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ABSTRACT

Cadmium Telluride has long been recognized as the second lmesstnaterial after Si
in the world photovoltaic market, specifically for tHilm solar cells. The two attractive
properties of the CdTe are its nearly ideal band gap of ~1.5 eV for gmglgunction
photovoltaic and its high optical absorption coefficiepttop 1 cmi’. Therefore, a thickness of
~1 um of CdTe can absorb up to 90% of the incident light.

The key to higkperformance thin film CdTebased solar cells is controlling
microstricture of the CdS/CdTe through obtaininiggh-quality crystallineCdTethin films that
have low densitypinholes andtherdefectsand form highquality p-n heterojunction interfaces
on the CdS or other window layeKtSonsidering these, the relative high temperatures used for
CdTe thick film growth may not be suitable in the thin film case due to lack of control in CdTe
microstructure evolution. Therefore, development of-temperature processes for CdTe thin
film solar cells is important to achieving a precise control of the CdS/CdTe microstructure and
optoelectronic properties. In addition, low temperatures provide benefits in wider selection of
substratesespecially those for low-cost flexible solar cells applicatizs. However, the
CdS/CdTe solar cells based on thin CdTe films fabricated at low temperature have generally
poor performance as a result of increadedsity ofgrain boundaries and defects. order to
address this issue, we have developethasitu theemal annealing process (iTAP) immediately
after the CdS/CdTe deposition using Pulsed laser deposition (PLD) at 200 °C and before the
commonex situCdChkL annealing typically employed for optimization of the Cd¥esed solar
cells. A systematic study on ehmicrostructure, optical and optoelectronic properties of
CdS/CdTe solar cells processed under different iTAP conditions has been carrield vad.

been found that these physical properties depend sensitively ohAtReprocessing conditian



and apprapriatei TAP in the optimal window enhances grain growth, improves grain boundary
connectivity, and reduces crystal defects. Téasls toconsiderably improved CdTaystalinity

and as a resylimproved optcelectonic propertiesof the CdS/CdTe solar del Our result
suggestshatthe iTAP is importantfor optimizing the chemical composition and microstructure
of CdTethin films and its heterojunction with Cd®oth of which are critical to the performance
of the CdS/CdTe thin film solar cell$n addition, it was found that smaller CdTe thickness

provides advantages in reduced charge recombination.
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Chapter1:Sol ar Cell s Devel opment s

1.1: Introduction

1.1.1: Energy Definition

The most abstraatefinition of energy is that it is a certain quantihatdoes not change
in the manifold changes which nature undergoes. It is stated that since it is a mathematical
principle, there is a numerical quantity which invariant when something happens. This fact is
also called the conservation of energy. We cannstrdee it as a mechanism, or anything
concrete, it is just a fact that we can calculate the same number before and after any changes in
nature. Although in physics we have no knowledge of what energy is, we can use some formulas
to calculate some numericgliantities, and when we add themtalietherwe can see that they
are conserved. Energy has a large number of different faithsdifferent formulas, such as
gravitational energy, kinetic energy, heat energy, elastic energy, electrical energy, chemical
energy, radiant energy, nuclear energy muags energji].

The unit of Joule (J), named according to the English physicist James Prescott Joule
(18181889), is often used to measure energy. This unit is defined as the amount of energy
required to apply (1 Newton) of force onr{ieter of distance), that means:

1J=1N.m (1.1)

Energy isalsorelated to another important physical quantity which is power (P). The
powe p is defined as the rate of doing work, or the amount of energy consumed per unit time,
therefore:

E= 0 0Q0 (1.2)

1



The power is usually easured in Watt (W) unit, according to the Scottish engineer James Watt
(17361819), where (1 W) is one Joule per second, (1 W =1 J/s)or (1 J =1 W.s). In some

energy forms, such as the electricity, often the unit Kilowatt hour (kWh) is used. It isagiven
1kWh = 1000Wh 3600- = 3.600000 W.s (1.3)

Also, there is another unit to measure small amount of energy in solid state physics, which is the
unit of electron volt (eV). This unit is defined as the amount of energy gained or lost by the
charge of a singlelectron(e = 1.6t ¢ p 1 #) moved across aelectricpotential difference

of onevolt (V), therefore:

lev=16t¢c pm J (1.4)

1.1.2: Energy Consumption

The different forms of energy mentioned before are consumed for many different
purposes. For example, we use energy for heating buildings, houses and water. For
transportation, we use a lot of energy to run cars, trains, trucks and planese\Weergy to
produce most of our daily life stuff and also to produce food. Energy involves in almost
everything in our life, especially in the most prosperous and technologically developed nations
like the USA, where energy is consumed widely. Worldrgné&tatistics of 2013 shows that the
average U.S. citizen uses an average power of (9319 W). While, an average citizen from India

only uses about (800 WZ2], which is less than a tenth of the U.S. consumption. Fidpire

shows the world total final consumption from

equval ent (mtoe) wunito. This stati soubledoverthat ed

last 40 years.

t


http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Potential_difference
http://en.wikipedia.org/wiki/Volt

1973 2012

Electricity Other**** Electrici ers
oan 1en  Cal Biokls el Ofer
13.7% and waste** * e L

> 12.4% 10.1%

Biofuels

and waste** *
13.1%

Natural gas
14.0%

Oil

Natural gas
407%

48.2% 15.2%
' 4 672 Mtoe | 8 979 Mtoe

Figurel-1: World total fuel energy consumption from 1973 to 2(&]2

Besides increasing living standards in the modern and developed societies, the increment
of energy consumption is due to the rapidly growth of world population. Studies predict a world
populationof 9 billion around 2040 in contrast to the 7 billion people in 2013. Therefore, the
global energy demand is increasing.

Moreover, another challenge related to energy consumption is that the dependence on
fossil fuels energy source such as oil, coal gad, which are riorenewable and have huge
impacts on the climate chandgurning fossil fuels producdabe soecalled greenhouse gases like
carbon dioxide (Cg@. The additional carbon dioxide created by using these energy sources is
stored in our oceans @ratmospherewhich is responsible for the global warming and climate
changg4]. In Figure1-2, we can notice the increasecarbon dioxide concentration in (million

tonnesunit(Mt)) n t he Ear tflomd B7lac26i@ spher e
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Figure1l-2: World CO, emissions from 1971t2012 by fuel (Mt of C@) [3].

1.1.3: Sources and rms of Energy

The different energy forms which were mentioned in the previous section can be
converted from one form to anothand they are produced by different souréesit is showed
in Figure 1-3, there are three major sources of endfjy First energysource is the chemical
energy stored irfossil fuels. This energy is converted to thermal energy by burning, with
efficiency up to 90%. Therthe thermal energy can be converted into mechanical energy by
using heat engines which have conversion efficiency up to 60%. This principle is used in our
daily life in most of transportations such as to operate cars and planes. Finally, mechanical
energycan be converted into electrical energy by using electrical generators with efficiency
about 90%A turbo generator that is connected tst@am turbine is usually used in most of
electricity stations around the world, where the major energy sourcelig-oma what is stated
in these conversion steps, it is well known that when the fossil fuels are used to generate

electricity, more than 50% of the chemical efficiency is lost into the environment in form of heat.



Also, producing the energy from thésurce has huge impacts on the climate change because of
the carbon emissions which result during these proceBsessecondnergysourceis nuclear
energy in which energy is released as thermal energy during nuclear fission reactions. This
thermal energ generates heat steam to operate a steam turbine which led to generate electricity.
In this way, the carbon emissions which result from fossil fuel souraes been reduced.
Although using the nuclear sources to generate electricity is considered mgthadl to reduce
carbon emissions, thmlitical considerationsave limited it, considering its massive accidences

which have beenccurred

N

Biomass Wind\Hydroelectric,
Fuels solan\ihermal Wave, Tidal

Heat Engines ectric generator
' rt<60% n=90%

Chemical ——» Thermal L i Mechamcal ——>  Electricity

A
Nuclear \ \

lFossnI Fuels J &\Iu TR els Geothermal)

Photovoltaics

&

Figurel-3: TheEnergyforms and the conversion methods between them.

So far the energy sources discussed above are not sustainable or renewable energy. This

means that the fuel and nuclear sources are not produced kne retumuch as their
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consumption, which means that theyl run out somedayThe renewable energy is the third
type of energy sources, in which the sun is the main solingg energy source can be converted
to electricity directly without any gas emissions. More details about the renewable energy and

how it is related to the electricity will be discussed in the next section.

1.1.4: Renewable EnergyOptions

The renewablenergysource has been identified as the promisngrceto generate
energy. 1 can beseen in Figurd-3 that the sun energg convertedo many different forms of
energy. For examplehe sun energy can be converted directly to thermal energy and electricity
or indirectly in the form of wind, hydro and biomass fudlereover there are two other energy
sources that are often considered as renewable in terms of their sustainable nature. The first one
is energy in the tides caused by the gravitational fiefd&ie moon and the sun which can be
tapped using tidal barrages or tidal stream technology. The second source is geothermal energy
from the earthdés core accessible in some | oc
However, the available averagewer produces from these energy sources is small comparable
of that available from the sun.

From what is discussed so far, it is clear that the sun energy is the best sustainable energy
source that can be converted to many different energy forms. Ghess# forms is electricity
which is thesecondconsumed energy in the world as it was showhiguire 1.1t has been used
since at least 100 years now. It provides us with many energy forms that we need to use every

day, and the access to it strongly deti@es the living standard.



Further, if the sun energy is converted into electricity directly using devices based on
semiconductor materials, we callphotovoltaic(PV). The name photovoltaicomes from the
Greek word phog, which means light, and/glt), which refers to electricity. The wordd]t) is
named after the Italian physicist Alessandro Volta (1¥8%7) who invented the battery. In the

commercial solar modules, typical photovoltaic cells efficiencies are in the rang0%4.5

1.2: Basics ofSolar Cells

1.2.1: Historical Introduction

In 1839, the photovoltaic (PV) effect was first discovered by the French physicist
AlexandreEdmond Becquerel at an age of 19 ydér</]. He observed this effect while he was
experimenting with an electrolytic cell. Theeetrolytic cell was made up of two platinum
electrodes placed in an electrolyte which is an electrically conducting solution. Becquerel
observed that when the cell exposed to light, the current of the celheraasedIn 1876, the
British natural philospher William Grylls Adams and his student Richard Evansdisgovered
that selenium producethe photovoltaic effectvhen exposed to lightout with a very poor
performance. Seven years later, the American inventor Charles formed photovoltaic junctions b
coating selenium with an extremely thin layer of gold, and the energy conversion efficiency was
1% [8]. In 1905, Albert Einstein published his paper in which he explained the photoelectric
effect on a quantum basi®]. He assumed that light energy is beingried with quantized
packages of energy, which called photohise first silicon solar cell was invented by Russell
Ohl in 194110]. Furthemore the real development of modern solar cell technology began in

1954, when Daryl M. Chapin, Calvin S. Fuller, and Gerald L. Pearson demonstrated a silicon



based solar cell with an efficiency of about §P4]. In the same year, the photovoltaic effect of
[I-VI semiconductor materials suck eadmium sulfide (CdS) has been reported by Reynolds et
al. [12]. In 1956, the first gallium arsenide (GaAs) solar cell was reported with a-photo
conversion efficiency of 6.5%13]. The first polycrystalline thin film solar cells based on a
cadmiumsulfide (CdS) / copper sulfide (Cu2S) junction with conversifficiency up to 9.15%

and areas ob1 cnf was reported at the University of Delaware in 19B4. In 1985,A. W.
Blakersand M. A. Greenreportedcrystalline silicon solar cellg/ith efficiencies above 20% at

the University of New South Wales in Austra]ieb]. After that, the multjunction solar cells

were introduced with high conversion efficiency. They can be described as a serigs of p
junction photodiodes which taa differentband gapsThey have made ahifferent 111-V or II-VI
materials such as gallium arsenide (GaAs), gallium indium phosphide (GalnP), copper indium
diselenide (CIS), copper indium gallium diselenide (CIGS), and cadmium telluride (CdTe). First
two-junction tandem photovoltaic devieghich wasmadeof a lower GaAs layer and an upper
GalnP layer has been reported by Jerry Olson in IB&717] with photaconversion efficiency

up to 29.5% under concentrated solar ligiitdding third additional junction for a
GalnP/GaAs/Ge solar cell further increaghd conversion efficiency ufm 34%[18], and to

40% for a GalnP/GaAs/GalnAs c§ll9]. It is alsobelieved according to theoretical calculation

that the conversion efficiency of mulfor more) junction glar cells can be increased up to 55%
[20]. However, he solar cell global market has been dominated by sifiedrpanel modules
except forspace applications, since their price is much lower than the use of arsenides and

phosphides as photovoltaic (PV) devices


http://scitation.aip.org/content/contributor/AU0299533
http://scitation.aip.org/content/contributor/AU0299533
http://scitation.aip.org/content/contributor/AU0073641

In addition, @vironmental and ecamic issues have been very serious problems in all
over the world since 2000, which led to increttseinvestmentof solar energy. Therefore, the
installed PV capacity has grown significantly between 19992&1@ as it shown in Figure4.
tcanbeshen i n this figure that the worl dds cumul
GW at the end of 2009. One year later, in 2010, it became 40.3 GW and the growth reached 70.5
GW in 2011. In 2012, 100GW was reached and by 2013, around 138.9 GW of Rédrad

installed around the world.
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B MEA nfa nfa nfa nfa 1 1 1 2 3 25 80 205 570 953
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B Eumpe 129 265 399 601 1,306 2,291 3,289 5,312 11,020 16854 30505 52,764 70,489 81,464
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Figurel-4: Global PV cumulative installed capacity from 2000 to 2[213.



1.2.2: Solar Spectra

Surface temperature of the sun is approximd&@8lOK and its radiation spectrum can be
approximated by a black body radiator at that temper@asrehown in Figure-%). Emission of
radiation from the sun is isotropic like allack body radiatorf22]. However, the great distance
between the earth and the sun, which is approximately 93 million miles or 150 million
kilometers, means that only those photons emitted directly at the Earth will contribute to the
solar spectrum. On the other kdarthe solar radiation is attenuated when passing through the
atmosphere of the Earth. So, the most important factor that determines the solar irradiance under
good sky conditions is the distance that the sunlight has to travel through the atmosphere. This
distance is optimal when the Sun is directly overhead i.e.at the zenith. The ratio of an actual path
length of the sunlight to this minimal distance is known as the optical air (fAkHs This air
mass is a measure of the attenuations in spectral camdnhtensity of the solar radiation due
to the atmosphere before reaching the Earthos
mass is unity and the spectrum is called the air mass 1 (AM1) spectrum. And if the Sun is at an
angle ¢l) with the rormal, the air mass is given by:

Air mass= 1/ cosl (1-5)

A globallyused standard for comparing solar cell performasmtee AM1.5 ([ = 482(3 spectrum

normalized to a total power density of 1 kW/m
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Figurel-5: Solar spectra at different conditiof23].

In addition, he attenuation of solar radiatiocan bedue to scatteringreflection and
absorption by air molecules, dust particles and surrounding landsaage assteam (HO),
oxygen(O,) and carbon dioxide (C Ozone absorb®diation withwavelengths below 300 nm
(UV). CO, molecules contribute to the absorptorf s ol ar radiation at wa\

(infrared) All these attenuatiorean account for up to 48 of the light incident on a solaell.

1.2.3: Working Principle of Solar Cells
The working principle of solar cells is based on the photovoltaic effect, in which a
potential difference is generated at the junction of two different semiconductor materials that has
absorbed lightln 1905, Albert Einstein explained thisfexdt by assuming that the light consists
of well-defined energy quanta, which-ealled photons. The energy of one photon is given by:
E= h 3 (1.6

Where h is Planckodéds constant and 3 is the fre
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There are three basic processes for the photovoltaic effect to be done. First process is
generation of charge carriers when a photon, light, is absorbi@ imaterials, and second is
separation of the photgenerated charge carriers in the junction between these materials, and

finally is collection of the phot@enerated charge carriers at the terminals of the junction

[a] [&]
E,
E O
E, E.
Eph E’ph — Eg Eg Eph Eph e Eg Eg
Ev R | Ev
E (D W,

Figurel-6:Phot ons 6 absorption i nEjmmlmapeieend@n=Ef or mat
and b)Epn >Eg.

As itis shown in Figure ba, generation of charge carrier is resulted from absorption of a
photon in semiconductor materialsmeans that the photon energy is used to excite an electron
from an initial statgO) to a final statg'O). If the incident photon has energy higher than the
difference between these two states, electron will be exited to higher level and evemtlally
move to the relaxation state by emitting thal energy as shown in Figure6b. In solid state
physics, this can be understood basetbard theory okolids stategn which electrons of atoms
in solids occupytates in energy bands.

The occupiedband with thehighest energyfO) is the valence banth which valence

electrons, which armvolved in the covalent bondsave their allowed energie§he conduction
12



band, unoccupied band, is located above the valence band with €@ergy is fomed bythe
allowed energies of elecins liberated from thealance bandTheenergy difference betvea the
edges of these two bangsknown asthe band gagnergy O . In a perfect solid, the energy
statesbetween the valence band and the conductardlare forbiden and not occupied.h@
energy band structurie considered an important parameter in studyiragennl properties of
solids.Figure 17: illustrate the difference betweéhe band structure of conductonrssulators,

and semiconductors materials.

(a) (b) (c)
Unfilled Unfilled Unfilled
Gap Gap
Gap Filled Filled
e
Conductor Semiconductor Insulator

Figurel-7: Simplified band structures gblid [24].

For conductors, the highest occupanergy level is in the middle of an energy bhanca
pure semiconductor at absolute zero, no electrons are present in the conduction band and it
behaves like an insulator. However, increasing temperature allows for thermal energy to excite
electrons ind the conduction band forming holes behind in the valence band. Egtaedons
andresulting holes arso-called charge carriers and arensidered athe main contributors to

electric current

13



Theelectrondransition from the valence band to #t@nductionband can be either direct
or indirect which is @&pending on theosition of both the conduction and valance bands on
semiconductomaterial The band structure of a diremhd indirectband gapsemconductor is
shown in Figure 8. Usually direct band gapsemiconductors are desiralfier photovoltaic
applications such as solar cells, because it is easy to excite electrons directly to the conduction
band without the need of momentum energyherefore, the absorption coefficient of
semiconductor m@erial which strongly affects the performance of the devices is determined by
its electronic structure. For example, semiconductor materials with direct band gaps such as
GaAs and CdTe usually have high absorption coefficients, while those with indaresttgiaps,

like Si, suffer from low absorption coefficients.

phonon emission Conduction

Conduction —E>
E photon phonon absorption
absoption
+ photon
absorption
P fﬁ P =5 E
Valence —E; Valence
Band Band
4
a) Direct band gap structure b) Indirect band gap structure

Figurel-8: An energy band diagram faja direct band gap semiconducsmd b) Anindirect
band gap semiconductf#2].

Semiconductor doping using impurity atoms is usually used to achieve specific

semiconductor properties. These impurity atoms can donate or accept electionyatence
14



band. When doped semiconductors have penalty of holes, they are egjfedgemiconductors.
While, doped semiconductors that have penalty electrons are célpe semiconductors. By
placing two ptype and rtype semiconductors togetherpan junction is formed. If the same
material is used for the-fype and rype of the junction, it is called a homojunction. However, if

dissimilar semiconductors are used, it is called a heterojunction.

1.2.4: The P-N Junction Formation

The pn junction isan important concept thadllows solar cd$ to generate electric
current. When ap-type semiconductor and amtype semiconductor are brought togetheiere is
a very large difference in electraoncentration betweeheseregionswhich causes aiffusion
current of electrons from the-tgpe materialacross thep-n junction into the gype material.
Similarly, the differencen holes concentration causes diffusion currehtoles from the ftype
to the ntype material.Because othis diffusion processthe region close to thp-n junction
becomes almost completely depleted of mobiarge carriers. The gradual depletion of the
charge carrierproducesa space charge created by the chafgie ionized donor and acceptor
atoms that is natccupiedoy the mobile charges any more. This regodithe space charge s&
called thespacecharge regioror depleted regiomnd is shemattally illustrated in Figure -Ba.

The space charge around fia junction producesan internal electric field whicforces
the charge carriers to move in the opposite direaiiche concentration gradienthe diffusion
currents continue to flow until the concentratdiffusion andthe internal electrical fielddrift,
equal toeach otherThis case describes the equilibriun whichno net current flows through

the pn junction.
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Figure1-9: Diagram of a p junction.

Also, in ap-type semiconductor, the Fermi level, which is the energy level that has a 50%
probability of getting occupied by an electron at any temperature, is close to the top of the
valence band while the Ferf@vel of ann-type semiconductor is close to the boitof the
conduction band. Thereforethenthe p-n junction is formed between-nand ptype regions
there is a difference between the Fermi levels of the two sides which led the Fermi levels to be
alignedas it is shown in figure-8b [24].

In solar cellsdesign, sunlights incident on then-type layer which is called the window
layer. This layehas a relatively highand gap compared to photagrsergy ofsunlight.ideally,
all photas shouldpass through the-type layer and are then absorbed in titgpe layer which
has a band gap similar to tiecident photonsThe absorbed hptonsin the absorption layer
generatdree charge carriers, electrehele pairswhich areresponsiblego produce an electric
current.The electric field in the depletion regidniveselectrons to the-typelayerand holes to
the ptype layer. Thesecharge carriersire then collected in the terminalstbé front and back

contactsof the device resultingn an electric current

16



1.2.5: The ShockleyQueisser Limit
The theoretical limit fosinglejunction solar cells is usually referrealas the ShockleQueisser
(SQ) limit. In principle and as it discussed in Figure6lonly incident photons with energy
higherthan theband gap energy of the absorli@yer can excite charge carriers argknerate
electronhole pairs. And since he electrons tend téll energy levels at the bottom of the
conductionband and the hold8l energy levels ahetop ofthe valence &nd. Therefore, if there
is extra energy that the electrtwole pairs receivérom the photons, it is eventualigleased as
heat into the semiconductor in the thermalisation pro€@ssthe other hand, incident photons
with energy lower than the band gapergy of the semiconductabsorber are not absorbed and
cannotparticipate irelectronrhole pair® g e n .eThegeforietbeasephotons are not involved in
the energy conversion proce#s a resultthe excesgnergy of photons, larger than the band
gapand te nonabsorption of photons carrying less enetfggn the semiconductor band gage
consideredn S-Q limit together with the radiative recombinatidherefore, SQ limit gives a
maximum efficiency of 33.7% of a singlempjunction using aemiconductor material with 1.4
eV band gap and AM1.5 solar spectrum.
In Figure 110, he values of power conversion efficiency as function of band gapel@ral
important solar cell matials are shown. The ultimag#ficiency is determined by the abpton
edge and thermalization of excited electrons. The noreifialency, which is always lower than
the ultimate effieency, is a result of radiativecombination otlectrons and hole¥he detailed
balance limit of efficiency is &undamental limit ér the conditiongonsideredy Shockley and

Queisser.
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Figure1-10: Efficiency limit of solar cells for AM1.5 solar radiatiogfficiency limit as
determined by detailed balandéde solar radiation is apgximated by blackbody radiation at
5800 K[24].

Some design rules can be usedllow for pasing the ShockleyQueissetimit, such as
usemore than one semiconductomaterialwith more than one band gab, oftexferredto asa

multi-junctions or tandem cells, teducetheamountof excessenergy

Other losses such aurface reflectionnonideal blackbody solar cells and Auger and SRH

recombinatiorcanalso limit the produabn of the solar cells.

1.2.6: Solar Cells Parameters

It is known that a solar cell can be modeledalgurrent source connected in parallel with
a pn junctiondiode Figure 111 shows aypical solar cellconsisting ofinternal parasitichunt
resistancey andseries resistanc¥
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Figurel-11: A solar cell circuit with series and shunting resistafi22k

The performance of solar cells is characterized fdymeasurements, whids shownin
Figure 112 for atypical solar cell under illumination. The importaparameters are thehort

circuit current (O ), opencircuit voltage (w , fill factor (FF), and energy conversion

efficiency(d).

maximum

W /_ power point

Cell Current (A)

0.0
Cell Voltage (V) VO c

Figurel-12: A typical currenitvoltage characteristic curve under illuminat{@2].

In the dark, he solar celbehaves as a diod#th a current:
19



O Oexp(——— p] — (1-7)

whereOis reverse saturation currende is the diode factor.

Under the illumination, the net current is given by:
=0 '0="0 O[exp(—— p] —— (1-8)

whereO is the photegenerated current

The shorcircuit current( O ) is the current that flows through the external circuit when
the electrodes of the solar cell are short circuited. It depends on the photon flux density incident
on the solar cell, which is determined by the incident light spectrum. Typically, the global
standrd spectrum is the 1.5 AM spectrum.

The “O is corresponddto the current & = 0, and given by:

0 =0 dexp(—— p] — (1-9)
Usually, the shorcircuit current density is used to describe the maximum current delivered
by a solar cell in order to remove the dependence of the solar cell area.

The maximum current that the solar cell cgenerate isstrongly depeds on the optical

properties othe solarcell, such as absorpti@nd reflection parameters.

Next parameter ishe opercircuit voltagew which is consideredvhen no current is

flowing through the celll=0, and it can be given by:

20



W =— In(—+1) (1-10)

It is obvious from this equation that th@ depends on the saturation current of the solar cell
and the photo generated current. Typically, the saturation cui@ndepends on the
recombination in the solar cell. Thereforey is strongly depends on the amount of
recombination in solar cedlevice.

Another parameter is the fill factor (FF), whiishgiven by dividing the maximum power

0  over the theoretical power outplit :

FF=—= (1-11)

The conversion efficiency igiven bythe ratio of theoutputelectricalpowerd , to the

input power)

q=—-= (1-12)

Furthermore, e shunt resistance resulted from thedefectsof the crystal structure
which provide alternative paths for the currémtflow. The series resistance ¢ausedby the
semiconductemetalcontacts at botklectrodeswhich contain a resistivity for the current flow.
Ideally and for high solar cells performance, it is required to make the shunt resistance as big as
possible, infinity, to reduce a lockage current, and the series resistance as small a&s gessibl

to collect more current. The effect of series and shtesce is shown inigure 113
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Figure1-13: Effect of seriesesistance aRs,Y D )(a) and shunt resistance Rt£0) (b)on the
current voltage characteristic of a solar c&P].

1.2.7: Charge Carrier Recombination

Another important concept in solar cells is the charge carrier recombination, which is
crucial to solar cell performance. A nequilibrium state is created due to the generatibn
charge carriers and therefore recombination processes seek to reach equilibrium. When a photon
is absorbed and an electrbale pair is generated, they have to be swept across the junction
before they recombine. Moreover, there are several mechanfshsate responsible for
recombinatiorwhich can be shown in Figureld. One recombination process is called Auger
recombination in which the energy released during recombination is given to another carrier and
then released as a phonon mode. Phonon nmenkes a lattice vibration and is nothing different
than heat. Therefore, Auger recombination becomes dominant in photovoltaic materials with
high densities of charge carriers, like in highly doped Si. Another recombination process is
radioactive recombinetn or bandto-band recombination which is the reverse process of optical

generation where electrons drop from the conduction band to the valence band and emit photons.
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Also, recombination can occur through traps (defects) with energies located in theghartis
is called ShockleyrReadHall (SRH) recombination. The electron is trapped until a mobile hole

finds the electron and both charge carriers recombine.

excited electron
P loses energy fo
L ]

_|—| phonons

EC » " - .
J ! pmnms
_.f’“ur' -
[ midgap trap photon
Ey = = O
Single Ievel trap Radiative Auger
J excited hole loses
¥~ energy to phonons

Figurel-14: Recombindbn processes in senoicductorg22].

The minority charge carrier lifetimg is dependent on the defect density on the
following expression
t =0 (1-13)

And the open circuit voltage can by written as:

y 2kT| Gf”o
oc q n

i

(1-19
Where G is the generation rate, arid is the intrinsic densty of the chargecarriersof the

semiconductomaterial
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Therefore, it is obvious th#he largerthe defectdensity,the shorterthelife time of the minority
of chargecarrierandthe smallerthe opencircuit voltage.Defectscanbe locatedin the bulk of
the semiconductomaterials,and also caibe presentat the interfacesbetweenmaterialsor the
metallic contactsusedin the solar cell. Recombinationmechanisms in CdTe solar cells are

typically dominated by SRH recombinati{#b, 26]

1.3: Basics of Thin Film Solar Cells
1.3.1: Thin Film Properties

Silicon hasbeen widely used for solar cellmanufacturing However, it has some
disadvantagg such as itsndirectband gap which makes tldsorptioncoefficient near its band
edge is low. Therefore, a fhirthick substrate is required. Usualljzet minimum thickness to
obtain reasonable absorption and mechanical strength iSE@2 mm which is one of the
reasons for high material and manufacturing cost. On the other handiréct semiconductors
often have absorption coefficient one or two ordefsmagnitude higher than silicoas it is
shown in Tabld-1[22].

Table1-1: Properties of common solar celbberials.

Material Ge CulnSes Si Gals CdTe
Tyvpe Indirect  Direct Indirect  Direct Direct
Band gap (eV) 0.67 1.04 1.11 1.43 1.49
Absorption edge (pm) 1.85 1.19 1.12 0.87 0.53

Absorption coef. (em™!) 5.0x10* 1.0x10° 1.0x10° 1.5x10* 3.0x10*

For those materials, with direct band gaghickness of &w micrometerss enough to

absorb most of incident lighin additionto a high absorption coefficient near the bang, glaere
24



are manyother factors which determine the practicality of making a solar, sekth as
fabrication methods, life time, availability and stabilityowadays, there arenly two such
materials besidessilicon have reached the status of mass prasluctThese materials are
cadmium telluride (CdTe) and copper indigallium diselenade, Cu(InGe)$Sewnhich often
called CIGSBoth of them have a direct band gapd high absorption coefficient, and therefore

they are very desirable for thin film applicais.

1.3.2: CdTe-Thin Film Solar Cells
In this section we will discuss the tHithm cadmium telluride(CdTe) technologyvhich
is one ofthe low costmaterials for photovoltaic application®ver the past several decades,
CdTe thin-film technology hasgrown significantly. Figure 15 shows recordof solar cell
efficienciesof CdTeand other leading dar cell technologies since tie9 7[Q7¢. $he record
conversion efficiency of lascale solar CdTeolar cells which was obtained by GE Global

Research in 2013 19.6% and recently 21% by First SdIa8].
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Figurel-15: Record solar cell efficiencies over the past 40 yg&ifk

CdTeis an II-VI semiconductor because it consists of thgalence electron element
cadmium (Cd) and the Walence electron element tellurium (T&helattice structureof CdTe
formsis azinc-blende where every Cd atom is bondedour Te atoms and vice var§he band
gap of CdTe is ~1.5 eV, which is magtithe optimalsolar spectrum rangé hasa direct band
gap, consequently onlg small thicknessof CdTeis required to absorb athe photons with
energy higher than the band gapergy These propertiesogether with its high absorption
coefficient ofp T p T cm* makeit very desirable material for thin film technologdmnother
advantageof CdTe is its compatidity with nitype CdS, which isa widebandgap

semiconductor(~ 2.4 um) for which it is a gad transparent to the bulk of solar radiation
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