopants is comparatively lower in silicon dioxide than in
silicon. Therefore, Si@ is an effective mask material against impurities. In a diffusion
process, atslstep, dopant deposits on Si@ forma layerthen in 29 step diffuses into the
underlying silicon. So, inthel® step, SiQ actsas a masking barrier against impurities in
gaseous phase with an effective thickness value. According to theory tHikness is
determined a#108%! where D is the diffusion coefficienf oespective dopant and t is the
time. The mnimum thickness of Sierequired to mask against phosphorous dopant, is 150
nm @ 900 C f or 60, egimumberof@opimg stepspgasecusfiow and s
position distance of sample to the impurity sm®mucan change this thickness value. |
performed an oxidation of Si wafers by a dry oxidation thermal process at 1000 °C for 7
hours aiming for a ~ 275 nm thick thermal oxide to act as a mask for selective area impurity

diffusion. This thickness value selected after @aumberof trails and this valuevorked
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perfectly as a barrier in multiple doping processes (particularly, in IBCs fabrication) once

placed in furnace.

Si(s)+Q(g) ¥(s)Si O

It is worth noting that the dry oxidation reaction occurs even at room temperature where it
forms a native oxide layer of ~ 2 nm thickness. The oxidation process helps to draw metal ion
defects from the silicon wafer into the oxide layer which is laterovem. A second step
aimed at passivating bulk metal impurities and vacancies is to perform hydrogen assisted
annealing at the end dhe device fabrication process. This step is known as forming gas
annealing, which uses a mixture of:NH. In the forminggas annealing step, hydrogen not
only passivates free dangling bonds on the surface, but it also diffuses into the bulk to
passivate bulk defects and vacancieselate thermal cleaning at the beginning tbé
fabricationprocesdo the same characteristo draw impurities from near surface region and

is the step of a certain importance to get uniform doped regions.

4.1.3 Thermal doping

Doping is used both for junction formation and for increasing the conductivity on the surface

to facilitate contact formatn.

Diffusion is a process used for doping where the mass (impurity atoms) is transported by
atomic motion. In thermal doping process, a solidublimatedto activate the diffusion of

sublimatedspecies under a concentration gradient which is statédibyg K' . 1

F= D dc (4.3)
dx

where D (cnd/sec) is the diffusion cefficient, F (atoms/m3) is the flux of atoms acroske
planar area per unit timend unit area. Theegative sign shows that flux flows from higher

to lower concentratian
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A detailed dopant di st PMiaw. Ut tdesonibes theschagge v 8ux b y

through volume element. Mathematicalfyi ¢ Kddaw ig%!:

DC

Dt

_F (4.4)
-

It describes the change in concentration by the change in flux getting in and out of the

volume element.

Using F'law, we can rewrite the"®law as follow:

dC_da_ dqx) g dcC (45)
olt'olxééD ix IR

For a given case, when a constant source is present near the silicon, shefag®alytical
solution of t he A4bisghérsed by she complemaentqry arrori fumnction

(the diffusion profile):

X (4.6)

2Dt -

C(x )= Gerfq
|

where G is the surface concentration (atom:jnand JDt (cm) is the diffusion length with

a junction depthx (cm).

The doping process introduces impurities into the crystalline structure of the semiconductor
to alter its electrical properties, using eitherop ntype dopants. These dopant atoms are
introduced at high temperature. | use a Carbolite furnace fittedavgjtiartz tube designed to
operate wafers at high temperature (max. 1200 °C). Each dopant source has its specific tube
to avoid intermixing and the system is connected to gas flow valves. In all thermal processes,

we use a nitrogen flow rate of 0.5 sL/min.

4.1.4 Boron doping process

A pn junction is formed in the solar cell to separate and collect charge carriers that have been

generated by the incident light. Boron and Aluminium, as group Il elements, are the

1
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commonly used {ype dopant in silicon whilphosphorous (group V) is typically used as the
ntype dopant . The solubility oFatomb/edat el e me
a temperature randeetween850 °C to 1100 °C. We use solid state sources, namely ceramic
wafers loaded with bon nitride (BN) and phosphorous pentoxide@#). The wafers are

placed in the diffusion furnace with the silicon wafers and doping occurs in the gas phase.

The Boron wafer has a composition of-8.5 % BOs (Grade BN975, Saint Gobain).

Sourcepreparation step: The doping source (BN) needs to be activated by placing it into the

furnace under inert atmosphere and drying at 400 °C to remove all entrapped moisture. This
step is followed by oxidation at 975 °C, which grows a thin layer0f:®n the surface of

the dopant wafer. After 30 minutes, the ambient is changed from oxygen to nitrogen and the
temperature is increased to 1000 °C for 30 mins to stabilise the source, illustrated in Figure

4.2(a). The reaction from boron nitride to boron oxide te described as follows;
2BN(s) +3Q(g)A B20s3(s) +Na2(9)

| found the reproducibility and homogeneity of the doped layers to be significantly improved

with the source preparation step which we introdwatdtie later stage of our process.

Once the source is prepared, the temperature is cooled down to a temperature of 750 °C to
place the sample into the furnace by facing one another.thet@mperature cycle is set as a
function of time, shown in Figurd.2 (b). At an activation temperature of 975 °GOB
sublimates to provide dopant atoms. These atoms accumulate at the clean silicon surface and

di ffuse into the bulk silicon, following Fic

During the diffusion process, boron is reledsipon reduction of the-83 by silicon and it is

then driven into the silicon substrate.
2B03( | ) + 3Si (s28) Y 4B (s) + 3Si O

B + 38peBi p
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4.1.5 Phosphorous doping process

For the phosphorous doping, a phosphorous solid source {@grajlavas used. The.®s
source preparation step only involves the drying step at 400 °C for 60 min and does not
require the oxidation process, illustratedFigure 4.3. Phosphorous pentoxidedF) reacts

with the silicon lattice at high temperature according to the following reaction:

A. Source preparation

3
g
O (¢) Stabilization @

<[ 1000 °Cfor 30 minin N,

a. Drying
b.  Oxidization
¢.  Stabilization

[« (b) Oxidation @ 975 °C for 30 min
in0; Taken out @ <750 °C as dopant

S B. Single step diffusion process source get active above 750 °C
(a) Drying @ 400 °C for 60 min (b) Soak @ a specific “T"” and time in N,

a. Push in and recovery
b.  Deposition step(soak)

Taken out @ <750 °C
(a) Pushin and recovery
@750 °C for 15minin N,

Figure 4.2. Doping scheme for -pype doping. (a) BN dopant source prepanati (b)
Diffusion process conditions.

2POs( 1) + 5Si(sys)Y 4P(s) + 5SiO0
P + 3-§peBi n

A. Source preparation
(a) Drying @ 400 °C for 60 min

in N,

B. Single step diffusion process
(b) Soak @ a specific “T" and time in N,

& q
£ a Push in and recovery
& b. Deposition step(soak)

(a) Push in and recovery
@750 °C for 15min in N,

Taken out @ < 750 °C

Figure4.3. Doping scheme for-type doping. (a) Phosphorous dopant source preparation. (b)

Diffusion process conditions.
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4.1.6 Phosphorous/ Boron glass removal
Depending on the nature of the doping process, a thin layer of boron glass silicate (BGS) or

phosphoras glass silicate (PGS) forms on the silicon surface. This layer must be removed
before proceeding, which is done via a 40 second bath innHfase of BGS, which forms a

thin brown Adead | ayer o, removal sandraises e di f
the contact resistance at the meifiton interface. The defects also act as recombination

sites for light induced charge carriers and significantly lower the collection probability. To
effectively remove the dead layer, another low themmwalation process is introduced at 750

°C. This oxidation step is performed for 20 minutes after which the HF bath effectively clears

the surface, schematic is shown in Figde

LTO process
(HF : H,0) Oxidation @ 750 °C (HF : H,0)
(1:6) - 30 sec For 20 min (1:6) - 30 sec

Figure4.4. Recipe usetbr Low thermal oxidation (LTO) process.

4.1.7 Edge isolation
The isolation of the wafer edge is a necessary step to prevent the formation of shunt current

paths. During the various doping processes, the wafer edges are exposed to all impurity types,
making them more conductive so current can flow along the wafesed@ block these

shunt paths, the front and back surfaces of the device need to be isolated. Such edge isolation
can be implemented by laser scribing, plasma etching or wet chemical etch processes. We use
plasma reactive ion etching to create recesseiseosurface and to block any possible current

flow. A similar same step is used to isolate the doped interdigitated fingers in the IBC cell
design. The possible current paths in etched structures are shown in£&igurefore and

after edge isolationstp . |l use typical etch depth of 500
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For the reactive ion etching process | used &/SFHFs plasma at a power of 22 W. The
plasmaproduces F* radicals which are accelerated to the silicon surface by a DC bias of 180

V. The Fluorine radicals reactitiv the silicon to produce SiFwhich is volatile and removed

by the pumping system.

I

Current path

<
&
R
IS
&
&
>
C

Edge Isolation

Figure4.5. lllustration of possible paths for current flow, before and after edge isolation step.

4.1.8 Surface passivatn:

As the surface velocity of the minority charge carriers is crucial for controlling the surface
recombination discussed in chapter, secti8rY.1 Commonly, two complementary
approaches are usedjeoway is to reduce the trap density at the surface by passivating these

states, while another is to reduce the excess minority charge carrier concenationar
Narace) DY INtroducing a high doping conceritom that acts as a barrier for minority carriers

at the surface. This method is called surface field passivation and significantly applicable to
the back surface of FB device to create lower defect density at the metal / Si interface. We

use both methods.

First, we introduce an'hlayer at the back surface by thermal diffusion of phosphorous. This

step creates an electric field at thénfi" interface which acts as a barrier for the minority
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carriers (i.e. the holes) in thetype region and stops themoim diffusing to the back surface

where the minority carriers are repelled from the concentration gradient at the back surface.

Second, | perform ahemical passivation step at 850 °C for 30 minutesJrat®osphere.

This step generates a 12 nm thin 8&yer which draws out many of the surface defects.

4.1.9 Sputtering deposition of SiQ layer as an ARC
Sputtering is a widely used technique in the semiconductor industry for the deposition of

various metallic and dielectric thin films. Our sputtering setup asgslsed DC magnetron
configuration to support both conducting and dielectric film deposition and consists of a
vacuum chambesinda substrate holder (anode) parallel to the target (cathode). A plasma is
generated by injecting argon into an oscillatingcalomagnetic field between the two
electrodes; the argon is ionised and accelerated towards the target holder (cathode) with
sufficient momentum and kinetic energy to dislodigetarget atom clusters. The sputtered
clusters travel through the chamberiltitey condense on the sample surface. Other gases
such as nitrogen or oxygen are introduced to form nitride and oxide films, respectively. Here,
we deposit Si@as an antreflection coating for our silicon solaells with an optimized

thickness valuefd80 nm.

4.1.10 . Contact metallization process

4.1.10.1Front surface contact grid:
We use aluminium and silver for the metal contastsch are deposited by evaporation in a

vacuum chamber (Mantis plc). For the-Bpe device, an Ag/Al stack is deposited on the
entirety of the back surface, while a pattern of narrow fingers is used on the front surface.
This grid at the front providesuniform coverage for charge collection while also allowing
light to enter to the front surface of the silicon device. The finger pattern is produced by
photolithography using a IHbff process. The pattern is designed by considering the lateral
and theseries resistance and the pattern is a compromise between conductivity and, shading

as | discuss next.
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As the metal/Si interface is an area with high defect density, it is a good idea to minimize the

front contact area, naturally also in terms of reduoipiical shading.The layout of thdront

contact consists of a busbar which connects all the fingers. The resistgpceis the

resistance of metal contact finger, it increases with lefighind decreases with cressction

(wh) as per the standard retat

o 4.7
finger — r m

R

In terms of the equivalent circuit of a solar cell, the contact resistance contributes to the series
resistance of the circuit and a high series resistance leads to a low fill factor of theekolar

So, it is important to create relatively thifikgers. Another parameter to consider is the
metal finger spacing while designing a metal grid, as the carrier has to travel laterally in the

emitter to be collected; excess spacing also increases the series résistance

In order to balance these effectge have designed the contact fingeithawi dt h 100 e n
with thickness of 1.5 em and the finger spe
fingers) is 2000 em covering over the given
4.1.10.2 Photolithography

To transfer the esired pattern from the mask to the silicon substrate, a jpésii layer is

illuminated under ultraviolet (UV) light. UV light chemically changes the nature of the resist

and its solubility ina developer. We use the positive resist S1818,ssgidl0O® rpm for 60

sec and sofbakal at 95 °C for 120 sec. The process schematic is shown in Hduib).

Exposure makes S1818 more soluble, so the developer removes all exposed areas. Further HF
cleaning, metallization or RIE transfer methods are perfordep@nding on the processing

requirement.

4.1.10.3. Alignment Techniques

A Karl Suess MJB3 mask aligner shown in Figure 6 (a) is used to conduct the

photolithography process. The MiBBis a contact mask aligner whereby the mask is pressed
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on to the substrate taelievea pattern transfer when illumired with a UV source (here, we

use an array of high power GaN LEDs). In case of the IBC processing, a number of
lithography steps are involved and reference marks are included to ensure high precision

alignment betweae subsequent layers.

| Steps Involved in Photolithography Process

Sl i = .0 1. Si0, Mask
' |
Vacuum unit l

2. Photoresist coating
Si

<. ‘ 3.Mask Alignmentand UV exposure
Sample & mask B mal

-—“‘5 — o
= si

l 4. Developing

Si

5. HF etch
Si

6. Resist cleaning
Si

Figure4.6. Photolithography technique. (a) Mask aligner setup (b) Flow process illustration.

4.1.10.4. Exposure and Developing conditions:

After exposure to UVlight, the resist is liftedff using the developer MB19. An overall
accuracy of N 1,0which mayidepends rpdsitioairig eofl mask over the
patterned silicon surface. Both the exposure and developing times are 2 minutes.

Aluminium is used for the metal contacts whicle deposited by evaporation in a vacuum
chamber. For the front back type of device, Al is deposited on the entirety of the back
surface, while a pattern of narrow fingers is used on the front surface. The finger pattern is
produced by photolithography usiadift-off process After lift-off, metal contacted samples

are annealed at 180 °C for 40 minutes for improved metal conductivity. These annealing
conditions are carefully chosen, as high temperature may promote Al diffusion to the back

BSF layer and cacause leakage current.
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4.2 Interdigitated back contact (IBC) solar

4.2.1 Why IBCs?

A major drawback of traditional FB crystalline Si solar devices is the optical shadowing loss
that occurs because of the front metal contact grids. This loss becomes worse when a series
of solar devices are connected together to form a solar module.owor¢he presence of

metal strips on the same front surface restricts our degree of freedom in terms of applying
optical techniques, such as light trapping nanostructures. To overcome these issues, the
interdigitated back contact (IBC) design was suggelsyeSchwartz and Lammert in 19%8

where the front surface was metal free to avoid optical shad8®ingln the IBC
architecture, both the junction and the metal contacts are placed on the rear side in an
interdigitated finger patternBC solar cells have been commercialized by SunPower and
they exhibit efficiencies as high as 28%° IBCs are multijunction devices whereby the
electrons and holes are collected at multiplejpnctiors on the backside of the wafétere,

the motivation for using IBCs is thdight trapping structures can be implemented across the

entire front surface of the device.

4.2.1.1 Wafer type, quality and thickness of silicon for IBCs

Commercial IBC devices are madén-type monocrystalline silicon wafera:type is used
because 1type wafers typically contain fewer impurities such as boron and oxygen, which
give rise to unwanted carrier recombination. The growth procestheotilicon wafer
determines its quality. Float zone (FZ) method is useaxbntrol contaminations ithe wafer,
particularly oxygen and carbon (typically, below!18m?) as the liquid silicon does not
come into direct contact with that éfie quartz crucibd in this method. Thisesults in
crystals of high quality (high lifetime, > 1 ma)afer quality is determined by lower bulk
recombination rate. As the photo generated charge carriers have to travel all the way to the

rear of the wafer, to be collectedcaintacts.
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Clearly, the thickness of the wafer should not exceed the diffusion lengthdaady, the

diffusion length should be much larger than the wafer thickness in order to ensure that most

of the carriers are collected. Practicaltile direcly measurable quantity isthear r i er 6 s
lifetime. The optimal wafer thicknegdateau is shown over the range of 160 to g80for

IBCs given by Mcintosh et al as shown in Figdré. These results are based on simulation

and experimental agreement.

(a) (b) ,,
20
-y > |
e 9]
& 10 § i
8 3]
s $
3 s 3
0! i = o) 16 i H i |
0.01 0.1 1 10 160 180 200 220 240 260 280 300 320
Minority-carrier lifetime (ms) Cell Thickness (um)

Figure 4.7. IBCs solar cell efficiency dependence on (a) Minority carrier lifetime. (b)

absorber layer thickness.

1l Keeping h mind these facts, | have chosen 180 pm thick FZ silicon wafers with a lifetime

of 1.2 ms.

.
:IBC_Si solar cell _ Back surface view |

- n++ Contact fingers
i

ntype=500 pm

. Gap=25 pm

(2x2) cm2

B ptype=1200 pm

Figure4.8. Mask designs at the rear surface of the IBC device realized on (Zf2au@a.

A design of an IBC sotacell with a surface view ofreal device is shown in Figure8, as

fabricated in our labThe layout design for the contact fingers at the back of the cell needs to
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minimise the series resistance and the creation of local defects; the larger the contact fingers,
the more defects are created by the metal contacts while the series resistance is reduced
commensurately. This significance is due to the lateral transpochanism in IBCs
compared to FB devices. A current flow schematic in IBCs is shown in Fg@yrevhich
highlights the combination of wafer thickness and finger spacing in the transport path.
Therefore, it is even more important to use high quality wafétslang carrier lifetimes for

IBCs.

Pitch Pitch

Figure4.9. lllustration of charge carriers flow in IBCs solar cell.

| used a designed mask withhigh emitter coverage with each finger widih1 2 00 & m

while keepingthe BSF () f i nger width at 500 em. The me

deposition fraction of 50% (< 50% offers high series resistance in my devices) design. The
undoped area between two opposite polarity
The doping areas and metal contacts are teatized by three photolithography steps

defining emitter coverage, BSF fraction area and the metal contact area. An example of a

fabricated structure is shown in Figur&0.

4.2.2 Fabrication steps in IBCs solardevice

Following the same wethemical cleaning process used for the FB fabricationtype
boron diffused uniform emitter is applied on the back side of the wafer. -Taednptype

doped fingers are patterned using photolithography mé&sisily, theemitter finger pattern

f
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is transferred on the already doped emitter layer surface and the patiackéched using
reactive ion etching (RIE) to avoid shunts. This step not only isolates the emitter fingers from
the edges of the wafer but also provigesterned fingers for-type doping. The diffusion
process for the -type fingers is followed by a barrier oxide deposition (we use flowable
oxide, i.e. spiron glass, see below) to protect the previously dopgge fingers. The front

side of the silica wafer is passivated by thermally grown oxide Silbn and a diffused 7

FSF.
Cleaning Oxidation p-type doping Mask deposition
Passive oxidation n-type doping n-type doping

ARC Deposition
i _
[ |
1 Metallization

- IBC solar cell

Figure4.10. Fabrication process of IBCs silicon cell devices.

4.2.3 Masking layers for Junction formation and edge isolation

A key issue for the IBC devices is to ensure good electrical isolation betweendhd p

type contact fingers, to avoid shunts. As thapd ntype doping is performed on the same
side of the wafer, it is important to include suitable diffusion barrigenss. We identified
spinon glass (flowable oxide FOx, Dow Corning) as such a barrier material. We tested it
against both phosphorous and boron diffusion and found that it worked well for masking
against the phosphorous source. In the case of boroRCtheeadily mixed with the boron

glass silicate (BGS) and did not provide a good barrier. Therefore, we adjusted the
fabrication sequence such that we only required a barrier against phosphorous doping in all
fabrication process. | also tested sputtes#idon nitride but found that it did not to provide

suitable masking.
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4.2.4 IBC metallization process

The metallisation of the doped fingers is provided by a thermally evaporated aluminium (Al)
film of 1 em i n t haffeankanetoses It 3 infiportart o waedin thiyy | i f
context that any inadequacy in the cleaning processing, the thermal doping process, the ARC
deposition and the edge isolation may deteriorate the performance of the device. The contacts

are annealed at 180 °C; a lower tempemincreases the series resistance while a higher

temperature leads to shunted junctions.

4.3 . Fabrication of light trapping structures

For light trapping in solar devices, the Stafg¢he-Art is to use pyramid structures.
Therefore, | have also implementextured pyramid surfaces on my devices. Furthermore, |
conducted a comparison with quaandom (QR) nanostructures both in terms of thard

Voc. The QR concept was published by my group in 2012 and it numerically demonstrated

the most effective lightrapping enhancementinthini | m (1 e m) silicon as
4.11. The quastandom structures appear random but possess a unit cell ishiepeated
periodically. QR nanostructures are designed to enhance high ddifractiers and suppres

the lower orders of the Fourier spectra in order to enhance light absorption. The structures are

fabricated directly using electron beam lithography (EBL).

a ?‘"&(‘\‘;-.'
Pa [
100k ecna = i J;,':t-‘?"f"
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— Quasi-random Lambertian equivalent AR

Figure4.11. Comparison of almsption spectra of 1 um thin silicon under different trapping

structure8?2.
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4.3.1 Electron beam lithography
Electron beam lithography (EBL) is a specialized technique to create extremely fine patterns

down to a few nanometres in size. EBL is an extension of scanning electron microscopy
(SEM), whch was developed in late 1960s. In brief, EBL uses a focused beam of electrons to
scan a surface coated with a resist; the resist is sensitive to the exposed electrons and the
exposed area becomes more soluble to the developer. The beam is generateldnma
focussed by electromagnetic lenses and deflected electrostatically. There is a chamber
facilitating the stage for loading, unloading and moving the sample. A vacuum system is
associated to the chamber sect0Oambar. Thebeant he me
is controlled byacomputer and it generates the pattern in a rastn fashion.

To implement our QR structures the sample is-spaied withan ebeam resisfCSAR-62-

AR-P 6200.09 ALLRESIST GmbH)The spin speed is kept at 2000 rpm 60 sec and the

sample is hard baked at 180 °C for high quality adhesion of resist to the substrate. After
completing the resigatoating step, samples are loaded to thee@m main chamber. As the
sample is positioned into the chamber, the ebeam cuspot,size, exposure dose, time,

beam stigmation and alignment parameters are set according to the recipes previously
determined by other members of the group colleajéles

The QRS were designed by other group members using direct binary search aigorithm
details can be found in referefiée After patterning the ebeam resiste tdevelopment
process is performed with Xylene solvent at room temperature for 20 minutes. The

developing processes is quenched by a final IPA wash, as shown in&iji(b).

4.3.2 QR transfer methods

Once the resist has been patterned, | transfer it into the silicon material by using either dry or
wet etching. In the dry etching process, the patterns are etched using reactive ion etching
whereby the resist can be used directly as the mask. Alteriyativake wet etch, which

dissolves the silicon using an alkaline solution. As the alkaline solution tends to be very



Chapter 4Fabrication and experimental details
corrosive, an addition&iO, layer is thermally grown to act as a hard mask because the ARP

resist is not able to withstand the etchant.

4.3.2.1 Dry etched QR

CF4 gas is typically used to generate fluorine free radicals (F*) for etching away the silicon

material.
Q 060060 0 Q
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Figure4.12. (a) Basic schematic of reactive ion etching system. (b) RIE flow process to etch

the silicon surface.

As shown above, silicon is removed by reacting with fluorine radicals to form\&8ikch is
volatile. Dry etching offers high dimensional control thus gives faithful transfer of features
into the silicon substrate with waellefined vertical walls. This fidelity is due to the
combination of chemical etching and ion bombardment, the ratio of which camtoellead

by the etching parameters. The recipe is optimized as folld#s gas; 14.5 sccm, Skas

12.5 sccm and 22 V, ~180 W.
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4.3.2.2 Wet etched QRS
Since dry etching causes surface damage and thereby increases the recombination rate, wet

etching should be coiered as an alternative. | use a TMAH solution (25% in water) at 80

°C, which gives a typical etch rate of 2000 nm/min.

4.4 Light trapping structures characterization

4.4.1 Absorption Measurement setup

Absorption measurements are performed usinopt@gratingsphere (4 inchl.absphere) and
reflection and transmission measuremeneye performed simultaneously. The sample is
placed at the centre of the sphere and the photodetector is directly mounted onto the exit port,
as shown in Figurd.13. As the light inteaction is strongly wavelength dependent, | chose a

monochromatof(Omnia-1 5 0, tGiake cheasuyements as a function of wavelength

Output port Input port

Figure4.13. Sample placement in an integration sphere iatmorption measurement setup.

A Thorlabs halogen light source is used for illumination, mounted at the entrance of the
monochromator. The optical power spectrum covers the visible spefietmeen 400

1100 nm as required by the silicon material. Themochromator has an optical resolution

of subnm [0.1 nm]. To block harmonics at longer wavelength (i.e. second order diffraction),

short pass filters are used. An amplified silicon detector (type PDA100, Thokébs)

femtowatt noise floor and fixed gairat t ached t o t haadissgadugnga 6 s e X
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Keithley 2400 digital multimetre (DMM). All components in the setup are virtually
controlled via Labview.The sample is placed at the centre of the sphere and the

photodetector is directly measuregmthe exit port, as shown in Figure 4.13.

4.4.2 Morphology analysis

To image the textured patterns, scanning electron microscopy (SEM) igfielsbdmission

SEM JEOL FESEM 7800. While the SEM provides 2D information of a scanned area, it
cannot measure ¢hdepth profile of a textured surface in top vidysually, atomic force
microscope (AFM) is used to provide such topography information. An AFM generates an
image by scanning an atomically sharp tip to record very small features. Along with the
feature ste, it also determines the roughness at the surface. The tip is positioned at the end of
a cantilever and the bending or deflection of the cantilever is recorded by a laser beam

deflecting from the back of the cantilever. | @sBruker BioScope Resolve.

4.4.3 Opto-Electrical characterization setups

In this section, | illustrate the measurement-wgetfor the opteelectrical analysis of

fabricated devices.

4.4.3.1 External Quantum Efficiency (EQE)
The EQE is the ratio of incident photons to the number of collettache carriers and i

wavelength dependenthe EQE describes how well the device converts solar energy into
current at a given wavelength, the EQE is ideally unity if all the incident photons are
absorbed andhe free charge carriers are collect®dhen a solacell is illuminated, the
resulting photocurrenat zero biases known as st This measurement is conducted as a
function of wavelength and the integration of the spectrum gix@sishiated) ThiS Jc(calculated)

is comparable to theodneasuredyalue measured from the Bharacteristic. ArEQE-setup is

also referred to as a spectral response setup and an example is shigureih.14.
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Light Source

Monochrometre

Lens placed at focal length
for collimated light beam

Filters

Sample on holder

. Integrated sphere

) DMM

e

%
.'

Figure4.14. lllustration of components iexternal quantum efficiency measurement setup.

The measurement proceeds as followse light source is placed at the entrance slit of the
monochromator and a sample holder is attached directly to the exit port. The lenses are used
to focus and shapep the incoming collimated light into a rectangular ban@Sox 2) mm.

The responsivity R) quantifies the current output of a device for a given incoming optical
power.

o (4.8)

The current signal from the solaell is measured with a pieAmmeter (Keithley 2400
DMM). All the components are synchronized and controlled using Labview. | chose a step

size of Dl =10 nm because the spectral responghetell changes slowlwith wavelength

As the spectral responsivitd o, po.e Of the reference diode (FDS1010) is knovihe

reference diode curremk, pi.qe CaN be used to determine tRe,

ident *

et 49
I:?ncidem(/) = M ( )

A Ref. Diode

The incident optical power is determined for each wavelength and we can calcula@E&he

as:
EQE=1240 % (4.10)

where
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hc _ 6.62606& %3 299792458 100000000

. T 0D 239.9 ~124(

where peivceiS the responsivity of the device at zero bias.

4.4.3.2 Current Densityi Voltage (JV) Characteristic setup
The power conversion efficiency (PCE) is the most relevant figure of merit for solar devices.

The PCE is determined by the ratio of the power geéeérhy the device to the incident
power. The standard testing conditions for illuminating device used(AM1.5; 100
W/cm' %solar spectrum] = °Q@).The reference solar spectrum ASTM GA0®Bis used to
determine the conversion efficiency of a solar device and the setup is is isheigare4.15

As we do not have a calibrated light source available, we comparaghsurements to a
referencesolar cellof known efficiency. The two cells are placed in front of a lamp at an
approximate intensity is 100 mW /émThe IV data is recorded using an Agilent

semiconductor analyser.

PR 2 2 WS G s s s e e e s o
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1.5AM Filter
Irradiance=100 mW/cm?

300 to 1100 nm
——4 7
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Figure4.15. lllustration of @mponents in currenvoltage characteristic measurement setup.

The parasitic resistances are also determined from thahdvacteristics under illumination
conditions, in particular the series and shunt resistaaseshown in Figure 4.16.et us

considerthe diode equation by taking parasitic resistances into account:
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q(V+|F§eries)
KeT H V- &m_%

hunt

(4.12)

I=1_ 4,

sc

For the series resistance calculation, we assum&dhaiis verylargecompared tdRseries SO

the Rshunderm can be rgdected and we obtain:

AV + Reeried (4.12
=14, " B V-
By solving this equation for the voltage:
V= KgT In(ISC +|I o 1 ) -IR,. (4.13
Then differentiating with respect tio:
(4.14

dv KgT 1
= In .
dI q ( ISC + | . _I ) &erles

At neighbouringopen circuit conditiorat point A: (VaVc, 1a0), we can write:

dv KeT L)

&eries =
dl V=V, q Isc+|o

KT . L . . .
B is the thermal voltage which is typical®b mV, so it is much smaller than the typical

q
Voc.0f 0.50.7V, so it can be neglected and we can approxirRaiesas the inverse slope of

IV -curve.
dv (4.15

. o ___
Rserles dI

Similarly, we can approximate shunt resistand&sdfiesis assumed to be small. We can then

write equatiord.13as:
v (4.16)
lv)=I, 4, b v

hunt

By differentiating thisexpression with respect to the voltage, we get

di q 5 1 (4.17)

dV KBT %hunt
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At neighbouringshortcircuit condition(at point B) (VA0 and &ls

So

1 _d| gl (4.18)
Rshunt dV|V:O KBT

- H I [
If RshuntiS very large ther is very small we can neglect the—s E’I_ factor and approximate as
B
follows:
1 di (4.19
&hunt dVV:O
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Figure 4.16. (a) Graphical representation of an-Idharacteristic curve unde
illumination where two operational modes are represented by point A and
An equivalent circuit for an ideal solar under loamhdition to calculate serie

resistance at point A. (¢) An equivalent circuit for an ideal solar cell to calc
shunt resistance at point B.

These charactisation techniques are used in next chapter.
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5 Chapter 5. Optical and electrical
characterisation of silicon solar cells with

light trapping structures.

This chapter covers the results of my work on light trapping structures integrateeéahto
solar cells. Inthefirst section, light trapping structures are textured into the silicon substrate
and are characterized in terms of their morphology. In the 2nd section, sagbotl with
front-back (FB) and with interdigitated back contadB(ds) are optimizeénd characterized
Finally, light trapping structures are integrated into the devices and are analysed both
optically and theelectrically i.e. for absorption, external quantum efficiency and overall

device efficiency.

5.1 Section A:

5.1.1 Light trapping structures

5.1.1.1 Wet etched quasirandom (QR) structures
The initial aim of the study was to fabricate tapered QR structures, where a QR structure is

defined on the surface and wet etched into the substrate. The hypothesis was that a tapered
structureshould give a more gradual index variation between air and semiconduasor
resulting inbetter in antireflectionproperties Figure5.1 gives a schematic illustration of the
processThe silicon wafer is first cleaned and thermally oxidig@dgoroducea SiG mask for

the wet etching process. TB&O, layer is ~ 12 nm thick bgxidationat 850°C for 25 min

This process is followed by the depositioraofARP resist, which is spin coated at 2000 rpm

for 60 sec. The ARP resist layer is hard baked at°Z0@r 10 min, followed by deam

writing and the developing steps (detailed in the experimental chapter).
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1. Wafer cleaning 2. Thermal Oxide 3. ARP spin 4. E-beam
] i_EEN N EEN N
Si — Si —) Si = Si
(3) (4)
5. RIE: SiO, etch 6. ARP removal 7. TMAH wet etch 8. Si0, removal
imlrS.T=-|-.-
Si =G = i = i

Figure 5.1. Schematic of fabrication process of light trapping QR structures into silicon

substate.

5.1.1.1.1 SiO; mask (over under) etch process

The next step is to etch away the Si@ask under the developed pattern using RIE. Here, it

is important to note that the Si@hask should be overtched rather than undetched, as
shown in Figuré.2 (a,b). Ifthe mask is undegtched, a thin film of Si@may remain which

will obviously stop the wet etching process. An SEM image is shown in Pxgaife), where

the contrast area shows a difference of.i@asked) and Si (umasked) surfaces. The RIE

etch regbe to etch Si@is optimized as: CHfgas; 60 sccm, DC bias 120 V, ~700 W, 3.5
min.

5.1.1.1.2 Optimisation of wet etch conditions

The temperature of the wet etch process is a crucial parameter, both for etch rate and
morphology. Initially | aimed for tapered strustes, these require a higher process
temperature, above 8, but a shorter etch time of 2 min. Results are shown in Fig8re

(a), ). where two structures show tapered structures of different dimensions (rectangle and
square) that had been process¢dhe same conditions [temperature (€ and time (1

min)]. The size of the etched features is not consistent over the surface area, as shown in

figure 5.3 (b); the feature size varies from 150 to 400 nm.



Chapter 5: Optoelectrical characterisation of solar cells

Si0,- Over etch Si0,- Under etch

1 I I__Xl

(a) (b)

Figure5.2. SiG; mask etch process in wet QR structure fabrication (a)2 [8i@r is over
etched to provide the sites for initiating wet etching on silicon surface. (b)|&j€r is
underetched and is not suitable for wet etch (c) SEldrograph, describes a contrast of

etched Si surface and unetched S&er.

Figure 5.3. Morphology comparison of etched structures on a silicon surface at the same
processing conditions of 82 °C and 2nm(a), (c). (b) Crossectional view with an etch

depth ranging from 150 to 400 nm.

Since reproducibility is a crucial aspect of the process, | decided not to pursue this high
temperature and short time process. Therefore, | opted for a lower tempeoaiditéon of

65 °C and a longer etch time, hoping to attain better reproducibility and control. The lower
temperature also gives more flexibility in terms of etime, which needs to be varied to
achieve different etch depths. Changing these conditialso leads to a change in
morphology, as schematically shown in Figéré for the two cases of (a) High temp. &

short etch time and (b) Low temp. & longer etch time.
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Wet etch @ temperature ~ 80 °C Wet etch @ temperature ~ 65 °C
HEEER AE BN I BDEEIEEI I BB B

(a) (b)

Figure5.4. Dependence of morphology temperature condition. (a) Temperature above 80
°C gives undeetched tapered pattern as an inverted pyramid structure. (b) Temperature at 65

°C gives much more vertical walls.

5.1.1.1.3 Optimisation of lithography conditions.

Size (nm)

m 200 | 180 | 160|140 || 120

200 | 180 | 160|140 || 120

200 180 | 160|140 || 120

Dose factor

200 180 | 160|140 || 120

Figure 5.5. Typical sample layout at different dose factors, ranging from 0.9 to 1.2 and

feature size variation from 200 nm to 120 nm.

To createQR structures of controlled size, the dose factor and the feature size need to be
optimized. Figures.5 shows a matrix of 20 patterns which are exposed with a dose factor
varying from 0.9 tol.2 and a feature size from 200 to 120 nm. The etching proce88s@

for 10 minutes in each pattern and the SEM images of selective patterns are shown in Figure
56. It is clear that for dose factors between 1 and 1.2 with a feature size of 200 nm, the
patterns are overetched while the minimum feature sizes (12@nmemjnder etched. dose

factor of 0.9 shows the required morphology for feature sizes of 200 nm and 180 nm, as

shown in Figuré.7, so | chose a dose factor of 0.9.
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Figure5.6. SEM micrographs of wet&ed QR structures etched at 65 °C for 10 min varying

dose factor and feature size.

°C for 10 min for a

Figure5.7. SEM micrographs of wet etched QR structure etched at 65

dose factor of 0.9 and differef@ature sizes.
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Figure 5.8. SEM micrographs of wet etched QR structures etched at 65 °C for 10 min at

optimized dose factor and size conditions.

Figure5.8 shows wet etched QR structures of dose fac®rfds. feature sizes 180 nm and

200 nm. The 180 nm feature is shown in Figbi&(a), (c) for two different magnifications,

as indicated by the scalebar. The smaller features are somewhatetohet, they have
rounded edge corners and are not connetitdgigure5.8 (b) and (d), features are connected
very well and closely resemble the design file, so the dose factor of 0.9 and a feature size of
200 nm is considered optimum for a wet etched QR structure.

5.1.1.2 Dry QR structures

The same series of experimenreperformed to optimize the morphology of the dry etched

QR structures, although the task is somewhat easier due to therbpttetucibility of the

dry etch process. The RIE recipe is kept the same for each pattern, as detailed in the

experimental chater. In Figures.9, the dose factor is varied by keeping the feature size the
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same (200 nm, as optimized in the wet QR recipe). Again, the 0.9 dose factor appears

optimum, as other doses give a somewhat-exposed structure.

Figure5.9. SEM micrographs of dry etched QR structures at different dose factors of 0.9, 1.0,
1.1 and 1.2 for a feature size of 200 nm. The 0.9 dose factor resembles the design pattern

most closely.

5.1.1.3 Wet etched pyramid structures

Wet etched pyramids are widely used in the solar cell industry, as they do not require
lithography and can be produced on a large scale with low cost. | therefore included wet
etched pyramids as the control sample in our studies. To create such asmaetqyyramid
structure, | varied the etch time while keeping the solvent temperature &C.8Zhe

important parameter here to look for is the fill factor of the pyramids on the etched surface.

Figure5.10. Surface micrographs of wet etched pyramids (a) for 5 min. (b) for 30 min etch

time.

Figure5.10 showstw6 EM mi cr ogr aphs of pyramid :4d0ructu

min. and 30 min. I obstehfev Bl afacgorfotanhedti
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the 30 imtqi.meetpcrhoduci ng a much higher fill
magni fication optical i mage of the two surf
col our, wher eas t ok s3hemr hy btaokturiendl oat
refl ecti®lilt.y.s hFoiwgsu nae vzioeonmeodf a hi gh FF pyr ami

size of the pyr aom dasnedv.a5r yi ng bet ween 2

Figure 5.12. SEM micrograph images of different light trapping structures on a silicon

surface for enhanced light absorptiarsolar cells. (a) dry etched quasirandom (QR); (b) wet

etched QR and (c) wet etched pyramids.

Finally, I compare the thir2e e( ttoypp evsi edaf)3 satnrdu c
(perspective view). The dry ehtacvhee d uQ R esdh csvosm
rougher on t he \Weetrandom diktréoation ft theupgramids & .clearly
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of these pyramids is in the range of 112 ¢ m.ill bA showw in section B he hi ghest
performing dry QR device has an etch depth o
10 nm §1f3 g(ubr)e) and the best device of those

1500 nm i n51s3¢c (k. (figure

Figure5.13. Perspective view of the best performing devices structured with (a) Dry QR; (b)

wet QR (c) pyramids to allow a comparison of the different etch depths and feature sizes.

5.2 Section B

5.2.1 Devicecharacterization

The electrical character of the devices is now investigated. First, | discuss the doping profile,
then the I\ characteristics. This section highlights the challenges of fabricating devices with
good electrical performance.

5.2.1.1 Doping profiles

The sheet resistance and the thickness of the doped layer are the key pa@uhetemine

the doping profile. Typically, doping profilegsed in silicon solacells are deeper with
moderate concentration or shallow with higher concentration. | dptesthallow doping with

higher concentration because higher surface doping makes the contact formation easier,
although it has the risk of increasing Auger recombination at the surface. The goal was to
achieve a sheet resistance @80 100 ohm/sq (tyjcally used to achieve moderate doping

concentration). Determining the doping profile is important for maintaining the consistency
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of fabricated devices across different batcAés numbers are obtainéak devices at given

temperature and time conditions

5.2.1.1.1 Sheet resistance data

The first step following doping is to remove the glassy remnant that forms diopigg

from the surface and to measure the sheet resistdinee quality of the doped area is
significant, as the vacant sites (pinholes) or impedast may lead to shuntSurface
defects, such as metal ion impurities or voids mayse notuniform doping because they
become active under high temperature conditions and cause a discontinuity to the introduced

dopant impurities across the exposed s@fa

(a) G p— @
N

Silicon wafer T Substrate

Figure5.14. Sheet resistance {R¢) values, (a) at different positions across the silicon wafer

surface. (b) measured using fqarobe method.

This effect ismodifiedas a noruniform sheet resistance distribution at different positions of

the wafer as shown in Figubel4.
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Figure5.15. Sheet resistance spread data, with and without thermal cleaning process

This unwanted spread insRetvalues isreducedby performing a thermal oxidation step,
which | name thermal cleaning. At high temperaure the presence of oxygen,
contaminations and other discontinuities at the surface are consumed by the oxide layer
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which is removed afterwards with HF clean. After performing this oxidation cleaning step,

the doping profiles show uniform sheet resistance values, shown in bigjGre

5.2.1.1.2 Dopant layer thickness measurements
To determine the dopant profile, it is necessarknow the thickness of the doped layer.
Having determined the sheet resistance over the surface, the depth of the doped layer is

investigated further. | developed a multiple etch step method which proceeds as follows.

Si
4. Riheer measurement

1. Oxidation )
- S0, L
Si )
hhhhhh
2. Photolithography Si
Si !
Multiple-Etching steps
3. Doping l
—
|

Figure5.16. Multiple step etch method to determine the concentration profiles

First, a step is defined on the doped surface as shown in Edéréy covering one half of
the sample with a mask (Sipwhile the other half is the doped/éa. Here, the Si@area is
used as a reference plane to determine the etch depth via SEM cross sectional analysis.

The sample is then processed in multiple dry etching steps, widhldiRing measured at each

STEP model for n** doped layer thickness measurement
in n-type silicon wafer
Front yiew
600 -
. . ‘
S50 by " n u " ' Etched Si Si02
500 | typ - type B Cross Sectional View
450 | -
| - n
400 | - l:l‘chcd Si
350 b [ ] p Qi Si02
VE 300 f a® «'f;:__’ {
5 250 | e P ¥ i
00m In View
200 " Etched Si
150 ™ v
100 | p -
sofp ® 4
o N N R N N
0 200 400 600 800 1000 Steps are formed due to
Etch time (sec) Etching steps at different Time

Figure5.17. Rsheetmeasurements for muétched steps on a doped silicon surfaces.
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Multiple etch steps are performed until the background wafeyp@) Rneetvalue (<5000 / T )
is reached; an example is shown in Figure 5.17. An SEM\&nof the multetched surface is

shown in the inset, which allows determining the thickness of the etch steps.
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Figure5.18. Doping profile of silicon surface doped at 980 °C for 25 minutes.

By taking anaverage thickness value of the doped layer from a set of samples, | estimated a
thickness of 400 nm for thetype doping process of 98C / 25 minutes. A dopant profile is
shown in Figures.18. where the dopant concentration is distributed from theegion (<<

500q /)lto the background*rregion & 500q / )i The doping profiles for{ype and rtype
conditions are given in Tabk1 and5.2 respectively. These conditions are used to optimize
the sequence of the fabrication process for both the [EBtten IBCs devices. The doping

depth and concentration profiles are shown in Figu8.

Table5.1. Doping conditions at given temperature and time ftype process.

Sample ID| n-type doping conditions.

1000 °C-20 min

980 °C- 20 min

985 °C- 25 min + 850 °G 25 min(FSF) + 1000 °G 20 min (oxidation)

Al WIN]|PF

985 °C- 25 min + 850 °C 25 min(FSF) + 850 °G 25 min (oxidation)

n-type doping conditions (FSF)
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5 850 °C- 25 min

6 850 °C- 60 min

Table5.2. Doping conditions at given temperature and time fo/pe process.

Sample ID | p-type doping conditions.

1 975 °C- 40 min

2 975 °C- 40 min + 980 °G 25 min

3 975 °C- 40 min + 980 °G 25 min (BSF) + 850 °C 30 min (FSF)

4 975 °C- 40 min + 980 °C- 25 min (BSF) + 850 °G 30 min (FSF) + 850 °G 25 min
(oxidation)

5 1000°C - 20 min deposition + 85€C - 60 min drivein step.

6 1000°C - 20 min deposition + 858C - 30 min drivein step.

T . T
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Sample ID Sample ID

Figure5.19. Doping profiles at given temperature and time conditions used in the realization
of devices. (a) ftype. (b) ntype.

5.2.2 |V - Characteristic measurements

5.2.2.1 FB devices (No light trapping, planar surface with AR coating only)
The IV characteristic of the fabricated FB device is shown in Fig2@ (a), where | make a

comparison with a reference device of 16.6% efficiency. The output power euevpkbtted

in Figure5.20 (b), (c) with a power conversion efficiency value of 9 % for my device. The
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reference device features pyramids and an AR coating while my device only features a 80 nm
thick SiQ layer for AR coating. For the reference device,dasured a ¥ of 555 mV and a

Jsc of 40 mA/cnt, while for my device, | measured 510 mV and 28 mA/fanand b]. In the

next section, | will add the light trapping structures discussed in section A onto these devices

and will discuss their advantages/disadtages both in the optical and in the electrical

regime.
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Figure 5.20. Electrical performance of fabricated FB device in comparison to a reference
device of known efficiency (16.6%). (a) d&haracteristiaunder illumination condition. (b)

Power output of Reference device. (c) Power output of fabricated FB device.
5.2.2.2 IBC devices

| also fabricated a 10% efficient IBC device, which involved developing the correct doping
sequence, introducing masking barriersgeedsolation and passivation conditions. The key
steps are now detailed for their significance in fabricating a working device.

5.2.2.2.1 Flowable Oxide (Fox) recipe

As discussed in the experimental section, | used FOx (Flowable Oxide, arsgiass) as a
mask inalternative to the thermal Si@nask. FOx is more convenient to use, but it is not as
reliable as thermal oxide, so | found that FOx work sometimes, but not always. The recipe

used to deposit the FOx is shown in the flow chart below where it is spird@ia4€00 rpm
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for a final thickness value of ~250 nm (same thickness as optimized for the thermally grown
SiO» mask), followed by baking at 220 °C and curing at 420for one hour. FOx forms a
uniform mask layer as shown in Figuie21 (a), (b) and (c).

120 secat 150 °C 120 secat 220 °C 60 min at 420 °C

Spin — Soft bake —— Hard bake —— Curing
60 sec at 4000 rpm

The electrical IVcharacteristic under dark conditions is showkigure 5.21(g), for various
devices fabricated in the same batch. It is clear lthatshunt resistances always therge

which is significantly changing from device to devidde reasm for this inconsistency is
determined by optical imaging of FOx before and after the doping processes, shown in
Figures5.21(d), (e) and (f). It is apparent that the mask is disrupted in some devices which
causes intermixing of doped species, resultmgnconsistent shunt behaviour. In the later
stage of my project, a sputtering tool became available, so | replaced the FOx with sputtered
SiO;, which worked much better. Nevertheless, it was a good learning experience to
understand that Fox is not as $¢abs SiQ at high temperatures and may crack which can

cause shunts in the final device.

(g)

| Curfent (mA)

Voltage (mV)

Figure 5.21. Optical images of FOx deposited onto a silicon surface. (a), (b) and (c) FOx
mask before the thermaoping process(d), (e) and (f) Fox mask after thermal doping
process. (g) IVcharacteristic curves for FOx processed IBC devices.
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In IBC device fabrication, the edge isolation step is performed aftertypeploping process
which isolates the4ypefingers from the base and thaype fingers. It is interesting to show

the significance of this process. The rear surface view of a device is shown in Figure 5.22 (a),
where the Si@is a mask protecting the dopedype fingers. Two recipes are used foe

edge isolation, first a Plasma (RIE) etch alone and second, a Plasma (RIE) etch followed by a

wet etch (80 °C of TMAH for 3 minutes).

5.2.2.2.2 Edge isolation

(a)

Etched surface

Edge Isolation (Only RIE)

Edge Isolation& wet etching

Current (mA)
Current (mA)

Voltage (mV) Voltage (mV)

Figureb5.22. Edge isolation step optimizati@haracterised by current leakage, apparent from
the IV- characteristic curve under illuminated condition. (a)Device surface view after edge

isolation with SiQ layer as an etch mask. (Bjige isolation using reactive ion etch process.
(c) Edge isolation fitowed by wet etch.

In the first recipe, the diode shows a leakage current of 1.1 mA, which causes a lowering of
the photocurrent §g§ of the device under illumination conditions, highlighted in Figu@?
(b). This leakage current may be caused by the defects induced by the plasma etch process,

which is performed for the relatively long etch time of 10 minutes. In the other recipe, the dry
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etch is followed by a wet etch, for 3 minutes, which takes awagfdhie surface damage
along with the defects. Accordingly, | observe a much lower leakage currentdf Sthich

is a significant improvement.

5.2.2.2.3 Passivation recipe

Another important processing step is to passivate the surface with a thermal oxide. ecompar
different passivation conditions in terms of their-dWaracteristics under illumination
conditionsin Figure 5.23 which highlights some striking differences. When the sample is
fabricated without passivation, it showssauhlue of only 5 mA. This vaile increases to 10

mA with a thermal passivation step conducted at a temperature 6C€&50 25 minutes.

_30 T L] 1
=== Thermal passivation + FSF
27k 1000 °C -20 min -
e Thermal passivation + FSF
_24 - @ 850 °C -30 min -
— ey Thermal passivation
N_ 21 === No passivation E

0 200 400 600 800
Voltage (mV)

Figure5.23. IV-characteristics of IBCs devices under illuminated conditions, fabricated using

different passivation conditions.

Next, I i ntroduce another doping step, refe
This doping process is performed in order to create a-doghbentration barrier with the

purpose of repelling minority carriersofn the front surface; the logic is that if the minority

carriers are repelled form the surface, they cannot recombine with majority carriers, even if

the majoriy carriers exist there in abundance. | tried two different conditions for forming the

FSF. Firs, diffusion at 850°C for 30 min (for a moderate concentration at surfag&(?,
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400 nm), second, 100 for 20 min, (for a high concentration at surfacel®°, 500 nm).

The thermal passivation (850 °C / 25 min, as before) is then performed afterwaedFSF
formed at 850 °C gives a current of 18 mA, while the high concentration FSF (formed at
1000 °C) results in a currnet of 23 mA, which is clearly better [l believe this number can be
improved with optimized conditions]. These values are very redde and form a very good

basis for adding light trapping structures at the next stage.

Open Circuit Voltage, Voe = 0.547 v Maximum Power, Ppgy = 0.0066 '30 T N T N T T T T T T T T T 20
Short Circult Current, I = 0.022 A Efficiency, 0= 9.0667 % | V=547 mV, Isc =23 mA/(;m2 1
Fill Factor, FF = 055 418
Input Power, P, = 073 w 25 L 6.61 mW 1 16
< e e e ° —
e ® 414
G -20r ®e I~
< . 112 E
€ 15} . 110 @
+ ~ | p ;
: 10 ) 129
p* t i - ] mam - ® 16
= o = 14
o sf . "
c .- L = 42
Surface view of real device NIL 1 . 1 1 1 1o
0 100 200 300 400 500 600 700 800
Voltage(mV)

Figure5.24. Surface view of the rear side of an IBCs solar cell (a), with (b) the corresponding

output powernalysis.

In Figure5.24 For the IBC device, | achieve a 10% efficienaich is an excellent result
although it needs further optimization. The rear surface view of IBC device with contacts
dimensions is shown in Figute24a, which shows the power quit of the device along with

the IV curve under illumination (figh.24b).

5.3 Section C

5.3.1 Light trapping structures on solar cell devices
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In this section, | describe the realisation and characterisation of light trapping structures on
solar cell devices (lib FB and IBC)For the I\* characteristic, | recall the two parametérs

andV, «which are key to describing the performance of a solar cell, whefeby f er enc e s

Il i ght coll ection through | ight trappi-ng and

circuitsycumwrhente (eJ ectrical effects such as
from the openc.asreuptavoédage VYhe context
bel ow:

v, o M, en (5.1)
¢ Jo

w h e*8'eis the thermal voltage amdrepresents the ideality factoro.dfs the voltage when
q

no current flows through the external circuit and it is alyedependent on the saturation
current density {,) and the photo generated current density, X As describedn the
equivalent circuit of a solar cell, recombination losses occur in the internal cgotiitey

directly impact onJ,and thereby on the o¢/ hence a variation in ¢/ is interpreted as a

signature of recombination losses.

C
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Figure5.25. IV - characteristic comparison ofet QR structures for different feature size, i.e.
180 nm and 200 nm.

I start -ovat he tdempari son of the wet QR stru
of 180 nm and 2005 .mmTheh&wgeisnf Fogwuibe2 mV t
t hgcllanges by approx. 1 mA. These difference
feature size of the wet QR structure for a f

in feature si ze.

Next, I compare wet and terynsQR fs ttrhuec tcwrnesacg
one design, the QR structures are etched ont
bei ng -eltecfhtedun I n anot her desi gn, al | of the

fingers are dnr éebel gtdeposrse.ddés heehdcoc/act éni &i

for both wet and dry QR structures, the fil|
contact finger design is asedubdhostbheéefdct e
the etched and unetched surface height. I f t

the deposited contact fingers, this adds a
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a higher serieseredbstbaonced ohishesdaeicl|l dej
the etched features in all three (wet, dry a
Contacts on flat surface Contacts on structured surface

-40 . r ' -40 r r T T
=== Flat contacts === Flat contacts
-35 Dry —8— Structured contacts -35 Wet =P Structured contacts -
fv v v

30 I )]
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Figure5.26. IV - characteristic comparison of Dry and wet QR structures ftardnt contact

configurations. i.e. contacts on flat surface and contacts on structured surface.

Next, I compare the |1 Vcurves of different we
in Fbgame note that the 7 tmimucdemdtiiicd,t weth

performance of all .three wet etched structur

For 10 minutes (70 nm)ocaannddd dit h miendwtcees wW(i I hO e

The | oweribdnyg assobieatved with the higher surf

thus creating more surface r ecs@nsbiansastuinoend cteo

caused by the increased roughness on wet et
ada so the SEM i mages). As roughness promotes
trapping effect. T h ithe optical ghson@iontandiexernal gyamuonr t e d

efficiency spectra.
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AARARAARRREERPS
q

Figure5.27. IV comparison of wet QR structures for different etch depths, i.e. 7 min (50 nm),
10 min (70 nm) and 13 min (100 nm).

A comparison of the wet etched QR structures as a function of etch depth/time 80 Wet

(50 nm/7 min) and Wet0 (70 nm/10 min) isslwn in Figure5.28 't 1 s c¢l ear that
struct urworgsdgafnortmmmse shall ower one at | onger
mo s t effective. Thiisntobseveathiudn siuppooust en

hypot hesi s.

Figure 5.28. Wet etched QR structures for etch depths of 50 nm and 70 nm. (a) Optical
absorption spectra comparison. (b) EQE spectra comparison.




































































































































