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Abstract

Abstract

The work presented inhis thesis aims to reduce cost per capita and increase the
convesion efficiency of CdS/CdTased solar cells using multilayer graded bandgap
configuratiors. To effect economic viability, eleaplating technique was utilises the
low-costsemiconductor deposition techniq@dSand CdTe arehe primary materials
grown and explored in this thesiBheselayerswere characterisedor their structural,
morphological, compositional, optical, and electrical properigsg X-ray diffraction
Raman spectroscopy, scanning electron microscopgergydispersive Xray
spectroscopyUV-Vis spectroscopyphotoelectrochemicatell measuement, current
voltage and capacitanamltage measuremetgchniques.

The precursor (thioureailtilisedin the deposition of CdS sols¢éhe problem okulphur
precipitationduring electroplatingVery few publicatiors with explicit exploratioron
this subjet areavailablein the literature. Further to this, tingrate and chloriddasel
CdTe precursarexplored is an alternative to tealphatebased norm as reported in the
literature.The effect ofextrinsicdoping of CdTe incorporating F, Cl, | and @asalso
systematically explored to improve both the material and electronic properties of CdTe.
Doping of CdTe during growttwas studiedby adding the above dopants to the
electrolyte. The inclusion of F and Ga into the regular Cd@bstgrowth treatment
(PGT) and the effect of piere also exploredith improved results as compared to the
regular CdG}-PGT. The inclusion of Ga into the regular Cd@ostgrowth treatment
(PGT) and the effect of piere also exploredith theimprovedresult as compared to
the regular CdGIPGT.The solar cell device configuratisexploreal includen-n+large
Schottky barrier $B), n-p, n-n-n+SB and n-n-p incorporating CdS/CdTFbase
semiconducta.

Based on all experimental findings as explored within the limit of thigsthié® most
promising of the configurations amired are the glass/[FT@/CdSh-CdTep-CdTe/Au
with thicknesses ofglass/FTO{120 nn) n-CdS(1200 nm n-CdT€(30 nm p-
CdT€(100 nn) Au. The highest conversion efficienes observedfor two separate
batcheswere 15.3% and 18.4%he devices with the 18.4% efficiency showed some
instability and therefore req@rfurther investigationThe glass/FTO"-ZnSh-CdSn-
CdTeAu configuration with thicknessesof glass/FTO/50 nmn-ZnS(65 nm) n-
CdS(1200 nnm n-CdT€(100 nm) Au also show promising resuls with the highest
efficiency achieved being 14.18tving to bandgap grading strengths
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Chapter 1

Chapter 1- Introduction

1.1 Global energy supply and consumption

Energy is aressentiatonstituent of economic growth and development whose demand
increases with a corresponding increase in populdtlpn With global population
increasefrom 1 billion in the 1600¢0 7.5 billion at present (2018nd a projected
increase t®.7 billion by 2050[2], concerns over exhaustion, energy resources supply
difficulties andsubstantiabnvironmental impacts(ch aglepletion of the ozone layer,

global warming, climate changemongst othejshave been raisetbr conventional

energy source$3,4]. The 207 edition of % ULWLVK 3HWUROHX&TV DQ
depicted i@ VKRZV WKDW IRVVLO IXHO KDV GRPLQDWH

consumed with a commandingd5%, ~5% to nuclear power and less than 1@86

renewable energy resourd®$. This trend cannot be sustained without any catastrophic
effect[3,4] with increasing energgemandHence, the requirement for a commensurate
carbonneutralenergy source with energy resource edaalr greaer than the present

day energy demand is\perative

Figurel.1l: BP world energgonsumption chart (20171 Btoe = 11.63 PWh)

1.2 Energy sources
Depending on how long it takes faprimary energy source tbe replenishedenergy
sourcescanbe categorisedseithernonrenewableor renewablgor alternativeenergy

sources.
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1.2.1 Non-renewable energy sources

Nonrenewable energy sources are soutbesare not replenishable withia human
lifetime. Energy sources such as fossil u@grude oil, natural gas, coal and other
petroleum products) andamium (for nuclear energy) falinder norrenewable energy
sourceq6]. Fossil fuelsare generatedrom combustible geological deposits @fanic
materialsformed from decayed animals and plants buried in the §aftbst at high
pressure and temperature over thousands and millions of ydascombustion of
fossil fuel produdt or by-producs releases tremendousamount of greenhouse gases.
Uranium ore which serves as fuel in nuclear @ahte to its radioact® propertyis
classified agionrenewabledue to thé rarity, as itis minedin limited locations around

theglobe.

1.2.2 Renewable energy sources

Renewableor alternativeenergy sources are sourddst are replenishable withia
humanlifetime. Sunlight wind, hydro,oceantide, geothermaheatand bionass are
primary energy sources which fall under this classification due to their infinite nature
and reusability without exhaustion but continue their endless.dydke interesting to
note that most ahe renewable energy resourctiser than geothermal energy and tidal
wave energylepend directly or indirectly on sunlight. With about-d.@°J[7] and an
estimated 187 Wm? irradiancemade available to the eafffsurface through sunlight,
solarenergyemerges by faasthe most abundarexploitable resource. Based on these
facts, research and developmbavebeen deployethto the science and technology of
achieving highsolar energyconversion efficiency and reduction in the cost of
production

1.3 Solar energy

With a masf about 2x18° kg, a diameterof 1.39x18 m, a surfacetemperature of

about ~6000 K and a core temperature of abousxdD’ K, the sunstand as the

primary source of solar energy and tkente of the solar systenfi8]. The energy
generated by the sun is achieved by the constant fusion of hydrogen to hetlen

and the release d significant amount of energyin the form of electromagnetic
radiation and heath a process known d@kethermonucleaproces. Theradiationfrom

the sun reaches the earth &80 sputting into consideration the speed of light
(2.99x10 ms') and the mean distance between the earth and the sun (1.2%6%10

7KH DYHUDJH DPRXQW RI UDGLDWLRQ PHDVXUMG DW W
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2 while just~1367 Wm? UHDFKHV WKH H D[9WGUf b tRisSVFAR biStkeH U H
radiation reacheshé earth surfaceith enough energin one hourto cater for global
energy utility in a yeaf7,10]. The remaining radiatiois accountedor by thereflection

of the incident radiation backito space and the absorption of the radiation by the
atmosphere which is valued at about 30% and 19% respecfi/Elyas shown in

Figure 1.2[ The high attenuationof the solar radiation as it reaches the earth as

compared to the radiation on the surface of the surbeaitributedo the effect of air

mass (AM).

Figure1.2: Global modification of incoming solar radiation by atmospheric and sl

processeqAdapted fromRef.[11])

1.4 Air mass coefficients
Air mass (AM) is ameasure of how sunlight praDWHV WKURXJK WKt

atmospherelt can alsde definedas the shortest path through the atmosphere that sun

rays pass through before reaching the surface of the earth. Air mass accounts for the
attenuatiooof WKH UDGLDWLRQ PHDVXUHG DW WKHKurgdXaD 1V V X
W KH HD U W K ¥ttevivatibhid Bue to absorn, reflection and scatterirgaused

by the ozone layer (6), water molecules, carbon dioxide (Cg), dust and cloudss
sunlightpassthroughthe atmospherf®,12]. Furthermore,le density of the atmosphere

and the path length of tiseinlightimpacs the attenuation of the radiation.

$LU PDVV JHUR $0 UHIHUV WR WKH VWDQGDUG VSHF\)
the solar irradiance in space. The power density of Ad/@Galuedat 137 Wm™ [9].
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This valueis usedfor the characterizatiorof solar cells used in outer spagddi1.0 is
usedlRU WURSLFDO UHJLRQV RQ HDUWK VXUIDFH ZKHUL}
zenith point. The incident power per aisavaluedat 1040 Wrif [9]. AM1.5 valued at

1000 Wn¥* or 100mWcemi?[9] defines the power density of the incident solar radiation
reaching the eartfisurface known as Insolatiomhis value isused bythe PV industry

as Standard Test Condition (STC) for terrestrial solar pahelsicterizations

1.5 Energy distribution of the solar spectrum

As the solar radiation emanating from the surface of the sun reaches the atmosphere, its
intensity and spectral ofiguration changes due to attenuation. The spectral
configuration known as the solar spectrum reaching the earth surface spans across the
ZDY HOHQJW KV spectrddgioNKnauddtly: ultravioletUV), visible (Vis), and
infrared(IR) as shown ifFigure1.3([13]. The ultravioletregionis approximately 5% of

the total irradiation witha wavelength<400 nm, the visibleregion lies within the
wavelength range 380 and 78Pnm, and it is appoximately 43% of the irradiance
While the infrared regiorhas a wavelength>780 nm andit is about 52% of the

irradiance distribution.

Figure1.3: The solar spectrum showing the spedimadiance as a function of pho
ZDYHOHQJWK DW RXWHU (DUWKfV DWPRVSKHUF
(AMO) and at the sea level (AM1.5Adopted from Ref[13])

Based on requirements, solar energy technology has grown to focus on different spectra
regions. The solar theal technology is inclined to harness energy from the infrared
region in the form of heatwhile the solar photovoltaic (PV) and concentrated solar
power (CSP) harnesses energy from both the visible and the ultrapeldtaregions.
- Pages
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However,recent development in PV has showe gossibility of harnessing energy
from the UV, Vis and IR regiond4,15] In the research work presented in this thesis
emphasis will be laid on photovoltaic sokmergy conversion technology usingMi

semiconductor materials

1.6 Photovoltaic solar energy conversion

Phdovoltac (PV) energy conversion technology referred to the direct conveasion
solar energydlectromagnetic radiatiofrom the sun) into electricitylhe technology
entails the generation of electrical power by converting solar radiation into a flow of
electrons in the form of direct current (DCIPhotons from solar radiation excite the
electronsn a photovoltaic device into a higher state of energy, allowing them to act as
charge carriersThe technology requires the use of suitable semiconductor msiterial
with photovoltaic propertythe formation ofa depletion region from whiclkelectron

hole (eh) pairs are creatie- provided photos with energy level higher than the
bandgapare introduced, eitient separation of charge carriers before recombination,

and transportation of the charge carrier throagkxternal circui{16]. For an excellent

PV conversion it is imperative that all thestated requiremesitare met|Figure 1.4

shows the schematic representationtld PV effect usinga simple p-n junction

configuration.

The absorber material utilised in PV cells fabricatwacategorised under first, second
and third generation (next generation) solar cells. The first generation solar cells include
monocrystalline silicon (mon&i) and polycrystalline silicon (pol$i) based solar cells
[17]. The first generation solar cells are the most established of all the solar cell
categories. Thegre known for high material usage (bulk materials) higth fabrication

cost. The second generation solar cells incorporate thin film technology with reduced
material usage, material/fabrication cost and they are scalable. Examples safctmel
generation solar cells include amorphous silico®ijacadmium telluride (CdTd)L8] and
copper indium galliumdiselenide(CIGS) [16,19] The third generation solar cel&e
characterisedby thinner films, lowfabrication temperatures, and lower cost. Tteydto
overcome the ShocklefQueisser limit of power efficiency for single bandgap solar cells
[20 24].
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Figurel.4: Schematic diagram of a simplengunction showing photon absorption,

h creation. éh senaration and the effeechecollection throuah the external circuit.

With such high economic potentiabm both the second and thigeneratiorsolar cells Si-
based (first generatiomellsstill hold thehighestPV efficiencyfor terrestrialsolar module

[25] andthe most significabhmarket share due to ieell-establishedechnology

1.6.1 Operating configuration of photovoltaic solar cells
According tothe literaturg26 28], thetwo primary configuratiors of a thin film solar

cell arethe substrateand superstratalevice configurationsThe classificatiordepend

on the sequence in which the layers are depositefF{ges1.5).

Figure 1.5: Schematic crossection of substrate and superstrate configurations of
Botrsalanfigligations are capable of generating higfoton to electron conversion
efficiency[24,2982]. A similar feature to botleconfigurationss thatphotons entethe

solar cell deviceshroughthe front contactandthe window layerBut distinctively, in
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the superstrate configuration phasgrass througlhe glassbefore reaching the window
layer/absorber laygunction This is unlike the substrate configuration wheykotons
are directly admittedo the window layer/absorber layer junctisithout anyapparent

or significant obstructionasides the shading of the cells by the front contdtts
therefore crucial that the top transparent conducting oxide and wfiised in the
superstrate configuration musitfi [l several stringent requirements, including low sheet
resistance, tempature durability,excellentchemical stability,excellentadhesion and

high optical transmission in the spectrum of interest.

The solar cell device fabricatiomork done during this program as reported in this

thesisuse thesuperstrate configuratioihis is due to the followingeasos:

i.  Thesemiconductodeposition technique utilised:conducting substrate such as
fluorine doped tin oxide (FTO)s requiredas the electrode on whiclthe

semiconductor is depositeding theelectroplating techniquésee Sectiqa.6).

ii. The metal backcontact as required in substrate configuration has a high
tendencyof dissohing in the acidic aqueous electrolyteaherebyreaulting in
contamination/dopingf the electrolyteand alteration of deposited material
properties

iii.  The @admium telluride (CdTe) absorber lagetilised in this work have been
known to have higher pinhole density when grown directly on transparent
conducting oxide (TCO) such &3O as compared to CdTe grown cadmium

sulphide (CdS) with minimurpin-holeformation

1.7 Photon energy
Solar radiation comprises of elementary particles known as phdtopisoton canbe
describedas adiscrete bundle (or quantum) of electromagnetic (or light) enegkxgy.

photon ischaracterizeceither by its wavelength X or by its equivalenenergy(E).

Photon energyH) canbe relatedo its frequency by thEquationl.1l|anqEquationl.2

Equationl.1
whereE (J) is the photon energig,isthe PDQNTYV FRQVWDQW2JIs¥isQ DV
the frequency measured hertz (Hz),c is thespeed of light given as 2.998% ms*
and LV WKH ZDYHOHQJWK
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Equationl.2

The relationship expressed|Bguationl.2|shows that light having low energy photons

(such as "red" light) has a long wavelength while light having high energy photons
(such as "blue" light) haveshortwavelength.

Evaluation ofthe numerator expressior{liguationl.2|gives hc = 1.99x.0%° Jm With

the appropriate unit conversidm; can alsde writtenas:

)XUWKHU WR FRQYHUW WKH XQLW WR QP WKH XQLWYV

ThereforgfEquationl.2|can be rewritten as:

Equationl.3

1.8 Photovoltaic timeline and state of the art

The photovoltaic effect was firstbservedn 1839 by Alexandr&admond Becquerain
semiconductor materialOther groups such as Daryl Chapmh al from the Bell
laboratoresin 1954, Hoffman Electronics Corporationif6Q etc. have all contributed

to the development of PV solar tectoy. The increase in research and development

in alternative energy generation technology was primarily due to the oil crisis in the
1970s.The importance of solar energy cannot be over emphasized, as its importance
was been lauded in a scientific artiakefar back as 1911 with a catching captiinich
reads,"in the far distant future, nattb O I XHOV KDYLQJ EHHQ HWIDXVWH
remain as the only means of existence of the humah fa8g At present, the need for
high-efficiency PV systers and reduction in the $/Watt cost is highly essential for the

Z R U GeGetigrowing population and demand for energy to achieve sustainability.

Towards achievingthis task a few of the landmarksby researchers and industries

within the PV community arbeing capturéin|Tablel.]
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Tablel.1: Timeline of photovoltaic solar energgchnology[16].

Year
1839
1883

1916
1918

1923

1954
1959

1960

1970s

1980s

1990s

2000s

2013

2014

2015

2016

Events

Discovery of PV by Edmund Becquerel when he was 19 years old.
Charles Fritts developed thiest solar cell using elemental selenium as
light absorbing material.

RobertMillikan experimentdly provedphotoelectric effect.
JanCzochralski developed a methodwhich single crystal silicorcan be
grown.

Albert Einstein won the Nobel Prize for explaining the phalaxtric
effect.

4.5% efficient silicon solar cells were produced at Bddbratory.

Hoffman Electronics producetD% efficient silicon cells and was launch
with PV array of 9600 cells.

Hoffman Electronics produce1% efficient silicon solar cells.

The first oil crisis gave a kicktart to search for lowcost alternative
systems for terrestrial energy conversion, accelerating PV res
activities.

Thin film CdTe and CulnGa%€CIGS) solar cells were introduced into t
mainstream of PV research.

‘\H 6HQVLWLVHG 6RODU &HBROD U6 && O®U Z1L
Organic solar cells were introduced to the PV field.

First Solar produced 16% efficiency for small area solar cell using Tt
Film CdTe.

First Solar produced 20% efficiency for small area solar cell ugiiThin
Film CdTe.

First Solar produced 21% efficiency for small area solar cell using Tt
Film CdTe.

First Solar produced221 % efficiency for small area solar cell using Tt
Film CdTe.

Other notable solar cell efficiencidescumented in the literatuneclude Si (crystalline)

at 25.7%,gallium indium phosphideGalnB at 21.4%,copper indium gallium di
selenide CIGYS) thin-film at 22.6%,copper zinc tin sulphide seleniu@zZTSS) thin-
film at 12.6% copper zinc tin sulfid¢CZTY) thin-film at 11.0% perovskitethin-film at
22.1% and organithin-film at 12.19434].

1.9 Research ams andobjectives

The motivation for the work reported in this thesi®asedon previousy proposed and
experimentedmodel by Dharmadasa in 200215,35], with a record conversion

efficiency of 18% forthe CdTebasedsolar cellat the time The man featureof the
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ZRUN UHSRUWHG E\ 'KWbdd the GrEhetBrfjivhctiodRaxg8 Schottky
barrier configuration. The present work aims to incorposasemilar architecture and
improve the conversion efficiency usiggadedbandgapdevice structures arldw-cost
electroplated ED) semiconductor materials from aqueous solidine semiconductor
materials explored in this thesis includdSand CdTewhile the effect of irsitu doping

of CdTe with CI, F, | and Gawas also investigaed and reported[36 #1]. The
exploration of the semiconductor material involves thenoigtition of the material
layers through the study of their structural, compositional, optical, morphological, and
electrical properties using available facilities in the Material and Engineering Research
Institute at Sheffield Hallam UniversityERI-SHU). Other semiconductomaterias

such asZnS andZnTe were outsourceétom other scholars within the research group
The effect of posgrowth treatment (PGT) using CdCl CdCh+CdF, and
CdChL+Ga(SOy)3 treatmenton the structural, optical, morphological propertiesheaf
electrodepositethyers and device performans®f the fabricated solar cells weaéso
explored and reportejd2 #4]. In this research program, both tineestigaed and the
outsourced semiconductor layers were incorporated into different giaaledgap

configurations and reportgd2,24]
The distinct feature of this search work includes

i.  The use of thiourea (SC(NMH) asthesulphur (S) precursdor electrodeposited
CdSto prevent sulphur precipitation the electrolytic batH{36].
ii.  The use of cadmium nitrate (Cd(NJ)) as a precursor for CdTeue to the
scarce literature ithe electrodeposition PV field.
iii.  Incorporating GaGlinto the wellestablished Cd@lpostgrowthtreatment42 +
44], in-situ doping of CdTe imnaqueous electrolytic baf6 #1].
iv.  Theexplaation of glass/FT@-CdSh-CdTep-CdTe/Auconfiguration[24].

Figure 1.6/ shows the otline of the work reported in thithesis but the research

objectives are as follosy

i.  Growth and optimisation of electrodeposited semiconductor mate@diSand
CdTe) from aqueous electrolytic batlsing 2electrode configuration.

ii.  Obtaining suitable deposition voltagenge for the semiconductor layer
depositionfrom cyclic voltamnetric data
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™ Optimisationandstudyof layersare performedthroughthe study of the
structural, compositional, morpholaical, optical, and electrical
properties of th&eD-CdS and EDCdTe layers using-ray diffraction
(XRD), Raman spectroscopy, Scanning electron microscopy (SEM),
UV-Vis spectroscopy, Photoelectrochemical (PEC) cafid Solar
simulating systemAll the itemised equipment aravailable in Material
and Engineering Research Institute at Sheffield Hallam University
(SHU).

lii.  Doping and study dhe effect ofin-situ doping of CdTevith Cl, F, | and Ga

iv.  Study of the effect of posgrowth treatment (PGT) usin@dCh, CdCL+CdFR,
and CdC}+Ga(SQy); treatment on the structural, optical, morphological
properties and device performance of the fabricated solar cells.

v. Fabricationof solar cell device incorporating the basiglass/FTOA-CdSh-
CdTe heterojunctiorlarge Scbttky barrier(SB) at n-CdTe/metal interfacand
other  configurations including glass/FTaZdSh-CdTep-CdTe/Au,
glass/FTOA-ZnSh-CdSh-CdTe/Au, and glass/FT@®ZnSh-CdSh-CdTep-
CdTe/Au were explored

vi.  Assessment of the efficiency of the fabricated thim solar cells using current
voltage (}V) measurement and developing these devices by optimisation of all
processing steps to achieve highest possible efficiddeyice parameters were

also assessed usingpacitancevoltage(C-V) measurements

1.10 Conclusions

This chapter presented in brief, the increasing demand for energy and the significance of
renewable energy sources as well as the detrimental effect of conventional (non
renewable) energy sources. Amongst renewable energy sources, théyeonbsular
energy, itsorigin and influence of air mass (AM) on the sotrergywere discussd

The technology for harvesting solar energy vethphasion photovoltaicsolar cell and

its timeline was also iterated. The last section of this chapter gssthe aims and

objectives of this research program.
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Figurel.6: Outline of the work reported in thikesis.
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Chapter 2 Photovoltaic solar cell&Materials, Concepts and Devices

Chapter 2- Photovoltaic solar cells tMaterial s, Conceptsand Devices

2.1 Introduction

This chaptefocuses on the review dlie literatureandthe science background sélar
energy materials and solar celld€lvariousclassificationsof solid state materials and
the physics of junctions and interfaces in solar devisdls be discussed The main
categorief solar cellswill be presengd in brief coupled witha general overview of

nextgeneratiorsolar cells.

2.2 Solid state materials

The pominent property peculiar tdhe classificationof solid state materialss their
bandgap(Ey) as determined bthe interatomic interaction resulting int@lenceband
(Ev) and conduction bandef) energy stateas definedoy the Bandtheory[45]. Unlike
the % R K U T VofAfIGtétd@tomsvhich exhibit discrete energy level(or shellsand
their electron configuration is determined by atomic numkdé6], the Band theory
defines the interaction betweenultiple atoms in which the discrete energy shells
broadeninto energy bandsThe outermost shellsf the atoms (with their various
subshells)which aremore loosely bound teespectivenuclei merge toform more
available energy levels where the electrons can mabeait Increasan the number of
atomsleads to the formation of discrete energy bands with energy levels thaecan
occupiedby electronsseparated by gaps in which there can be no elecfftvesase at
which electrons can move betwebandsunder the nfluence ofexcitationenergyis

determinedy theband gapbetween thdands

Figure2.1{(a),|Figure2.1|(b) andFigure2.1|(c) shows the schematic band diagrams of a

conductor,semiconductqrand an insulatr respectivelyThe conduction bandCB) is
the electronempty energy bandndE; is the lowest level o€B while thevalence band
(VB) is the allowed energy band thaffilled with electronsat 0 K[45,47]and the top of

the VB is labdled E,. For conductorgFigure2.1{(a)) such as metalshe CB overlaps

with the VB which is partially filled with electrons Due to the overlapnd the partially
filled band withelectronselectrors movefreely andrequire no external excitation be
promotedto theE. [45]. Thereforethe materiapossesseligh conductivityattributable

to the presence of conduction electrons contributing to current flow
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For both semiconductors and insulatas respectively shown

Figure2.1

Rigure 2.1

(b) and

(c), their conductiorbands are empty of electrons, valence bardsfilled

with electronsand there exista gap in between thel, andE; at 0 K[45,47] Due to

the small energy gap in between teand E, for semiconductors, an introduction of

external excitation energy such as photons or thermal agitation at room temperature can

promoteelectrors from theE, to theE; leaving behind some unoccupied states known

as holes. But for insulators, thandgap are large, making it difficult for electrsrio

be promotedrom theE, to E.. Therefore, theivB s arefull of electronsandCB s are

emptyresulting inlow electricalconductivity.

Figure2.1: Energy band diagrams of (a) a conductor (b) a semiconductor and

insulator

Further to the classification of solid state mateai@ording to the energy bandgég)(

WKH HOHFWULFDO FRQGXFV\MIJ'MM{\Z.B,48](Sﬁ'[HBIéQHUW\ FDQ D

Table2.1: Summary of main properties of different classesabid statematerials

Parameter Electrical
conductors
Electrical conductivity
1 Y FR 6 10°-10°

2.2.1 Semiconductor materialsand their classification

Bandgap E(eV) ”

Semiconductors

~10-10°®

~0.3+4.0

Electrical
insulators

~10%-10%°

>4.0

Semiconductor materials are usualylid-statechemical elemestor compound with

properties lying in between that of a conductor and an insy#athrAs shown irliTabIe

21

they are often identified based on their electrical conductivityiidbandgapEg)
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within the range of ~(16to 10°® FP and ~(0.3to 4.0) eV respectively16].
Furthermore, semiconductor matds can also be classified based their band
alignment, elementadlompositionand dopant incorporation as respectively discussed in
Sectiong2.2.1.1t0]2.2.1.3

2.2.1.1 Classification based orband symmetry

Classification of semiconductors cha basean thealignmentof electronmomentum
(p) of the minimum energy difference between the bottom of the conductionHand
and the top of the valence baBd|Figure2.2|(a) anTFigureZ.Z (b) showthe schematic

diagrams of energgnomentum E-k) plots for the direct and indirect bandgap

semiconductorespectively.

Figure2.2: Schemati@lot of E-k for (a) direct bandgap semiconductor and (b) indit

bandgap semiconductor.

Classically,the force on each charge carrieem’a, (wherem is theeffective mas®f
electron or hole involved ithe transition a is the acceleratioandyv is the velocity.

The momentunwvector k of a charge carriecan beapproximatd from the kinetic

energyE of thecharge carrieasdefined ir[EquationZ.l

Equation2.1
where Equation2.2

ThereforgEquation2.1|{canbe rewritteragEquation2.3
Equation2.3
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or|[Equation2.4{[47,49] as redefined by de Broglie, whaveH T X x,08\s the reduced

30DQN TV defiv€@\ayv D Q ¥ndk is the wavevectorwhich equals ().

Equation2.4

For direct bandgap semiconductdosth the conduction bandhinimaand the valence
bandmaximaoccur at the samerystalmomentum This implies that an electron at the

top of the valence band can move to the bottom of the conduction band if it possesses
sufficient energy, withoutany change inits momentum vectof47,49] Thus, an
energizecklectron moves with a singéfectivemass ') along the symmetry axiand
thereby momentum is conservesemiconducta in this category includ&nS, CdS,
CdTe,etc. Contrarily, the conduction band minima and the valence band maxima occur
at different crystal momentusfor indirect bandgap semiconductor magds. This is
consequential ta change in thenomentumof the energizedelectron moving from the

top of the véence band to the bottom of the conduction baRudus, the involved

energizecelectron will have two effective masses andm which will respectivelybe

longitudinal and transverseith respectto the symmetry axisas shown ifFigure 2.2

(b). Phonons (a quantum of lattice vibration) which fundamentally possggsificant
amount of momentum and relatively low energy make up for the difference in
momentumin indirect bandgagemiconductof47,49] This participation of phonoris
necessitatedor the conservation of botenergyand momentunfor a fundamental
transition electron te effectedSemiconductas in this categorynclude Ge, Si,GaP,

etc

2.2.1.2 Classification based on lkemental composition

As documented in the literatursemiconductor materialsitilized in photovoltaic
applicationsare mostly crystalline inorganic solids which leetweengroups | and VI
within the periodic table[16]. Based on elemental compositiosemiconductor
materiab can be classifiedas elemental, binary, ternary or quaternary semiconductor
(segTable2.2).

Elemental semiconductors consist of a single element in group IMypittal examples
including C,Si, and Ge. Other compound semiconductor materials such as the binary
(l-V and IFVI), ternary and quaternary semiconductarsproducedwhen two, three

or four elements chemically react with one another respectively. In this research work,
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all the semicoductor materiad grown and exploredelong to the binary (HVI)

semiconductor group.

Table 2.2: Summary of semiconductor elements and compounds available for us

photovoltaic applications.

Semiconductofamily Examples of Semiconductors

Elemental semiconductors C, Si, Ge

[II-V semiconductors AIN, AIP, AlAs, AISb, GaN, GaP, GaAs, GaSb, In
InP, InAs, InSb

[I-VI semiconductors ZnS, ZnSe, ZnTe, ZnO, CdS, CdSe, CdTe, CdO

Ternary compound CulnSe (CIS), CdMn(1.xTe (CMT), CdHguxTe,

semiconductors AlLGa1-9AS

Quaternary compound CulnGaSe (CIGS), AgInGaSSg CwZnSnSSg
semiconductors (CZTS)

2.2.1.3 Classification based on dpants
Further to theclassificationof semiconduct@based on band symmetry and elemental

compositionas discussed in Sectiolli’sz.l.l to|2.2.1.2 semiconducta can also be

classified basedn incorporated impuritiegntrinsic and extrinsic semiconductoRure

or undoped semiconductor materials without any significant incorporation of dxterna
dopant speciearereferredto asintrinsic or i-type semiconducta [49]. For example,

an elementalsemiconductor material such as silicon (Si) has four valence elgeatron

its outermostshell which areutilised in the formation ofcovalentbonds with other Si

atoms as shown |Rigure 2.3|(a). Therefore, there are no free electronpure Sito

partake in the flow o&lectriccurrent.This resuls in reduced conductivitat absolute
zerotemperature. Butith excitation energy equal or higher than the bandgap of the
semiconductqrthe only charge carriers are the electrpremoted tothe E; and the
holes in thek, that arise due to excitation of electrons to EgeEvenin this state, the

number ofelectronan the E; and the holes in th&, are equalFor i-type semiconductor

materials, the Fermi level is locatedthe middle of thdandgams shown ifFigure2.3
(d). The Fermi level defines the highest energy statkin the bandgap thdtas a 50%

probability of beingoccupied by electrons in a semiconductor materiadrgt given

time atabsolute zero temperatuieshouldbe notedhatthe electrical conductiotype

of compound semiconductor materials as discussed in Sgzibh.2 can either be
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dominated byintrinsic doping(basedon the percentage composition of the elemental

constituent$24]) or by intrinsic defect(resuling from Fermi levelpinning[50]).

Figure 2.3: Schematic diagram of (a) intrinsic (b)-dpped and (c)n-doped
semiconductor materials bonds. The band diagram of (d) intrinsicdejped and (f)

n-doped semiconductor materials.

Extrinsic semiconductors are referred to as impure semiconductors due to the
incorporation ofexternaldopant elemels). The process osystem of incorporating
suitableimpurity into an intrinsic semiconductor in parts per million (ppm) lasel
referred to as dopingDepending on théncluded impurity, an extrinsic semiconductor
can either be g-type or ann-type semiconductorlt should be noted thathe
conductivity typeof a semiconductor materia p-type providedholes are the majority
carriersdue to the inclusion of dopanfrom a group with lower valence electrsn
(acceptor impurity) And the conductivity type is-type provided electrons are the
majority carriers due to the inclusion of dopafrom a group with higher valence
electron(donor impurity). As shown irjFigure 2.3|(b) andFigure 2.3|(c), doping Si
which is a group IV element with a group Ill or gpoW element will resuleitherin a

p- or n- conductivitytype due to the incorporation axcessholes or excess electr@n

respectively{49]. Therefore, the Fermi level fahe p-type materialis positionedclose

to E, (segFigure 2.3|(d)) and that of then-type materialss positionectowardsE, (see
Figure 2.3| (e)). In addition to the effect of dopants on the conductivity typeaof

semiconductor, defects are also one of the principal factors which determine the Fermi

level pinning position in the semiconductor matefidd!,52].
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2.3 Junctions and interfaces in solar cell devices

Solar cell fabrication involves the foation of junctions betweertwo or mae
semiconductors or between semiconductors iagdlators omrmetalswhen brought in
closecontact withone amther As documented in the literaturégtnature othe contact

or junction formedis significant tothe strength of the electric field, chargarrier
creationandseparationpinning of the Fermi level and the formation of either an Ohmic
or a rectifying (Schottky) contact. Ehsection focuses on the types ofthe junction

formed, their properties anbeir applicability in solar cells.

2.3.1 Homojunction and hetergunction

Junction formation insemiconduct@ can either be between layers of similar
semiconductor materials known as homojunction or between dissimilar semiconductor
materials known asa heterojunction Simple device configuratien of both
homojunction andheterojunctionmay be in the form of p*-p, n-p or n-n" as
demonstrated in the literaturéor solar cell deviceapplications [27,49,5355].
Furthermore, depending on the doping concentration of the semicondaytos in

contact, a junction can be consideredmassided.

2.3.2 p-nand p-i-n junction

The p-n junction is regarekd as the primary building block of most semiconductor

application deviceft7,49]|Figure2.4|shows theschematic illustration and energy band

diagram of p- and n- type a semiconductor material prioand after p-n junction

formation. As shown ifFigure 2.4|(a) and|Figure 2.4|(c), a p-n junction is formed

between suitablp-type andh-type semiconductor matersal

Due to the excess of holes and electrons presepitype andn-type semiconductor
materials respectively, when the semiconductors are in intimate contact, holes from the
p-type material diffuse into the&-type material leaving behind negatively chedg

acceptor atomswhile electrons from the-type material diffusénto thep-type material

leaving behind positively charged donor atgehg] (segFigure 2.4|(b)). The diffusion

leads to Fermi level equalisatiand band bendings shown ifFigure2.4((d). Owing to

the presence of accumulated positive ion cores imilype material and negative ion
cores in the-type material, further diffusion of charge carriers is halted and anielectr
field E is induced around the junctiok£-dV/dxwhere V is the voltage and x is the
distance between plafgesvhich is depleted of mobile carriei@his regionis referredo

as the depletion regioM) or space charge regioW is the summation of theéistances
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by which the depletion region extends imkdype (X,) andn-type (X,) semiconductors
respectively. The supporting equations for the paramaterfater discussead Section

3.5.7

Figure 2.4. Schematic illustration of (ap- and n- type material prior junctior
formation, (b) afteip-n junction formation and energy band diagram ofgcandn-
type semiconductor materials prior to the formatiop-ofjunction and (d) after clost

intimate contact formation.

The p-i-n junction configuratioras shown ifFigure2.5|is a proceed of thp-n junction

with a doping profile incorporating a sandwiched intrinsitype) semiconductor layer
in between- andthen-type layersThe functionality ofa p-i-n is similar to that of g-

n junctionin which theFermi leves$ of both thep- and then-type semiconductorare
aligned through thei-type material.Due to the complexity of fabricating intrinsic
semiconductomaterialg56], high resistivgp- andn-type semiconductor materiaigith

low doping concentratiomay be utilised since healthy depletion is dependent on the
doping concentration of the semiconductor materials in corfthetincorporated-type
semiconductor controls the depletion widtepending on its applicatioi6,57] For
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applications such as photovoltaic devices, the incorporatiawade W is essential for
effecive creation and separation of chaggeriess, but an optimisation ofWis vital due

to areductionin the electric fieldE=-dV/dx

Figure2.5: Energy band diagram offai-n junction device.

Furthermore, the merit of this configuration includes the ability to achzeheh
potential barrierp close to the band gaof the semiconductor materigdl6] which is
synonymous to achieving high opeimcuit voltage V... The advantags of the p-i-n

structure have been reported in the literaflife57].

2.3.3 p-p" and n-n" junction
As discussed in Secti¢p2.3.1] the formation ofp-p* or n-n" junctions may either be

homojunction or heterojunction configuration depending on the semiconductor

materials in conta¢Eigure2.6|shows the bandiagram of p-p* andn-n" junctiors.

Figure2.6: Band diagrams gf-p" andn-n* junctions.
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The observable characteristic of such junctiona snall potential step (low barrier
height) The incorporation of such configuratidres been reported in the literature

[27,58]to give comparatively high photon to electron conversion.

2.3.4 Metal-Semiconductor(M/S) interfaces

As previously discussed in Sectjtré one of theprerequisits of effectivephotovoltaic

energy conversiomcludesefficient transportation of the charge carrithroughthe
external circuit[16]. For this tobe achievedat least two metal/semiconductor (M/S)
contacts are required. Therefore selegthe appropriate metal contact witequired

M/S junction property is essentidMetal/Semiconductor junctionsan either bea non
rectifying (Ohmicg) or rectifying (Schottky) contact. Ohmic contaatiows the flow of
electric current in both directioracross thél/S junction. The relationship between the
current and voltage across the junctienlinear (REH\V & KR®)J Conversely,
Schottky contactioesallow current flowonly in one directioracross thgunction [59].
Notable parameters in the annotation of M/S contact includes the work function of the
metal in contact (), the work function of the semiconductorg) and the electron
DIILQLW\ RI WKH Y.HBRd WRI@GKiBA\RIL defhedas the minimum
energy required to remove an electron to infinity from the surface of a given solid state
materal. On the other hand, thedectron affinity $is definedas the amount of energy
released or spent when an electioaddedo a neutral atorfd9].

2.3.4.1 Ohmic contacts

Ohmic contacts are M/S contacts that possess negligible contact resistance relative to
the bulk semiconductor resistan@®]. The formation of Ohmicontactis dependent

on therelative energy difference (or barrier heigi) between the work function of the

metal in contact fy;) and the electron affinity of the semiconduct®).(With p less

than 04 eV [16], Ohmic contacts exhibharrow depletion régn andnegligiblehon-

rectifying capabilitiegFigure2.7|(a) anchigureZ.? (b) show the energy band diagram

of a metal ang-type semiconductor before andeafiintimate contact wherg,> p and

Figure 2.7|(c) andFigure 2.7|(d) showthat of metal anadh-type semiconductor where

< R
For thermal equilibrium tve achievedbetween the-type semiconductor and the metal

as shown irnFigure 2.7| (a) and|Figure 2.7| (b), electrons flow from thep-type

semiconductor into the metal whereby insiag the hole concentration of tipetype
semiconductor materigh7]. Under forward bias condition, holes produced in phe
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type semiconductor can easily tunnel through into the metal from the semiconductor
due to nonexistenceor minimal effect of the depletion region formed the M/S

junction

Figure 2.7: Energy band diagrams showing the formation of Ohmic contact bet

bothp- andn-type with appropriate metal.

On the contrary, for thermal equilibrium to be achieved between nthygpe

semiconductor and metal as shownFigure 2.7((c) andFigure 2.7((d), electron flow

from the metal to the semiconductor and incredise electron concentration of time
type semiconductg@7]. Under forward bias condition, electsofhow freely from the
semiconductor to the metal due to the absence of any barrier. Under reverse bias

condition, the electrons flow from the mketa the semiconductor encounter a barrier

Pp=(Ec-Erm9 as shown ifFigure 2.7|(d). But due tathe low barrier, electrons can still

flow across. It shoulthe notedthat the analogy given above is under ideal condition
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complexities due to surface states at the M/S jundrontrinsic defec{52,60,61]may
causethe Fermi level to pin at an energy level wher&fgy>0 V, independent of the
metal work functionp.

Alternatively, Ohmic contact can be achieved bgavily doping the semiconductor
material directly incontactwith the meta[49]. The heavy doping of the semiconductor
decreases theidth of the depletion region, which increases the tunnelling probability
of electrons throgh the barrief49]. In other words, tunnelling becomes the dominant
mechanism for current transport acrosslibaierand this allowshe flow of electrical
current in both directions with linety between current and bigd5]. The current

transport mechanism in M/S junctions wik further discussad Section2.3.4.3

2.3.4.2 Rectifying (Schottky) contacts

Rectifying contact isachievedbetween a semiconductor antketalwhenthe potential
barrier height @=p+ $ is more than0.40 eV[16]. Consequently, a depletion region
extending reasonably into the semicondu@dormedprovided thee exista substantial
difference between the work function of both the semicondugipafd the metal i§,)

in contact.The formation ofa Schottky barrie betweena p- or ann- semiconductor

with metal requires thatp.<p, or p> Rn respectivelywhich is unlike the Ohmic

contact|Figure 2.8/ shows theenergy band diagrams for the formationaoSchottky

barrier between a metal aettherann-type or ap-type semiconductor before and after
metal/semiconductor contackor this type of metali-type semiconductorcontact,
electronscontinuouslyflow from the n-type semiconductor to the metal due to the
comparativelyhigher Fermi level of the semiconductop> pn). This continuousy
lowers the n-type semiconductof~ermi levelas a result of the reduction in electron
concentratiorand bends the barnahtil an alignmentwith the metal work functiors
reachedand thermal equilibrium is establish@gureZ.S (b)). Consequentlynegative
charges buileup at the metal surface and likewise positive charges -bpildt the

semiconductor surface near the junctidhis creates an internal electric fiel#)(and a
depletion region of widthW) [47] around theW/S interface where band bending takes
place A similar phenomenoiis experiencedor Schottky M/S contadiormedbetween

a metal and @-type semiconductorin this caseelectron flowsfrom the metal to the

semiconductountil thermal equilibriumis achievedas shown inFigure 2.8|(c) and

Figure2.8|(d).
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Figure 2.8: Energy band diagrams for the formation of Schottky barrier betwe
metal anda semicondator. (a) Metal ana-type semiconductor before contqti) after
metal/semiconductor conta@t) metal andp-type semiconductor before contaahd

(d) aftermetal/semiconductor contact.

The builtin potential ¥,) which prevents further diffusion of charge carriacsosshe
depletion region andhe barrier height( p) of the metah-semiconductor Schottky

contact can be mathematically definefEasiation2.5{andEquation2.6|respectively
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Equation2.5

Equation2.6

While the Vi, and the p of the metalp-semiconductor Schottky contact can be

mathematically defined gsquation2.7|andEquation2.8

Equation2.7

Equation2.8

Theidealtheoreticalnarrativegiven abovas quite different from practicapplications
due tocomplicationsassociated witimtrinsic defecs, surfaceand interfacestates at the
semiconductor/semiconductor (S/apnd M/S junctiors [60,62,63] Amongst such
defects includenterstitialandvacancy (dangling bond$3] in the crystal latticevhich

are respectivelydue totransferred atom from the surface into the interstitial site and
incomplete bonding lattice mismatchbetween consecutively grown semiconductor
materials impurities, oxide film formation at the interfadé4] amongst otherHence

the dominant mechanism determines the pinpiogjtion of the Fermi levekhich may

be independent of the metal work functiop, [59,62] This observation has been
documented in the literature for semiconductor materials such as CdTe, Cufegsza)(
[52], GaAs, InH65], Si[66] etc

As documented in the literature, the defexgion leadgo the distribution of electronic
levels within the forbidderbandgapat the interface as shown in Figure 2.9 (B)e
surface state isharacterisedy a neutral statg, [63]. The statesabovethe E, contain
acceptotlike defectswhich are neutral when emptyut obtairs electrors to become
negative Thedonorlike defect states belot, are neutral when fulkelease an electron
and becomes positijéd9,63,64] It shouldbe notedhatall energy states belo®: are
occupied by electronsTherefore, for a bare semiconductor, electrons accepted by the
acceptoilike defects ardakenfrom the sentonductor- just below the surfacelhis

resultin a bandbendinguntil equilibrium is reached between the interface state charge

Qi and the depletion regiarhargeQp even prior M/S contad#9]. Therefor¢Equation

2.6|can be rewritten gkquation2.9|at high surface state density whEp is pinned

close tok,.

Equation2.9
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Therefore, it is essential that defeateadequatly controlleddue to their contribution
in Schottky barrier formatiomhich could be beneficial as in the case of impurity PV

effect[67] or detrimentabecause they constiauf trapcentes for charge carriex[68].

Figure 2.9: Energy band diagrams for the formation of Schottky barrier betwe
metal and a semiconductor. (a) Mlletind n-type semiconductor before contact (

after metal/semiconductor contaccorporating surface states.

2.3.4.3 Current transportation mechanism in rectifying contacts
As documented in the literaturehe solar cells under illuminated condition are
equivalent taforward biascondition[52,59]. Similarly for M/S junctionsthe direction

of electron flow underilluminated condition(reverse biasyand in dark conditions

(forward bias)differs.|Figure 2.10|(a) andFigure 2.10| (b) showthe current transport

mechanisrma across Schottky junction under illumied (or reverse biad) condition

andunderforwardbias indark conditiongor forward biagd) respectively.

The current transport mechanisms across a forward biased Schottky barrier as shown in

Figure2.10jincludes:

i.  Thermionic emissiof electrons over the potential barradfrthe semiconductor

material into the metalThis is dominant formoderatelydoped semiconductor

materialwith doping densitN *  *°cm?.
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ii.  Quantum mechanic#élinnelingof electrons through the potential barri€his is
dominant for heavily doped semiconductor material whéshults inthe thinning
of the depletion region.

li.  Recombinationn the spaceharge region.

iv.  Recombination in the neutredgion due to hole injection from the metal into the

semiconductor.

Figure 2.10: Current transport mechanisnarossa Schottky junctionunder (a)

illuminated condition (oreversebiased and (b) dark condition (or forward biased).

For an ideal Schottky baer diode, thermionic emission (the thermally induced flow of
charge carriers over the potential barrier) is the preferred current transportation
mechanism while mechanisms (ii), (iii) and (ivcauss deviation from this ideal
behavior[59,63] The effect of this curreritansporimechanisrais further elaborated
Section3.5.1.1

2.3.5 Metal-Insulator-Semiconductor(MIS) interfaces

M/S Schottkydevices are mainly characterised dymparatively lower barrier height
(@) and hence loweropen circuit voltage\,c) as compared tp-n junctions[49,59]
The Schottky barrier represents approximately half ofpthgunction [16]. However,
the barrier height of M/S junction can be increaskede to the semamductor bandgap
by pinning the Fermi level close to the valence band antheyncorporation ofan

insulatng layer in between the metal and the semiconductor interfaces as shown in

Figure2.11| The insulatng layer with an optimum thickneskranging between (o 3)

nm [49] decouples themetal from thesemiconductor as shown [ifigure 2.11] The

incorporated -ayer eliminates the interface interaction between the metal and the
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semiconductor, thereby improving the lifetime of the electronic devices by reducing the
degradation of the electrical contaamtd increasing botlthe band bending and the
potential barrier height. On the other hand, the incorporation ofl#hyei may result in

the reduction of device efficiency due to a decrease in-shottit current densityJ;)

as aconsequece oftheincreasan the seriesresistanceRs). Theincrease in the-value

due to the insertion of thdayer helps in increasing the,\of the devicd49].

Figure 2.11: Energy band diagram of an MIS interface showing enhanceme
SRWHQWLDO EDUULHU KHLJKW GXH WR LQFRUSF
the interface.

Asrepoted in the literature, thelayer may be an oxidyer[69,70] and mightnot be
grown intentionally{64]. The fabricatedsolar cell devicesis reportedn this thesisare
mainly basedon the Schottky barrier structuresith no intentional oxide layer

formation

2.4 Types of solar cells

Although, te basic functionality of a solar cell is photon to electhmie (eh) pair
generation through photovoltaic effect, which is a physical and chemical phengmenon
the semiconductor materiatilised (see Secti and theintegatedtechnologyis
slightly different. This section discusses in brteg underlining technology adifferent

types ofsolar cels.
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2.4.1 Inorganic solar cells

Inorganic materialsuch as silion (Si)areby farthe mostresearchedgstablished and
prevalent semiconductorsn the photovoltaic marketill date. So far, the highest
efficiency solar cells have been fabricated usBigor terrestrial solar modul§25].
Inorganic semiconductor materials used photovoltaic includes mono and

polycrystalline silicon, amorphous siliconand otherelemental, binaryternary and

quaternary compounds as discussed in Sg2t@d.2and shown ifTable2.2

With crystalline dicon (¢Si) holding the dominantmarket share of photovoltagells

[I-VI semiconductas such as cadmium telluride (CdTE)1] is potentiallyone of the
mainrivals in cost/watt. The main setbac&f CdTeis the toxicity of cadmium (Cd) and

a limited supply of tellurium (Te)But a argied in the literatureCd which is a by

product of zinc, lead and copper more stable and less soluble in CdTe compound
form, impossible toreleaseCd during normalCdTe cellsoperationand unlikely to
dissociate into its constituenE X ULQJ ¢ UHV LQ [UH Vhe@idr@uwwistabod URR |\

of Cd in CdTe compound form redudestoxicity while generatingenewable energy.

The basicfunctionality of inorganic materialis theabsoption of photons which break
bonds between atoms and create eledtma pairs thatare usd for electricity

generation.

2.4.2 Organic solar cells

Organic solar cedl (OSC) are one of the developing technologies taking a niche at the
dominance of Sbasedsolar cell due to properties such as reduction in the cost of
production theflexibility of solar moduleteducedhethicknessof PV material anadan

be fabricated using retb-roll production[72]. The main setback of OSC is that they are
still mainly under investigation arldb-baseddevicesdue to their stability issue3he

basictechnology requires the inqmration of photoactive polymer in between metal

contactsas shown ifFigure2.12
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Figure2.12: Schematic diagrarof a single layer organic photovoltaic cell

Unlike the inorganic solar cells in which the electric feelare generatedat the
rectifying junctions which separat¢he eh paiss created by the absorption of phogson
with energy higher than the semiconductor bandta electric field generated the
organic solar cell isdue to the differences in the work functidebetween the two
electrodesWhen theorganicpolymer layer absis photons electrons will be excited

to thelowest unoccupied molecular orbitdllMO) or conduction bandnd leave holes

in the highest occupied molecular orbital (HOM@)valence bandthereby forming
excitons[73]. The created potential due to tth&erent work functions helps to split the
exciton pairs, pulling electrons to the positive electrode and holes to the negative

electrode.

2.4.3 Hybrid solar cells

Hybrid solar cells also known as orgamorganic solar cedl are another cheap
alternativeto the wellestablished inorganic solar cells such ab&iedsolar cellsThe
hybrid solar cell is a combination of both organic and inorgaraterials andtherefore

it combines the unique propertiestofhly efficient inorganic semiconductors with the
low-cost film forming properties of the conjugated polymef&4,75] The main
disadvantages othe hybrid solar cell include numerous surface defectsnproper
organicinorganic phase segregatjocomparatively low charge mobility due to the
disordered orientation of organic semiconductor molecutesability issuesat high
relative humidity andlower efficiency as compared to established inorganic solar cells
[76]. The basic materialsutilised in the falsication of hybrid solar cells includsi,
cadmium compounds, metal oxig@noparticlesand low bandgamanoparticlesand
carbon nanotubefCNT) [77]. Examples ofhybrid solar celé include dye-sensitied
solar cell (DSSC) and perovskite solar aghich differs from each other due to the
light absorber layeincorporatedBased on the new light absorber material in the solid

Page3l



Chapter 2 Photovoltaic solar cell&Materials, Concepts and Devices

state sensitisedsolar cell (perovskite), the power conversion efficie (PCE) has
increased to 22.1% from 11.9% in DS$]. Once themainissue of instabilityand
lifetime of hybrid solar cel§ arerectified they are believetb havea high commercial

tendencyto nicheasubstantiafraction of the photovoltaic market.

2.4.4 Graded bandgap solar cells

Thebasic concepbehind graded bandgap (GBG) solar cell isgbssibility ofeffective
harnessing of photons across the ultraviolet (UV), vigiis) and infrared (IR) regions
[14]. This concepthasbeen validatedh the literatureacross organic, inorganj22,67]

and hybrid[14,79] solar cell technologyGraded bandgapan be achievetly grading
theabsorbetayerin such a way that the bandgagiesthroughout the entire thickness
[67]. GBG can also be producéy successively growing semiconductor ergtls on

top of each othem which the layers are arranged such that the bandgap decreases
gradually while the conductivity type gradually chanfyesn one type to the other

The earliest workhat theoreticallydescrited the functionality ofGBG configuration

was reportecdby Taucin 1957 [80]. His work elucidates thpossibilty of GBG solar

cell confguration attaimg higher conversion efficiency above the welploredp-n
junction cellsstimulatedinterest in the photovoltaic research communitgking into
consideration the photogenedtcurrentit was theoretically provethat GBG solar

cell configurations are capable of attaining a conversion efficiency of ~38% under
AML1.5 [81,82] as compared to the 23% of singl junction solar cellsBased on this
theoretical understanding, the first sets of graded bandgap cell were fabricated and
reported in the 1970883,84] by gradual doping gb-type gallium arsenide (GaAs) with
aluminium The published works demonstrated singlesidedp-type grading op-Ga.
xAlAs/n-GaAs solar cell. In 2002, the firshodel of full solar celldevice bandgap
grading wasproposedand published by Dharmadasta al [15]. The gaded bandgap
(GBG) architectures as proposed by Dharmadeatsal [14,35] can be facilitatedby
incorporating either am-type or p-type wide bandgap frodayer with a gradual

reduction in bandgapowards p-type or n-type back layer respectivelgs shown in

Figure2.13 Thedevices fabricated using thetter is more advantageous due to higher

potential barrieheight achievabl¢22]. The advantagesf gradedbandgapsolar cells
include;
i.  The pssibility of harnessingphotonsacross the solar spectrum (in the UV, Vis

and IR region).

Page32



Chapter 2 Photovoltaic solar cell&Materials, Concepts and Devices

ii. The reductionHOLPLQDWLRQ RI WKHUPDOLVDWLRQ RI 3
photonabsorptiorat diff erent regions of the solar cell

iii.  Theimprovement ofe-h paircollection due to the presence of electric figdd
depletion width) spanningpproximately throughout thentire thickness of the
solar cellto reduceecombination and generatioR&G).

iv.  Incorporation ofimpurity PV effect and impact ionisation GBG solar cell

configuration to reduce R&G anturther increasephotogenerated current

density[22,67]

Figure 2.13: Schematic representation of graded bandgmapr cellsbased on (ap-

type window ayerand (b)n-type window layef14,79]

Further to thainderlyingoperating principles of photovoltaic solar cells as discussed in
Section1.6 the eh pair generated due to the absorption of high enplgtors as
shown inFigure2.13|(a)(i) is effectively separateby thestrongbuilt-in electric field

spanning approximately the width of the device. $trengbuilt-in electricfield owing

to thesteepgradientproduced as a result of the devagehitecturdorces the electron to
accelerate towards the back contact. Such electron moving at high kinetic energy (KE)
may transfer its momentum to atoms located towardsréar end of the GB@evice
structure and break interatomic bontierebycreating additioal e-h pairs as shown in
Figure2.13|(a)-(i). This mechanisnis referredo asbandto-bandimpactionisation On

the other handthe low energy photon near amithin the IR region propagatewards

the rear end of the GBG dewi structureThe IRcan also be involved ithe creaton of

e-h pais either directly by exciting the electron from the valence band & the
conduction band (f or predominantlyby promoting theelectrors to the defect level

within the forbiddengap The presence oflefecs at M/S junction as previously
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discussed in Sectigp.3.4canbe positively utilisedf adequatly controlled[67]. The

presentdefectmay have beethe naturally existing defects within the materighe
recombination of the-b pair by IR photonsire avoidediue to the immediate transfer
of its paired ha as a result of thstrongelectric fieldin the GBG Therefore, the
electron becomes trapped in the defect level until further absorption of IR piooton
promote theelectronto the conduction band’he newly excitecelectroncan push the

initially excited electronsat one of the defect levels to a higher defect levéd te Ec.

This mechanism is knownsampurity PV effect[67,85] (see|Figure 2.13| (a)-(iii) .

Further to this, theres a possibility of having both impaginisationand impurity PV

effect mechanissfunction in unisonThis is achievedby the transfelof momentum

from high KE electron accelerating to the GBG device rear end to promote the trapped
electronin the defetlevel duringimpurity PV effect. The combination of botmpact
ionisationand impurity PV effect results in an avalanche effect during this process.
Thedownside to bandgap gradimgGBG solar cellsncludes high technicality required

in growth, the unpredictability of layer characteristic aftepostgrowth treatment

amongst others.

2.5 Next generation solar cell overview

The competitiveness of solar cells lies within its conversion efficiency wrtsle
economic viability is determined by its producti@ost Semiconductor deposition
techniques such as electrodepositimatctes the economic requirements provided
efficient solar cells can be fabricated using tdehnique Improvements of CdS/CdTe
solar cells after about two decades of stagnationbe&s achievedthrough better
understanding of materials and device issures view of increasing efficiency and/or
economic viability, several concepts and innovative technologies proposed include
intermediate band solar cglil], quantum dots and quantum wells solar [&8], down

and upconversion solar cg87], plasmonic solar ce[B8], hotcarrier solar cel[89],
tandem solar cell with tunnel junctiof®0], dyesensitised and Perovskite solar cells
[91] and gradd bandgap solar ceB5,92] Amongst the proposed concepts only
tandem solar cells andraded bandgapsolar cells have experimentally shown
reasonable efficiency with required stability and tipetential for increasing
performance. The main difference between these two approaches is that the tandem
solar cells efficiency increase is mostly dueirtoreasein opencircuit voltage,Vqc

while in thegraded bandgafiGBG) solar cells the efficiency isainly increaseddue to
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increasan the shorcircuit current densityJse. The highJsc in GBG isas a resulof E.

to E and E to E, (parallel connection) along the GBiGterface [35]. The main
drawbackof tandemsolar cels is the series connection of cells resulting into the
reduction in charge carrier mobility and increasethe recombination of-b8 pairs
generated within theell ZKLOH WKH JUDGHG EDQGJDS VRODU F

technicality of growth required.

2.6 CdS/CdTe based solar cells

Based on electronic and optoelectronic properties such as-alaabdirectbandgaof

1.45 eV, high absorption coefficient 16m™ at 300 K and the ability to absorb all
usable energy from the solar spectrum within a thisgkre pm[93], CdTe has proved

to be an excellert-VI semiconductor materiaCdTebasedsolar cells have been well
explored to deelop lowcost andhigh-efficiency solar cells as an alternative to the
preseriday fossil fuel dependent energy sources which are harmful to our ecosystem

sustainability.

Table2.3: Summary of CdS/CdTsolar cell efficiencyandmarks.

Year Voe (MV)  Je(MAcm?)  FF Team
1977 8.5 - - - Matsushita
1981 8.9 710 16.5 0.58 Kodak
1983 10.3 725 21.2 0.67 Monosolar
1988 11.0 763 20.1 0.72 AMETEK
1990 12.3 783 25.0 0.63 Photon energy
1991 13.4 840 21.9 0.73 UoSF
1992 14.6 850 24.4 0.71 UoSF
1993 15.8 843 25.1 0.75 UoSF
1997 16.0 840 26.1 0.73 Matsushita
2001 16.4 848 25.9 0.75 NREL
2001 16.5 845 25.9 0.76 NREL
2011 17.3 842 29.0 0.76 First Solar
2012 18.3 857 27.0 0.77 GE
2013 18.7 852 28.6 0.77 First Solar
2013 19.6 857 28.6 0.80 GE
2014 21.4 876 30.3 0.79 First Solar
2016 22.1 887 31.7 0.79 First Solar
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The exploration of CdTased solar cellss datedas far back as 1947 with the
measurement of photoconductivity of incomplete phosphors of 84¢ The
photovoltaic potential ofhe CdTebasedsolar cell was first theoretically demonstrated
by Loferski in 19595]. His work iterated that semiconductor materials with bandgaps
close to 1.5 eV would possess the highest possible conversion efficié&uiresich et

al. published the first work on CdS/CdTe polyd¢ayne solar cell with superstrate
configuration.in 1970 [93,96] with PV conversion efficiency >2%. Based on the

extensiveness of the research work undergone within the -GaSedl PV field

afterward the listing as shown [iable 2.3|can onlybe viewedas a selection of the

landmarks in CdT<ased solar cells till date.

2.7 Conclusiors

This Chapter scused in brief the properties ofsolid-state materials with main
emphasis on semiconductors and their classifications. The properties of semiconductor
which makes them suitable for photovoltaic applicatiangdpropertiesof the junctions
formed between S/S and Mifere also dicussedFurther to this, théasicoperatons,
advantages and disadvantages of different solar cell tymes alsopresengd in

addition to the brief overview afextgeneratiorsolar cells.
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Chapter 3- Techniquesutilised in materials growth, materials, and device

characterisation.

3.1 Introduction

Most semiconductor deposition techniques are capable of produighgjuality thin

films using complex systems at a very high manufacturing cost. However, new
researcheare aimedowards reducing material usage, cost of production and improving
the fabricated device performances. Consequently, the cost of many devices including
sdar cells hasbeen reducedby using thin films[97,98] The deposition of thin film
semiconductor materials with thicknesses ranging between few nanometers (nm) to
micrometers (um) is achievable usirgeveral techniques as documented in the
literature. Tk main deposition technigudeing focusedon in this program is
electrodepositiorue to its significance in the research work as reported in this thesis.
Further to this,the analyticalmethod utilised in characterisingand optimising the

deposited semiconductorateriat and device will also be discussed

3.2 Overview of thin film semiconductor deposition techniques

Thin film semiconductor depositidechniques cahe broadly alignednder physical or
chemical deposition categorieBhe physical deposition refers tbe technologiesin
which material is released from a source and deposited on a substrate using
thermodynamic, electromechanicalor mechanicalprocesss [99]. This technique
includes closed space sublimation (CSSyolecular beam epitaxy (MBE), radio
frequency (RF) sputterin@nd magnetron sputtering amongst oth@rsthe other hand,

the demical depositiortechniquesare accomplishedby the utilisation of precursos
either in their liquid or gaseous stateproduce a chemical reaction on the surfaice
substrateleaving behind chemically depositadin film coatingson thesubstrateSuch
technique includeslectraleposition(ED), chemicalbath deposition (CBD)chemical
reduction plating, spin coatirend chemicavapourdeposition (CVD) processe®©ther
subdivisions of chemicalvapour deposition (CVD) include metalorganic CVD
(MOCVD), atmospheric pressure CVBRCVD), etc[99].

However, lased orsimplicity of techniquecolumnar growthself-purification, ease of
extrinsic doping39], ease of depositing-type, i-type andp-type semiconductors (for
semicondctor materials whose conductivity type depends on stoichiometry) by varying
the deposition potentialscalability manufacturability [L00#.02], and econanic
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viability [103] amongst other advantagedectrodepositions considered as one of the
edging thin film deposition techniques[16]. Electrodeposition isnot without its
challengesthis includesrequirements for a conducting substrgi@hole (due toits
nucleation mechanism[38]), low process temperature (as improved crystallinity is
achievable at higher deposition temperafaf]) and comparatively longer deposition

time, etc

3.3 Electrodeposition growth technique

Electrodeposition is the press of depositing metals or compound semiconductors on a
conducting substrate by passigelectriccurrent through an ionic electrolyte in which
metal or semiconductor ions are inherg@i5]. The passage of curreist requireddue

to the inability & the chemical reaction resulting in the deposition of the solid material
on theconducting substrat® proceed on its ows a result opositive free energy
FKDQJH " *reldtioy K H

Although ekctrodeposition can beategorisedased on power suppsource working

electrode and electrode configuration (as shov»irl?i@ure 3.1), the basic deposition

mechanismand setupemainssimilar. The basicdeposition mechanismntails theflow
of electrons from the power supply to the cathoblee positively charged cationare
attracedtowardsthe cathodend negatively charged anions to the andde catioror
anionsare neutralisedelectrically bygaining electrons(throughredudion process)r
losing an electron (through oxidation processnd being deposited on thevorking
electrode (WE) respectively [105]. The typical ED setip of two-electrode (2E)

configuration as shown inFigure 3.2| consist of deposition container (beakers),

deposition electrolyte, magnetic stirrer, hotplate, power supphorking electrode a
counterelectrode and an optional reference electr(RIg) in the case of -&lectrode

(3E) configuration.

In this research workpotentiostaticpower source, cathodic deposition in which
semiconductoraredeposiedon the cathode and twalectrode (2E) configuratiowere
utilized in the depositionof all the sentonductor layers. The use gbtentiostatic
power source was due to the effect of deposition voltage on the atomic percentage
composition of elements in the electrodeposited layer, which isobriee factos
determining the conductivity tyd@4,106] The cathodic depositionas utilized due to

its ability to producestoichiometric thin films with good adherence to fubstrate as
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compared to anodideposition[107]. In conjunction most of the metal ions deposited
as reported in this thesis are cations.

Figure3.1: The main categories of electrodeposittechnique. * signifies the utilise

options n this research work.

Thetwo-electrode configuratioas shown ifFigure3.2|wasutilised due to its industrial

applicability, process simplification and al$o eliminate possible Kand Ad ions
doping[108,109]which may emerge from th&g/AgCl or saturated calomel electrode
(SCE)reference electrodeTaking the eletrodeposition ofn-CdSandn-CdTe layers
which are respectively utiliseds the main window and absorbayers in this thesis

into perspective, botk™ and Ag from groupl of the periodic tablare consideredsp-

type dopantsTherefore, any leakagef K™ and Ag into the electrolytic bath magsult

in compensationleading to the growth of highly resistive material whidhas a
detrimental effect on the efficiency of fabricated solar cell$his has been
experimentally showand reported in the literatuf208].

The twoelectrode electrodeposition configurations are not without challenges, with the
main challengebeing the fluctuation or drop in the potential measured across the
cathode and the anode during depositidns is due to thalterationin resistivity of the
substrate with increasing semiconductor layer thickness andhidrggein the ionc
concentration of the electrolyte. Unlike theel@ctrode configuration, the potential
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difference is measured across the working and the reference electvbdesthe
measured current is between therking and the counter electrodds general, other
factors such as the pH of the electrol{z40], applied deposition potenti§24,106]
deposition temperatur§ll1l], stirring rate[112] and concentration of ions in the
deposition electrolyt¢110] affects the electrodeposition process and the properties of

the ceposited layers.

Cat.hode (high 5 <—— Anode (high
purity carbon rod) purity carbon rod)
Glass/FTO _ <— Electrolyte

(conducting substrate <
ED layer

Magnetic Stirrer——>

Figure3.2: Typical two-electrode electrodeposition set up.

The electrodeposition of both metals and semiconduit@gvernedE\ )DUDGD\fV OL
of electrodeposition. The firdaw VWDWHYVY WKDW 37KH DPRXQW RI V
deposited atn electrode is directly proportional to the quantity of electricity passed

throughthe electrolyte "This principle carbe mathematically representbg|Equation

3.1] wheremis the mass of a substance liberated or deposited on an eleQrisdine

total electric chargandZ is a constant known agjuivalent chemicakeight.

Equation3.1

Faraday's second law of electrolysis states that, when the same quantity of eletricity
passedhrough several electrolytes, the mass of the substances depoditbedatedare
proportional to their respective chemli@quivalent or equivalent weighthe chemical

equivalent weightan be defined ake ratio of molecular weight to the valence number

of ions (electrons transferred per ioay shown inEquation 3.2 whereM is the
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molecular masggmol?), z is the valence nurber, n is the number of electrons
transferred in the chemical reaction for the formation of lemblsubstance in gcth

andF is the Faraday's constant 8% Cmot').

Equation3.2
ThereforglEquation3.1|{canbe rewritteragEquation3.3

Equation3.3
knowing that

Equation3.4

Equation3.5

Wherei is the average deposition current (A)s the deposition timés), J is current

density (Acn¥), !is thedensity(gcm®), T is the thicknesgcm), andA is the surface

area ofthe substrate in contact with the electrolyte ggnTherefore]Equation3.3|can

be further modifiecagEquation3.6

Equation3.6

The relationship can be used to estimate the thicknedsafodeposited layers.
3.4 Material characterization techniques

3.4.1 Cyclic voltammetry

Cyclic voltammetry is a technique utilized in the study of the electrochemical reaction
of the electrodeposition process by measuring the electric current through theyectrol
as a function of potential sweep across the electrdded. In other words, it cabe
defined as the currentoltage characteristics of the electrolyte that describes the
conduction of electrical current through the electrolyte (resulting in the oxidation or
reduction of ions) as a result of the potehtapplied. Therefore it is necessary to
performavoltammetricstudy on electrolytic baths from which semiconductor layers are

to be depositetb identify the cathodic voltage range suitable for their deposition.
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Cyclic voltammetry is performed by scangithepotential acrosboth the working and
counter electrodes in the forward and reverse direction to qualitatively identify both the
deposition and dissolution sequence of elements of the semiconductor. With this
qualitative information,the suitable regon from which the deposition of near
stoichiometric semiconductor layers che determinedor further characterization
using techniques which wille discusseth the following sections

For the cyclic voltammetric study in this work, the power source utilize@ill&C
computerisegotentiostat (ACM instrument) while the voltage range scanned and scan
ratewere(0 to 2000) mV an®@ mVs™ respectively.

To furtherpinpointthe deposition ptential §/;) in which stoichiometric semiconductor
material can be deposited based on material propestiagcterisationf the deposited
layers within the observed deposition range from the voltammetric study nebds to
explored The structurafeatuesof the deposited layers were obtained using thay
diffraction (XRD) and Raman spectroscopy. The morpholodeatueswere obtained
using scanning electron microscopy (SEM). The compositional analyses were
performed using energyispersive Xray gectroscopy (EDX). The opticdkatures
were determined using ultravioleisible (UV-Vis) spectroscopy. The electronic
propery such as conductivity typeas determinedusing photoelectrochemical (PEC)
cell measurement, while the resistivityas determiné using the direct current (DC)

conductivity measurement technique.

3.4.2 X-ray diffraction (XRD ) technique

X-ray diffraction (XRD) technique is a narontact and nouestructive technique
utilised in the determination of the structural properties of materlaformation on
lattice parameters and sample texture such as atomic planes, phase identifitttien,
spacingtheintensityof individual diffractions, preferred orientation aaystallite size

canbe obtained

Figure 3.3[shows the main components of XRD equipmetiich comprises of the

sample holderX-ray tubg and X-ray detectarThe sample to bavestigateds placed
in the ample holder X-rays generated in the -Kay tubeis channéd through a
monochromato(to select radiation of a single wavelength or enetgyje filtered and
then assembteusing a collimatortp produe a parallelbeam of rays or radiation). The
X-rays arefurtherchanneledhroughboththe divergent and anscatter slits to limit the

divergence of the incident -Kay beamand output noise (due to amorphous or air
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scattering) respectivelyThe interaction between the-rdys after beingchanneled
throughthe monochromator and the slasto the sample under investigatisreferred
to as interferenceDuring XRD operdion, theincident angle of the Xays on the
sample under investigatiachange due to the movement of therXy tube along the

diffractomeer drcle to focus the ragonto the sample under investigation

Diffractometer
circle

X-ray tube

Sample holder

Figure3.3: XRD equipment setup showing its main components.

The interactiorbetween Xrays andatoms of acrystalresults in theelasticscattering of

the rays by the electrons of theom The reflection of incoming rays ®Blectronin the

atom gives rise to diffractedays It shouldbe notedthat X-ray isan electromagnetic
radiation within the wavelength range of (1 to 100)TAe Xray wavelength rangells

within the same @ler of magnitude athe typical interatomic distance in a cryst&lor

this reasonit is why it is easy for Xays to be diffracté by the crystal structur¢$14].

Scattered raysnay either support one another (constructive interfereoc@jterfere

and eliminate one another (destructive interferedtghouldbe notedhatthe principle

of XRD is basen theconstructiventerference3vhLFK LV JRYHUQHG E\ %UDJ
Therefore the conditions of interaction as stategBragg$ law shown ifEquation3.7

is fulfilled when theinteraction betweethe sampléeing investigatedndthe incident
X-raysKDYLQJ ZDYHOHQJWK ¢ SURGXFHV FRQVWUXFWL

Equation3.7
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Wheren is the whole number, is the wavelengthd is the lattice spacing (interatomic
distance) DQG LV WKH DQJOH EHWZHHQ WKHHe@Rggs HQW E
law is derivedfrom|Figure 3.4| where the path difference between tive adjacent X

rays ABC and EFG@s PF+FQ which is equal t&d sin .

Figure 3.4: The basic principle of »>ay diffraction showing constructiv:

interference when Bragg's law is satisfied.

Thereforeif 2d VLQ LV HTXDO WuipM BfHhel)Qay Wavdlength Q)
resulting ina constructive interferenaghich produces peak in intensityThen the X-

ray detectodetectsprocesses and converts théracted Xrays signal to a count rate
which isbeing sento a computerisedeviceas a function of théiffraction angle

The data obtained using XRD includesphcing for diffraction which calpe compared

with the Joint Committee on Powder Diffraction Standards (JCPDS) for easy
identification of crystalline elemesiand conpound.

Based on the XRD peaks obtainemtystallite sizecan be evaluated using Deby

Scherreff ¥quationas shown ifEquation3.8{ WhereD is the crystallite size (nm), is

the Xray wavelength (A), is the full width at half maximunfrad) of the investigated
peak, LV WKH % U D)JarfgdhédaQns@if{=0.94 is the geometry adpherical
crystal However, it shouldbe notedthat thee is a limitation of the use of Scherffg¥
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equation in determining the crystallite size. Tkguationis formulaied to calculate

grainssizes within fewens ofnanometer§l15].

Equation3.8

In this thesis, the Xay diffraction (XRD) scans were carried awithin the rangeof

WR XVWLQJ 3KLOLSV 3: ;1fSHUW &L hahbchidhiate W H U
having avavelength of 1.54 AThesource tension and curremére set tat0 kV and 40
mA respectively %o HW ZHHQ WR f D VWililseE&omigR 1 a
to a possible uncertainty range of +£0.0Pfie obtained diffraction peaks were fittaad

analysedising PANalytical X'Pert HighScore Plus.

3.4.3 Raman spectroscopyechnique

Raman spectroscopyg avery efficient and non-destructivecharacterisationechnique
which canbe utilisedfor the identification andinvestigationof molecular fingerprint,
crystallinity, strain and stress of the solstate materialfl16]. The techniquerelieson
the inelastic scattering of monochromatic ligivhich is mainly laser sourceanging
from ultraviolet (244to 400 nm through visible 400 to 78) nmto near infrared (785
to 900 nm.

Figure3.5: Schematic representation of the Raman transitional schemes (a) Ra

scatteringb) Stokes Raman scattering and (c) Astinkes Raman scattering.
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As shown irEFigureS.S the interaabn between the laser light and the molecules of the
material under investigation results in the vibration ofrtiideculeswhich eventually

leads tothe emissionof scattered ght when returnedo its vibration energystatesafter
excitation The change iwibration energystatebetween the original state and the new
state gives the shiith the energyof the emitted photofil17]. The excited molecule

may return to itsoriginal vibration energystate andemit scatteredradiation with
frequency ) equal to thdrequencyof the incident laser light in the caseRdiyieigh
scattering Molecules may returto a higher or lowewibration energystatethan the
original state and this phenomenon isspectivelyknown as Stok€Raman scattering,

or anti Stokess-Raman scatteringespectively The emitted scattered light is detected by

a photon detectpanalysedn computerisedRaman equipment andsgilayed as Raman
spectrum on the computer visual display unit. The Raman spectra reported in this thesis
ZHUH REWDLQHG XVLQJ 5HQLVKDZgVvargoblBderQanyf &t FW U F
excitation wavelength of 514 nm.

3.4.4 Scanning éectron microscopy (SEM)technique

Scanning Electron microscopy (SEM) is a technigtikésed for morphologicalanalysis

of materialsurface.|Figure 3.6|shows the schematic diagram of SEM equipment with

the inclusion of its major components. Scanriibgctron microscopys performedin a

high vacuum chamber (of about™8im™) in which thesurface of the material under
investigationis scannedvith a focused beam diigh-energyelectronggenerated at high
voltage in the electron gunThe electron gunsituated at the upper part of the
microscope colummmay contain either Tungsten filament, klaenum hexaboride
(LaBg) or Cerium hexaboride (CePBsolid-statecrystal or field emission gun (FEG)
which are themainsources of electroria an SEM equipmen{118].

Electronsare producedt the electron source athigh voltage ranging between 5 kV
and 30 kV depending on the equipment specifications. The generated beam-of high
energyelectronsis channeledlown the microscope column towards the sanmelieg
investigatedthrough series of condser lenses and apertures. The condenser lenses
focus the incident electron beaom to the sample under investigation, while the
apertureis the opening through which the electron bearohanneledThe positioning

of the electron beam on the sample unueestigationis controlledby scan coils

placed above the objective lens as showRigure 3.6 The scan coil also allows the

electron beam to scan the sample surface area in a raster scan [jA®¢rhe
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interaction between the primary electroeain and the atoms in the sample under
investigation produces several signals based on both inelastic and elastic interactions
[119]. Resulting signals include secondary electrons, backscattered eleérayes,
electronsand characteristic Xays[119] which contains information about the surface
topography and composition sample under investigation. The resulting signals are
sensed and collected by the detectors and processed to eiiathges visible on the
visual display unit. As shown jRigure 3.7| the probing depth of the signals resulting

from these interactioraredifferent within the sample from which they can escape due

to their unique physical properties and enerfiés].

Figure3.6: Schematic diagram @ scanning electron microscope

Imageformationin SEM is accomplished by mappiegher the intensity of secondary
electron (SE) or thbackscattexd electron (BSE)ignals from the specimgf19]. The
sewndary electrons (SE) are lesmergy electron ejected from the outer shell of an
atom in the sample under investigation after the inelastic interaction between the

primary electron beam and the sample. Secondary electrons are created close to the
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surface 6 the samplewithin a depth of (5 to 50) nrMiLl19] and thereforeproduces
information on the morphology of the sample under investigatiS& are more
influenced by surface properties (such ssnple workfunction andlocal surface
curvaturg rather than by the atomic numbétr.should be notedthat an increase in
atomicnumber increases the SE signal produd&®]. The SEsignalsare detectedoy
secondary electron detect(SED)

Backscattered electrons (BSE) are higher energy electrons which originate from the
elastic interaction between the primary electron source and the nucleus of an atom
within the sample. The interaction results in minimal energy loss and saatbérihe
electrons ina different direction. Theelectronsscattered towards the surface of the
sample isbeing detectedy the backscattered electron detector (BSED). BSE gives
compositional information on sampleBhe intensity of BSE signal is affectéy the
atomic number of the specimen, with higher atomic numbered element showing higher
intensities; this is because atoms having higher atomic numbers easily backscatter
[119,120] BSE occur at a notable depth within the sample depending on the beam

energy and the sample composit[@t9].

Figure3.7: Typical diagam illustrating the production of three different signals witf

the specimen volume as a result of sargbéetron interaction.

The SEM images reported in this thesis were carried out using FEI Nova 200 NanoSEM
at a magnification of x6000@ndan accelerating voltage of 10 kV. For comparability,

the acceleratingvoltage for all the layers explored was kept constant due ® th

relationship ashown i-Equation3.9 [121], whereA is the atomic weightH is the
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penetration depthy is the acceleration voltage,is the atomic number andlis the
density.Based ofEquation3.9| the probing dept for CdSand CdTe are ~955 nm and

~879nm respectively.
Equation3.9

The investigated samples (glass/FTO/deposited layer) were thorotighlyedusing
methanol, rinsed ieionisedwater and dried ira streamof nitrogen gasThe sample

was attached to the conductive SEM stub using conductive carbon adhesive discs. Silver
paint was alsautilisedto electrically connect the stub and glass/FTO on which the thin
film was depased. The electrical connectivity as requiredto avoid noise in SEM

image due to charging effects which occurram-conductivematerial as it is in this

case, the glass/FTO substrate.

3.4.5 Energy dispersiveX-ray (EDX) technique
Energy dispersive Xay spectroscopy (EDXis an analytical techniquetilised for the

compositional analysis of elements contained imaterial.It is a technique used in

conjunction with SEM as discussed in Secfi®A.4 The resulting signals due to the

interaction between the primary electron beam and sample under investigation include
secondary electrons, backscattered electrdnggerelectrons and characteristicrays

[119]. The SEM imageutili ses secondaryelectronsand backscattered electrons for
image formation, while the EDXuses the characteristic Xays for elemental
composition analysis.

CharacteristicX-rays are generatedy inelastic interactions between the primary
electron beam and thiener shell electron of tha&tom of the sample under investigation

The LQQHU VKHOO HOHFWURQ LV HPLWWHIG9Jla$ RGNV KH VI
in|Figure3.8| The hole created in the inner shelbang filledby the electrongrom the

outer shelin a process known as rghtion of anatam into its neutral state

The transition ofan electronfrom the outer shell to the inner shell during relaxation
releasesiniqueamount of energy from the atoim the form of X-ray photon which is
equivalent to the energy difference between thedlalls The characteristic Xay is a
fingerprint of the element from which 6 emitted The emitted Xray is sensed and
collected by the EDX detector. The EDX detector also separates the characteristic X
rays ofthe differentelemens into different ensgy spectra. As shown I@ the
nomenclaturef the emitted Xrays is dependent on the inner shell on which theisole
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situatedand the outeshell from which the electron transit to fill thwle The EDX
measurements reported in this thesis were carried out using EDX detector attached to
FEI Nova 200 NanoSEM.

Figure3.8: Schematic diagram of Energy Dispersiomay Spectroscopy (EDX).

It shouldbe notedhat thedownsideto the use of EDXncludes:
i.  Limitation of EDX sensitivity of element(s) to ~1000 ppm by weight unless
counting timeis increased
ii.  Analytical accuracy of ~2% due to uncertainties due to the composition of the
standard utilised, overlapping elemental peaks and background corrections
[122].
Due to this possible error range of +2%, the elemental concentration data obtained were

processed as a ratio one element to the other libyribe error.

3.4.6 Ultraviolet-Visible (UV-Vis) Spectrophotometrytechnique

The UV-Vis spectroscopy is a technique used for the analysis of the optical properties
of an opticalmaterial. Suclhoptical properties includéhe absorbancetransmittance

and refletanceof light incident onan opticalmaterial The technique is performed
using a UWVis spectrophotometer whicls capable ofscaming wavelength range
between the neaultraviolet UV)~(200to 400) nm and visiblgVis) regiors ~(400
to700) nm.

Page50



Chapter 3 Techniques tilised in material growth material and device characterisation

As shown irEFigure3.9 thebasiccomponents of a UWis spectrophotometeromprise

of a light source, monochromatghotodetectqrsignal processaand visual/computer
display unit.The light produced by the light source is usuallgombination ohalogen
lampswith a wavelengthrangng between-(320 to 1100) nnfior the visible and near
infrared regionsand the deuterium lampgith a wavelengthrangng between(190 to
370) nmused for the ultraviolet region

The monochromator functigras an optical device that selectively transmits narrow
wavelength of light fom abroader range of wavelengtlavailable at the inputThe
monochromatorcontains othercomponents such as the entrance and exit slits,
collimator and focusing lenses and diffraction gratinge Entrance slit narrows the
white light from the light sourcencident on the collimator lensvhile the collimator
lens functions as a device hat makes parallel theincident light on the diffracion
grating. The diffracton grating separateshe polychromatic incidentlight into its
component wavelengshimonochromatic light). The monochromatic lightfocussed

on the sample under investigation through the exit slit which debars the propagation of
any stray lighton to thesample Depending on the optical propieg of the sample, a
fraction of the monochromaticbeam intensityis absorbed while the rest athe
transmittedor reflected

Figure3.9: Schematic diagram showing main components of\lil&/spectromet.

The relationship between the incident beam intensify ¢n the sample under

investigation and the transmitted beam intendifycén be represented us|kguation

3.10
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Equation3.10

Wherex is the thickness of the sample (which is mainly a semiconductor material in this
thesis) DQG . muterial constant known as the absorption coefficient which
determineghe rate of absorptioaf light by a materialas it propagates through ithe
transmittance ) of the sample under investigation da@ definedas the ratio of the
incident beam intensityl) to theintensity of the transmitted beam (I) (S&guation
3.11).

Equation3.11

The relationship between the transmittaifeand absorbanc@) of the sample under

investigation as defined in the literature can be represen[qumtionB.lz [123].

Equation3.12

The reflectancdR can be obtained usifigquation3.13| wheren is the real part of the

complex refractive indefN) of semiconductor material.

Equation3.13

The complex refractive indelX can be obtained usifigquation3.14{ whereK is the

extinction coefficient (the imaginary part of the refractive index).

Equation3.14

As shown inFigure 3.9| the fraction of the incident monochromatic light transmitted

through the sample is detected by the photodetetoe photodetectoconverts the
photons incident on it intourrentby the gaeration of electrofole (eh) pairsfrom its

p-n junction configuration Concerninghe monochromatic light wavelength, thignal

is processedand amplified by the signal processand displayed on the computer
display unit.From theoptical propertydaa accumulated using the spectromdtgra
specified wavelength rangtihe bandgap of the semiconductor material cagsbmaed

by plotting a graph of absorbance squd#€) against photon energy Hv) and
extrapolating the straight line portion of thbsorption curve to the photon energy axis.
$OWHUQDWLYHO\. KFRgams$tv) Sanrao Bitilised[124] 7KH 7DXF{V

formula as shown iTEquation 3.15| depicts therelationship betweerabsorption
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FRHIILFLHQW . EBR)XQ Banik $ cbnQtahth() \and the incident photon
frequency ¥) for a direct bandgap materidlVherek is the proportionality constant
which depends on the refractive index of the sample under investigatem is the
power factor of the transmission mode. The vatuequals 0.5 for direct bandgap and
2.0 for indirect bandgap materialBased on the literature, sharp absorption edge
signifies lesser impurity energy levels and defects in the thinf30y125,126]

Equation3.15

With CdSCdTebased solar cells being within the confines of this thesis, it shmuld
notedthat optical losses such as reflection and parasitic absot@ierbeen associated
with lowering the conversion efficiency of cadmiusulphidécadmium telluride
(CdS/CdTe)-based solar cells. The predominant loss of ~15% of the attainable short
circuit current densityJsc of the fabricated cellds associatedwith the parasitic
absorption of the buffeand/orthe window layer[127 4129]. Based on literature and
other experimental work later discussed in Chapter 6, parasitic absorptionecan
reducedhrough bufferand/orwindow layer thickness optimisati¢8,130,131] While
reflection losses at the ajtass, glassransparentonduting-oxide (TCO), TCQCdS,

and CdSCdTe accounts for ~8% loss of the attainakleof the fabricated solar cells

[127 A.29]. Reflection losses are reducible to <2% using antireflection coafirgy.

3.4.7 Photoelectrochemical (PEC) celtharacterisation technique
Photoelectrocheroal (PEC) cell measurement & simple techniqueitilised for the
determination of the conductivity type of a semiconductor matdsdl The preference
of PEC cell measurememd the more robusHall Effect measuremens due to the
inclusion of underlying ransparent conducting oxide (TCO) substrate which the
semiconductor materiak deposited Due to the high conductivity of th€CO, as
compared to the semiconductor laydpositedon it, the TCO serves as a current
alternative route under Hall Effecttechnique Therdore the electrical parameters

obtained are deemed unreliallge to the influence of the TCO

Figure3.10[shows the basic setup of PEC cell measurement which includes DC source,

light source, digital voltmeteisemiconductor (sample under investigaticajounter
electrode, inner beaker, outease and electrolyte. The electrolytdilised for all the
PEC measurement presented in this work is 0.10 Y5 in 20 ml of deonised

water.The measurementgere takenDW a o
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Figure 3.10: Typical schematic diagram of the experimental setup for PEC

measurements.

PEC cell measuremerg basedon the formation of aesniconductaielectrolyte (S/E)
junction similar to an M/S junction when a semiconductor and suitable electrolyee
brought in contact. Due to the difference between tHeermi level Er of the
semiconductorand theenergy levelof the electrolyteEqrepox transfer of electron
occurs between the two equiiid positions until a new equilibriums achievedn which

the Fermi level of the semiconductor aligns with the energy level of the electrolyte
(Eorepox = Eg). This results in the formation of &chottky barrier in which theand

bendingdirection and the flow of electras determined by the conductivity type of the

semiconductor as shown|kigure 3.11 Underthe illuminated condition, photons with

energy higher than the semiconductor bandgaglaserbed into the depletion region at
the S/E junctiorcreatingelectronthole (e-h) pairs. The creation of thehepairs disrupts
the equilibrium position attaine@E.repox= Er) under dark conditiomnd shifts in the

Er value to a new energy lev@Eg, or Erp) closerto the initial semiconductor Fermi
level beforecontact with the electrolytid33] as shown ir@ (c). This results

in the reductions in band bendingnd potential change due to Fermi level position

alteration( "E) which correspondto|Equation3.16|[133] for measuremesttaken under

illuminated and dark conditions
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Equation3.16

Based on this understanding, the voltage across the semiconductor and the counter
electrodeare recordedunder both darkand illuminated conditions. The difference
between the voltages measured under illuminated @hd dark () conditions
represent the PEC signal or open circuit voltage of the semiconductor/electrolyte
junction. It shouldbe notedhat PEC signal may g a zero value due to wide bandgap
range in insulators, overlapping bandgap in conductors (metal) or thegapd

positioning of the Fermi level in an intrinsic semiconductor.

Figure 3.11: Band diagram formation between semiconductor and electrolyte
before the semiconductor makes contact with the electrolyte, (b) aftel
semiconductor makes contact with the electrolyte under dark condition and (c

the semiconductor makesntact with the electrolyte under illumination condition.

3.4.8 Direct Current conductivity measurementtechnique

The DC conductivity measurementilises Ohmic law concept in determining the
electrical resistivity(!) and conductivity(D) of semiconductor materialsThis is
achievedby forming two Ohmic contacts with the semiadunctor material through
careful metal contact selectiofror Ohmic contactsto be formed the difference

betweenmetal work function p, and seritonductor electron affinity$ should not
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exceed ~0.40 eY16]. In this technique, varying DC voltagbstween1.00 V and 1.00
V are appliedat constant stepsicross the two semiconductor terminalBhe
correspondindC currentthat flows through the semiconductor matersameasured
using an ammetern this research work, ¢hDC conductivity measurementsere

carried out using Keithley 24Gburcemeter

Figure 3.12 Typical £hematic of circuit diagram used to measure DC conductivit
semiconductor thin films, (b)ypical -V characteristics used to measure the resistz

of a semiconductor.

The obtained (V) datagive a straight linggraphpassing throughhe origin (0, O)as

shown inFigure3.12| The slope inverse of the straight lineaygh gives the resistan&e

as shown ifequation3.17

Equation3.17

It is well known that ResistancR DQG 5HVLVW be telateddccbriing to

Equation3.18|[49]

Equation3.18

which canbe rearrangedgEquation3.19

Equation3.19
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Where! Y FP LV WKH HOHFANdd) D@ ctbbsédtivnalaraaland\l
(cm) is the thicknessurthermore, resistivity Y FP DQG FRQ &XFRdateY L W\
relatedaccording tgEquation3.20

Equation3.20

3.5 Devicecharacterisation techniques

After the optimisation of the semiconductor layers based on their material properties,
electronic devices such as solar ce&lisre fabricatedThe electronic properties of the
fabricated solar cell devices were explored using bléhcurrentvoltage (}V) and
capacitance/oltage (GV) techniques For both techniques the bias rangeis set
between-1.0 V to +1.0 Vand theresulting current and capacitaneee measured
respectively. Both the vV and GV tests are nowlestructive test The FV
characteristis were explored under both dark and illumida{dM1.5) condtions,

while the GV characteristicsvere exploredunder dark conditionlt should be noted
thatdue to the underlyingransparentonductingoxide (TCO) which is a prerequisite

for electrodeposition technigueobust electronicharacterisatiortechnique suchas

Hall Effect measurement is unsuitable for the acquisition of electrical parameters
required. Hencethe FV and GV characterisatiortechniqueswere exploredas an
alternative method to extract material properties such as doping concentration and

charge carrier mobility

3.5.1 Current-Voltage (I-V) characterisation

The use of currentoltage (}V) technique for Schottky diodeharacterisatiolmasbeen
well exploredin the determination of semiconductor electronic propetigder both
dark and M1.5 illuminated conditionsUnder dark condition the obtained-V data
canbe plottedas loglinear or lineaflinear graphs. From the ldmear graphsdevice
parameters such aectification factor RF), ideality factor ), saturation currentl)
and potential barrieheight (@), can be determinedhile shunt Ry,) and seriesKy)
resistances cdoe determinedrom linearlinear FV graphs. Othesolar cellparameters
such aopen circuit voltage\Wyc), short circuit current densiiyso), fill factor (FF) and
conversion efficiency I) canbe determinedrom the linearlinear FV curve measured

underAM 1.5 illuminated condition. It shoultde notedhat Ry, andRs canbe evaluated
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under both dark and AM1.5 conditignbut due to the possible fluctuations of

irradiation intensityunderilluminatedconditionand its &ect on other diode parameters

[134], the Rsp andRs obtained undedark conditionis considered to beaore viable.

A typical linearlinear FV curveunderilluminated conditioniterating the effect oRsn

andRs on the V curve and their equivalent circuigse shownin

idealdiode as shown i

respectivel\{49].

Figure3.13

Figure3.13

For an

scenario(@), theRg, and Rs equalinfinity and zero

Figure3.13 The effect of Rand Ryon IV curves of PV solar cells and their sing

diode equivalent circuits.
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In this casethe Rs;, behave like an open circuit voltage and all the plysioerated
currentl flow only through the solar ce{tepresented by diode) andresulting inthe

maximum possible current outplit shouldbe notedhat reductions in thBs, as shown

in |Figure 3.13[ scenario(b) will leadto the creation of an alternativitow path for

currentthroughwhich a fractionof the photegenerated currem lostthroughshunt By
Kirchhoff's law, the total photgenerated currentdivide into |1 andl. I; goes through
the solar cell represented lgy diode D, while I, goes through the shunt path.
Reductions iR, which is often related to the semiconductor material quality atsy

result in thereductionof other solar cell parametesach ad=F andV,.[135].

As shownin|Figure3.13|scenario (c), an increasefgresults involtage drop before the

load. Rs is associatedwith M/S contact resistanceusage of highly resistive
semiconductor material and the presenceexxessoxide layerin between the M/S
interface[136]. The main impact oRs is the reduction ophotonto electron conversion
efficiency viaJsc and FF reduction[136]. The combination of scenarios (b) and (c) as

shown inlFigure 3.13| scenario (d) withdw Ry, and highRs results intoa gradual

reduction inV,, Jsc andFF which ultimately affects thefficiencyof the solar cell.

3.5.1.1 |-V characterisation under dark condition
Under dark conditionsolar cell devices behavie a diode due tdhe formation of

semiconductomp-n junction or M/S Schottky contactTypical linearlinear am log

linear FV characteristiccurves are shownin |Figure 3.141 The FV characteristics of

Schottky type diode under dark condition can be expressEdumtion3.21)[59].

Equation3.21

Wherelp is the electric current in dark condition (Ay,js thereversesaturation current
(A), Sis the area of the contact JnA* is the effective Richardson constant for
thermionic emission (AcifK?), T is the emperature (K)g is the electronic charge
(1.60x10" C), 4 is the potential barrier height (eVl is the Bdtzmann constant
(1.38x10% JK™) andn is the ideality factor of the diode.

since Equation3.22
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Figure3.14: The plot of (a) lineatinear and (b) lodinear graphs of diodes measur
dark condition.

or Equation3.23

Equation3.21{canbe rewritteras

Equation3.24
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As reported by Rhoderick dnWilliams 1982[59], if the applied voltage across the
diode exceeds 75 mV, then

Equation3.25
Equation3.24{canbe rewritteras
Equation3.26
or Equation3.27
or Equation3.28
Therefore, from the plot of versus voltage applied/Y as shown ifFigure3.14

(b), parameters such dsg, rectification factor RF), @ and n can be obtained. The
interceptof the best forward bias tangential lioe the current axis givdhe saturation

currentl,, while the slope in the forward bias gives the value through which the ideality

factor n was calculated usir‘@quation 3.30[ with the consideratiorthat thelargest

gradient of the curvgivesthe lowestvalueof n [59]. Then value provides information

on the current transportation mechanism such that for an ideal diode, thviaeuverent
transport mechanism is through thermionic emission (.00). Whenn value is 200,

then thecurrenttransport mechanism entirely throughrecombination and generation
(R&G), but if n valueis between D0 and 200, then thecurrenttransport mechanism
consiss of both thermionic emission and R&{%9]. For n values above .20, the
currenttransportation mechanism is not limited to thermionic emission and R&G but
also due to th&unnding of high energy electron through the barrier he{dB{7]. Large

Rs value of the diode alstontributes to the increase in values

Equation3.29

Equation3.30
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The rectification factoRF which helps in determining the quality of a rectifying diode

canbe calculateds the ratio oforward current to reverse current at a constant voltage
as estimated from the versus voltage\() plot. As documented in the literature,

RF values at an excess oflresufficient for ahigh-performancesolar cell[16]. The

barrier height i was calculated usiq@quation 3.23 and the effective Richardson

constaniA” was calculated usirﬁquationssl

Equation3.31

Wherem is the effective electromassandhis WKH 30DQFNYTV FRGVWDQW
cnkgs?). Depending on the conductivity type of the semiconductor, the effective
electron mass cdve denoteéssme or mo* for n-type andp-type semiconductor material
respectivelyThe effective electron massesreCdS n-CdTe andp-CdTe are given by

0.21Im,, 0.2m, and0.63m, [138,139]respectivelyThe free electron mass, = 9.1 x 10

31 kg.

3.5.1.2 |-V characterisation under illumination

Under illuminated condition, the direction oflow of photogenerated currenty is

opposite to that of thiorward current undedark conditionlp asshownin|Figure3.15

The total current of the ideal solar dsliillustratedin|Equation3.32

Figure3.15: The equivalent circuit of an ideal solar cell.

Equation3.32

Wherel, is the load currentp is electric current in dark condition tine diodecurrent

andlgc is the photegenerated currenWith the incorporation ofp from|Equation3.24]

Equation3.32|canbe rewritteras
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Under open circuit condition whdp=0 andV=V,: as shown ifFigure 3.16{|Equation

Equation3.33

3.33|can be rewritten as:

or

By taking the

Equation3.35

Equation3.37|

Equdion 3.34

Equation3.35
natural logarithm |@&quation3.35|and noting that:

Equation3.36
can be rewritten as:

Equation3.37

shows the dependencein€reasingV,. valueontheincreaseof n and p,

values However, die to the significance ofvalue on current transportation mechanism

and its effecbn Js, a limitingvalueof n "2.00 isdesrable forhigh-efficiencysolar cell

deviceslt shouldbe notedhat in Schottky diodeshe V.. of a solar cell device can also

be improvedoy incorporating thin insulating layer between meatiniconductor (M/S)
confact to give an MISstructure[140,141]as discussed in Secti@ in which both
the Voc and the p show considerable improvementsurthermore, reductiom the

temperatureof solar cellscan also improve/y. value as a reduction inemperature

minimisesthermal agitation of the charge carrigt6,142]
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Figure 3.16: Typical FV curve of solar cells measured under dark and illuminé

conditions.

Another parameter which can be determifredh the IV curve undeliAM1.5 condition

as shown ifFigure 3.16|is the fill factor FF. The FF canbe definedas the ratio of the

maximum powePaxOf the solar cell to the product kf andV,. as shown ifEquation

3.38 Improvements irfFF canbe achievedvith anincreasen R, and reduction irRs

values. Maximum FF value cd® attainedinder ideal diode condition wheRy, is ’
andRs=0

Equation3.38

The efficiency of the solar ce{l ) which canbe definedas the ratio of power output

Poutputto power inpuPinyy: canbe illustratedas shown ifEquation3.39

Equation3.39

Under standard AM1.5 illuminated conditioRjy is 1000 Wnif (100 mwWent),

thereforg Equation3.39(can be rewritten as:

Equation3.40
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All the 1-V measurement®r bothAM1.5 illuminated (1000 Wn¥’) and dark conditions
asrepored in this thesisvere performedising Rera Solutiond/ measurement system

in the ambientenvironment.The Rera Solution & measurement systers constituted

of Keithley 2401 SourceMeter, LOT Quantum Design GmbH arc light source and a
computer laptop running Rera Tracer $dftware The FV system was precalibrated
using RR267MON standard silicaolarcell.

3.5.2 CapacitanceVoltage (C-V) characterisation

Capacitance/oltage (C-V) technique has been well exploréd the literatureand
utilisedfor thedetermination of diode electronic propertigswhich parametersuch as
capacitance at zero biaSJ can be directly determined from the\MCcurve while other
parameters such &ermi level Eg) positionwith respecto both the conductionEf)

and valence band&y), built-in potential(Vy;), doping concentration afonors(Np) or
acceptorsN,), barrier height-, charge carrier mobilit{u o) andthe depletionwidth at

zero bias V) [49] can be determined using Medthottky plos. The MottSchottky

plot is a graph of € against \ For thisreport the GV technique vasperformed at 1

MHz due to the reduction in defect interference at high frequg¢ht$], under dark
condition due to noise caused by the high capture and emission of electrons at R&G
ceners[144] at room temperature

Under reverse bias conditiop;n or Schottky junctioa are identical to parallel plate
capacitors. In whichthe junction contains immobile electrehole pairs within the
depletion egion and semiconductor material or métalthe case of Schottky junction)
serves as the electrode or conducting plates of the capacitor due to their reduced
resistance as compargalthe high resistancet thedepletion regionThe chargedayer
generated at the junction due to potential barrier formation is knovineaginction

capacitance. The junction capacitance, Ghefdepletion region is given lf&quation

341

Equation3.41

Where Q= QQis the permittivity of semiconductor (F&t) Qis the permittivity of free
space (8.85x1¥ Fcmi?), Qis the relative permittivityor the dielectric constantf the
semiconductor materiél@is 8.9 for ZnS, 8.9 for Cd&nd11.0 for CdTq145]), Ais the
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cell contact arealV is the width & depletion region (cm)The capacitance can albe

expresseger unit ara (Cp). Therefor¢gEquation3.41jcan be rewritten g§Squation3.42

Equation3.42

The builtin potential can be estimated usjigquation3.43/and graphically shown in

Figure3.18|[47].

Equation3.43

And the depletion widttWis given by:

Equation3.44

Where N, is the acceptoconcentrationNp is the donorconcentrationand n; is the
intrinsic concentrationThe intrinsic concentratiom; defines the steady state situation
of an intrinsic semiconductounder thermal agitation and constant electron excitation
from E, to E;, in which the number of electrsnn the conduction band equals the

number of holein the valence band.

For onesidedabrupt junction where thgtype semiconductomaterial is highly doped
(Na >> Np), the depletion region extends more into thg/pe semiconductor material.
Conversely,if the n-type semiconductor material is highly dopedd, (>> Na), the

depletion region extends more into tpetype semiconductor material. Therefore,

Equation3.44|canbe rewrittenagEquation3.45] whereN=Np for Na >> Np andN=Na

for Np >> Na.

Equation3.45

It should be notedthat|Equation 3.44] and|Equation 3.45 holds when there is no

externally applied voltageVj across the junction. In the presenceaofexternally
applied voltage across thanction the totalvoltage across thgunction is (Vyi-V),
where,V is positivefor forward bias and negativior reverse bia$49]. Thereforethe
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depletion width ) underexternaly applied voltage fothe onesidedabrupt junction

is given bfquation3.46

Equation3.46

Consequentlyizquation3.41|can be rewritten gsquation3.47

Equation3.47

With respect tothe depletion capacitance per unit area as showgdguoation 3.42

Equation3.47|canbe redefinecgEquation3.48

Equation3.48

Figure 3.17| shows the typical graph of capacitance per unit afa &gainst bias

voltage ) from which he C, capacitance per unit area at zbrascanbe determined

It should be notedthat he obtainedC, value from thisgraph is utilised in the

calculaton of the depletion widtlat zero biasisingEquation3.41,

Figure3.17: Schematic of typical plot of £Cagainst V under both forward and revi

bias conditions.

Page67



Chapter 3 Techniques tilised in material growth material and device characterisation

The equation defining thévott-Schottky plot from which other parameters are

determined can be achieved by squaring both sigé&gjwation3.48/and rearrangg it

to give|Equation3.49 whereV is eitherpositiveor negative for forwarar reverse bias

respectively

Equation3.49

Equation3.49|can also be expressedEguation3.50

Equation3.50

As observed ifEquation3.50| a plot of C? againstV for onesided abrupt junction

should produce a straight lif¢9] as shown iffFigure3.18|(a) due to its equivalence to

straight line equationy(= mx+c) wherem s the slopeBut as a resulof the effects of
defects, trapssurface statesinterfacial resistive layersaftributable tooxidation)

producing excess capacitance and inhomogeneity of the semiconductor layer in the

diode, deviation from linearitgre usually observeld46] as shown ifFigure 3.18|(b).

The slopeof the C? againstV plot can be defineds shown ifEquation3.51] and the

extrapolation taC? = 0 givesthe built-in potential ¥y).

Figure3.18: Typical MottSchottky plots ofp- andn-type semiconductors (a) for &
ideal diode and (b) nemleal diode.
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Equation3.51

Therefore, with the known valua (slope)and theV,; from Mott-Schottky plot, the
Equation3.52

[4a)

doping densityN) can be calculated byaEranginTEquationB.Sla

Equation3.52

The effective density of statémth in the conductiofN.) and valencéN,) bandsare

respectivelyshown in [Equation 3.53 and|Equation 3.54{ The equations show the

depenénce of the effective density of stateson temperature and the nature of
semiconductor material. Therefore, thd. and N, values differ for different

semiconductor materiand conductivity types

Equation3.53

Equation3.54

Where meand mp* are the electron and hole effective massesnftype andp-type

semiconductormaterials respectivelywith all parameterspredefined in Section

3.5.1.%.

With the doping densityNa or Np (Equation3.52) and the effective density of statds

andN, as calculated fropkquation3.53|or|Equation3.54{derived from MottSchottky

plot, the Fermi leveEr, charge carrier mobilityt - and the barrier heighfp can be

calculatedwith the assumption that all excess dondly) or acceptor Nla) atoms are

wholly ionised at room temperature as shovxiEimationB.SS Equation3.56||Equation

3.57| andEquation3.58( Therefore the Fermi Dirac probability function of electrons

occupying the donor statenssNp-Na).

Equation3.55
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or Equation3.56

Equation3.57

Equation3.58

The GV measurements as reported in this thesige performed usingewlett Packard
4284A 20 Hz +1 MHz Precision LCR Meter (Yokogawa Hewlett Packard, Japan) with
a Keithley 6517A Electrometer/High Resistance Meter.

3.6 Conclusion

This chapter discussed the main semiconductor deposition techuitjsed in this
report. It furtherexpatiats on thetechniquegemployedin theanalysis andnvestigation

of the deposition voltageglemental deposition sequence, structural, morphological,
compositional, optical and the electrical properties of the semicarguthe analysis
and investigatiorare aimed at optimising both growth and treatment conditichos
device purposed-urther to material properties, botl land GV techniquesvere also
utilised for the charcaterisatiomf the fabricated device The results presented in this
thesis using théechniques mentioned abowererepeatedly performetdb ascertain the
reproducibility of similar trensl Errors barsvere also utilisedn the displayed results

where appropriate.
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Chapter 4- CdS deposition and characterisation

4.1 Introduction

The study of the structural, optical, morphological and physical properties of binary
compound semiconductors such as cadmium sulphide (CdS) thin films is a subject of
current interest due to its applications in optoelectronic and large area electronic
dewvces. In photovoltaics, polycrystalline CdS thin films are often used as a window
layer in the CdS/CdTe solar cells configuratiorachievehigh conversionefficiency.

CdS thin films have been grown using otemdifferent techniquefl47] as reported in

the literature with electrodeposition edging other deposition bas&d simplicity, low

cost, scalability amongst other attribuf@6]. The electrodeposition @dSas reported

in the literature is done mainly by using Sodium thiosulfate$@) as thesulphur
precursor. This precursas associatewvith the formation okulphurprecipitate during
growth and the accumulation of sodium, Na, in the electrolytic pa8]. The
incorporation ofp-type doparg such as Na into CdS laygethrough absorption or
chemical reaction will reduce the electrical conductivity of the grown layer and thus
constitue a drawback in the electrical property of the CdS |d¢d8]. Therefore,in

view of depositing CdS from othesulphur precursors without th@forementioned
drawbacks othersulphursources needo be explored. Sulphur source such as thiourea
(NH,CSNH) have been well established in the growth of CdS using chemical bath
deposition (CBD) technique, buhe literature on the use ofthe electrochemical
technique for this precursor is sece. The dectrodeposition (ED) technique is
comparatively advantageowsith respect todeposition process continuity ar@d-
containing waste reductioAlthough, preliminary investigation of the electrodeposition

of CdS from thioureavas explored in 200lby Yamaguchi et al[149], this chapter
presents in full the comprehensive details of the growth and characterization of CdS
from NH,CSNH, precursorand further investigasethe effect of CdGltreatment, film
thickness and heat treatment duration on the electronic quality of electrodeposited CdS

layers.

This chaptergoes beyond the growth amtharacterisatiomorm into the comparative
analysis of theslectronic properties of electrodeposited CdS using thiourea precursor to
CBD-CdS and single crystal CdS previously reported in the literature.
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4.2 Electrolytic bath and substratepreparation for CdS

4.2.1 Electrolytic bath preparation

CdS thin films were cathoditp electrodeposited on glass/FTO substratesthoy
potentiostatic technique in which the counter electrode was a high purity graphite rod.
Cadmium chloride hydrate (Cd&XH20) of 98% purity andhiourea NH,CSNH,) of

99% purity were used as cadmium asulphursources respectively. The electrolytas
preparedby dissolving 0.12M CdCkL xH,O and 0.18M NH,CSNH, in 800 ml
deionised(DI) water contained in a 1000 ml polypropylene beaker. The polypropylene
beakerwas placed iran 1800 ml glass beaker contdang DI water The glass beaker
serves as the outer bath and helps to maintain uniform heatihg electrolyte The

ED bath described is a mimic of the setup as discussed in E@d'me solution was

stirred and electrpurified for ~50 hours to reduce the impurity level and to achieve
homogeneity of the solutiohe electrolyic bah containing 0.12 M CdgIxH,O and

0.18 M NH,CSNH, in 800 ml DI water Wl be referred to as CdS bath henceforth.
Afterwards, a completeharacterisatiorof the CdS grown at different voltagesas
undertaken to determine the optimum growth voltagg. (For these experiments, the
bath tempert® XUH ZDV PDLQWDLQHG DW U& GXULQJ WKH
crystallinity due to high deposition temperatuE04]. However, the temperature
increaseis limited due to the use adqueoussolution. The pH valuevas adjustedo
2.50£0.02 at the start of deposition using diluted solutions of HCI angDNHor all

the samples. It isssentiato maintain the pH of the electrolytic bath between 2.00 and
3.00 as an increase or decrease in pH outside this range results intorthtofo of

white precipitates of cadmium hydroxide and rapid precipitation of @dBectively

[150]. The wo-electroek configurationwas usedn this study with glass/FTO as the
working electrodeThe workingelectrodesRI VKHHW UH YV wén&/dipts Bxa Y
cn? pieces and a high purity carbon roslas usedas the anoded computerized Gill

AC potentiostatvas utilsedas the power supply source. The cyclic voltammograim

the resulting electrolyte(s) were recordedfore the deposition of CdS layer to

determine the possible deposition voltage rangeds

4.2.2 Substrate preparation

Substrates werneltrasonically cleaed at the initial stage in soap solution for 20 minutes
and rinsed irdeionised(DI) water. The substrates were theeanedthoroughly with
methanol and acetone to remove any grease and rinsed in DI water. Finally, the FTO is
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submerged in a clean bealdrDl water and transferred directly into the electroplating
bath. Prior to characterisationelectrodeposited CdS layers were rinsed, dried and
divided into two halvesHalf were left asdeposited and the other half ere CdCh
WUHDWHG thair to dni@antdith their material and electronic properti€be

CdCk treatmentwas performedby adding few drops of aqueous solution containing 0.1
M CdCk in 20 ml of DI water to the surface of the semiconductor layer. The full
coverage of the layers witthe treatment solutionwas achievedoy spreading the
solution using solutiomamped cotton bud. The semiconductor layer was allowed to
arrGU\ DQG KHDW WUHDWHG B&h the asidpbsited and QaeW HV
treated CdS layers wedaracterise@fterwardfor both their material and electronic

properties.

4.3 Growth and voltage optimization of CdS
Asides the glass/FTO substratslised for cyclic voltammetry, the C#l layers were
electrodeposited between the deposition voltages 789 mV and 793 r2\hdawrsper

sample. The deposition range was determined based on information obtained via cyclic

voltammetry (see Secti }h3.?T.

4.3.1 Cyclic voltammetric study

The gsclic voltammogram is a plot of current density as a function of the applied

voltage across an electrolytic bgffigure 4.1| shows the cyclic voltammogram ah
aqueous solution of a mixture of 0.12M Cg&H,O and 0.181 NH,CSNH, in 800 ml
of DI water during the forward and reverse cycles between 1062860 mV cathodic

voltage at pH 2.50+0.02 and a fixed scan rate ah\3s'. The stirring rate and
temperature of the bathere NHSW FRQVWDQW DW USP DQG Ué&
According to theredox potentiavalue of cadmium andulphurions, sulphurdeposits

first (with an ( Qvalue of-0.43 V w.r.t. standard Helectrode), followed by cadmium

(with an (Uvalue of -0.40 V w.r.t. standardH, electrode). The completelectro

chemicalequation for the formation d€dS at the cathode cape writtenagEquation

4.1
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Figure4.1: A typical cyclic voltammogram for deposition electrolyte containing
mixture of 0.12 M CdGIxH,0 and 0.18 M NbCSNH, DW a U& DQG S+
The inset shows the full cyclic voltammogram measured between (0 to 2000) m'

Equation4.1

It was obsrvedin the forward cycle thabetween the cathodic voltage range 785 mV
and 880 mV, the deposition current density appears faibhg stable within the range
of ~130 pAcni®. The growth voltage ranged., 785 mV to 880 mV) had been pre
characterized at daddic voltage stgs of 10 mV using XRD analysishe resultis not
presentedn this thesig. The highest XRD peak intensityas observedt 790 mV.
Therefore, the surrounding cathodic voltage was scanned at steps ofolimagstigate
surrounding growttvoltage values furthefThe result of theharacterisedCdS layers
grown between the cathodic voltages of (Z88) mV using PEC cell measurement,
optical absorbanceand transmittance measuremeRRD and SEM were used to

determine th@ptimumgrowth conditions.

Figure4.2: The physical appearances ofdeposited CdS grown & from 788 mV

to 794 mvgrown for 20 minutes each
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It was also observeduring the voltammetric cycle that the deposited fibmlour
changes to transparent yellow at growth voltadgs (780 mV which suggests a region

of sulphur richness. Thedepositedfilm colour turns to greeish-yellow at growth
voltage above 780 mV whichndicate the presence of stoichiometric or near
stoichiometric CdS thin films. As the growth voltage increases above 793 mV, the film
colour changes to dark green as showrllm This can be attributedto Cd
richness inCdS Above 880 mV cathodic voltage, high current denisitgbservedvith

a detrimentaleffect on the EBCdS layer quality. The sh@aincrease in current density
might be due to the electrolysis of water and the deposition of Cd dendrites.

Based on observatiorthe stoichiometric CdS thin film range can be qualitatively
predicted by appearance duritige voltammetriccycle But, exploring other material
characterisatiotechnique arestill required for quantitative assessment of the deposited
CdS layers at different cathodic voltagdss was interesting to obse& no sulphur
precipitation throughout these setsof experiments wiwh is one of the problems

associated with othesulphurprecursors in thelectraleposition of Cd$151,152]

4.3.2 X-ray diffraction study

After preliminary growth and characterization, CdS layers were grown betweer (788
793) mV cathodic voltages a&tmV step changeso as tocomb the cathodic voltages
surrounding the predetermined 790 mV to identify the stoichiometric or near
stoichiometricdly grown CdS layer. For this work, each CdS samplere grown for

the same timeéurationand CdCJ treated under the same condition. The observed XRD
peaks/crystallinity for both the akeposited and Cd&ltreated CdS layers within e¢h

cathodic voltage rangef (788493) mV were compareés shown ifFigure 4.3((a),

Figure4.3|(b),|Figure4.4lanqFigure4.5

As observed ifFigure4.3| all the asdeposited CdS layers were polycrystallinehwat

preferred peak orientation along tBelS (002)H plane which coincides with the FTO
SHDN DW DQJOhke asdeposited CdS layers were polycrystalline with peak

RULHQWDWLRQV FRUUHVSRQGLQJ WR &G6 + DW
( + DW U &G6 & DW U &G6 + DW
U DQG 6 2 DW This iDdiGaté$itieHr@IUgion of eteental

Cd and S, together wittubic CdS phase within theainphaseof hexagonalCdS. The
prefared peak orientation along th@dS (002)H plane coincides with FTO peak at
U 'XH WR WKH HIIHFW RCd®(802)H) Fexk SriteBsiyCES) W K H
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(101H at U ZLWK WKH VHFRQG SUHGR Rtiiseda®the SHDN
preferred peakor analysis of the CdS layers. After Cd@eatment, peaks identified as
Cd (101H at U 6 2 DW CdU2D)Q Gt U

completely disappears as observedFigure 4.3| (b) and|Figure 4.5| This can be

attributedto the diffusionand evaporationf excessulphug the formatiorof CdS from
the reaction between elemental Cd and S to form hexa@utaland the instability of
cubic phase CdS after heat treatmgrii3,154] A substantialincrease in XRD peak
intensity of CdS in hexagonal phasessalso observed after CdQteatmenexcept for
CdS(103H asshown inFigure4.5
It is well documentedn the literature that CdS can grow in two different crystalline

structures, nantg the hexagonal (wurtzite structure) and the cubic (Zobend
structure) with the hexagonal being the more metastable pha8d54] Hence, the
hexagonal CdS phasegre retainedfter CdC} WUHDWPHQW DW U& IRU
initial presence ofCdSin both hexagonal and cubphases in the adeposited layers

may be attributedo vigorous stirring during growth at low temperature as argued by
Kaur et al [8]. All the hexagonal phases @fdSin the asdeposited layer showed a

substantial increase in intensity after Cgttéatment except fo€dS (103H asshown

in |[Figure 4.5 These alterations in the XRD peak intensity might be due to the

reorientation of the crystaditice during heat treatment in the presence of ¢J@CI

A plot of preferred orientationQdS101)H) peak intensity against cathodic voltage for
both asdeposited and Cdgtreatedsamplesas depicted in Figure 4.dhows that the
highest peak intensitwas attainedt 791 mV under the conditions used in this work
This observation signifies the possibility of growing stoichiometric or -near
stoichiometric CdS at 791 mV away from thei CdS obtained aty lower than 791
mV or Cdrich CdS obtained a¥y higher than 791 m\as explained in Secti4.3.1
The extracted XRD data from the€elS material work matches the JCPDS reference
file No. 01-:080-0006 and 0@01-0647 for both the hexagonal and cubic phases

respectively. The crystallite size, D was calculated using the Scherrer's faasula

shown in|Equation 3.8] The summary ofthe XRD data and obtained structural

parameters ofthe CdS (101)H preferred diffraction orientation for layers grown
between 780 mV and 800 mV is showfiliable4.1| whilg Table4.2lsummarises all the
XRD diffractions observed faCdS thin filmlayergrown atVy=791 mV.
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Figure 4.3: Typical XRD patterns of CdS layers grown between 89 and 793
mV deposition potential for (a) Adeposited CdS layers (b) CdQreated CdS
OD\HUV DW U& IRU PLQXWHYV
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Figure 4.4: Comparative analysief CdS (101)H peak for ageposited and Cd¢l
treated layer grown at different growth voltagpesween 788 and 793 mV
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Figure4.5: Comparative analysis &®RD peaks fromasdeposited and Cdg&treated

CdS layers grown at 791 mV.

Table4.1: The XRD analysis of CdS layers growetweencathodic potential of §0
mV and 800 mVfor the asdeposited and the CdClreateG OD\HUV DW U&

minutes in air

Growth Lattice Crystallite  Plane of
voltage °) Spacing o Size D  Orientation Assignments
(mv) A) ) (nm) (hki)
As-deposited
780 28.4 3.14 0.389 21.9 (101) Hexagonal
789  28.47 3.13 0.259 329
790 28.43 3.13 0.259 32.9
791 28.83 3.09 0.194 44.0
792  28.39 3.14 0.259 32.9
793 28.44 3.14 0.259 329
800 28.36 3.14 0.389 21.9
CdCl, treated
780  28.41 3.13 0.389 21.9 (101) Hexagonal
789 28.34 3.14 0.194 43.9
790 28.34 3.14 0.194 43.9
791 28.45 3.13 0.129 65.9
792 28.42 3.14 0.195 43.9
793 28.31 3.15 0.195 43.9
800 28.38 3.14 0.195 43.9
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Table4.2: The XRD analysis of CdS layers growncathodic potential of 791 mV fo
the asdeposited and the CdCheatWUHDWHG OD\HUV DW U& IRU

Sample f Lattice FWHM  Crystallite Plane of  Assignments
Spacing °) Size D Orientation
(A) (nm) (hkl)

As-Deposited
24.90 - - - (100) Hex CdS
26.69 3.34 0.227 37.5 (002) Hex CdS/FTO
28.83 3.09 0.195 44.0 (101) Hex CdS
38.92 231 0.195 45.2 (101) Hex Cd
42.64 2.12 0.390 22.9 (319) Orth S
47.00 1.93 0.260 34.8 (220) Cubic CdS
48.02 1.89 0.195 46.7 (103) Hex CdS

CdCl, treated
25.07 3.55 0.260 32.7 (100) Hex CdS
26.80 3.32 0.130 65.7 (002) Hex CdS/FTO
28.45 3.13 0.130 65.9 (101) Hex CdS
48.17 1.88 0.162 56.0 (103)  Hex CdS

For the CdS layers grown between 780 nm and 800 nmshewn in|Table 4.1

calculatedcrystallite size ranging between (21#84.0) nm for the adeposited and
(21.9 +£65.9) nm for the CdGltreated CdS layensere observed Apart from the CdS
layer grown at 780 mV, an increase in the crystallite sizes of alCt&layerswas
observed after Cdgltreatment.This observation might be due to the coalescence of
crystallites andrecrystalligtion, reduction in strainteess resulting in an overall
improvement in the structural properties of CdS layers after Qd&2itmentUnderthe
asdeposited and Cdgkonditions, the highest crystalli|zeswere observeat 791
mV.

4.3.3 Raman study

Figure 4.6|shows typical Ramaspectraof ~500 nm thick layers of both @eposited

and the CdGl treated samples a€dS In this spectrastrong scdering due to the
longitudinal optical (LO) vibration modeas observed for both the akeposited and

CdCL treated layers. For the -deposited CdS layer, the dominating 1LO peak was
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observed at ~303 ciwhile a broad 2LO peatas observedt ~604 crit. The 1LO

and 2LO peaks for the CdCteated samples wenbservedat ~300 crit and 602 crit
respectively. The slighted shiftobservedn the 1LO and 2LO peak positions after heat
WUHDWPHQW DW U& IRU P L QXawheli id Iygedik|Aakdel) HV H Q

4.3 This shiftin Raman peaksan be attributedto internal dislocatiorand extrinsic

defect in CdS layeas a result ofensile orcompessive stressgd53]. Tensile and
compressive stresses affect the Raman spectrum by a red shift and a blli&bShift
Furthermore, the obtained FWHM from the Raman spectra shows a reduction in its
value after CdGltreatment which is an indication of an improvement in the crystallinity
and increasethe grainsize of the treated layer. This analytical trend is consistent with

that observed from the XRD analysis.

50000 ©
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S 30000 - !
8 : |
220000 - I !
8 I I
<} | I
£ 10000 - | |
/fl\II +_ As-deposited
0 1] |! T

200 300 400 500 600 700 800 900
Raman shift (cm)

Figure4.6: Raman spectra of akeposited and Cdgtreated CdS thin films grown &
791 mV.

Table4.3: Raman Analysis of Agleposited and CdgTreated CdS layers

As-deposited CdS CdCk Treated CdS

1L0 2L0O 1LO 2LO

Raman peak position (¢ 303 604 299 601
Intensity (arb. unjt 3645.7 390.6 26017.0 7504.7
FWHM 28.73 51.44 16.28 20.71

Page80



Chapter 4 CdS deposition and characterisation

4.3.4 Thickness measurements

The thickness measurement of layers grown betweent¢/893) mV was carried out
both theoretically and experimentalljhe heoreticaimeasuremenvas estimated using
)DUDGD\TV ODZ RIdiscOsddd W LSRC{II@L&\\M dbdivn inEquation3.6
Thenumber of electrons transferrador the deposition of 1 molecule GdSis 2 (that

is, n=2 for CdS). The experimental thickness measurement was carried out using UBM
Microfocus optical depth profilometer (UBM,Mesgecmik GmbH, Ettlingen,

Germany). It was observed|kigure4.7((a) that the value of the measured thickness
waV ORZHU WKDQ WKH FDOFXODWHG WKLF Nligstdanwe XVLQJ
attributedWR WKH DVVXPSWLRQV PDGH LQ )DUDGD\YV ODZ |

charges contribute to the deposition of Cdbhis assumption iswithout any

consideration of thelectronicchargecontribution fromthe decomposition of water into

its constituent ionat voltages above 1230 nj¥56].
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Figure 4.7: (a) Graph of CdS layer thickness (theoretical and experimental) ac
growth voltages for both adeposited and Cdgtreated CdS layers and (b) graph
measured CdS layer thickness against different annealinglder@t LQ DL U
the presence of Cdgl
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It was also observethat the growth current density increases with an increase in
growth voltage and thereforesults inincreased film thickness aradlsochangesvere
observedin the coloration of the deposited film. It is worth noting that for these
experiments, all th€dSlayerswere grownfor the same time duration and heat treated
under the same condition. As showfFgure4.7/f D DIWHU KHDW WUHDWP

20 minutes in the presence of CgGhe thickness of the samples grown at 787 and 788
mV show a slight reduction ithicknesswhich might be a result of the loss silphur

from the Srich CdS layersThe thickness of the samples grown between (789 and 792)
mV remained virtually unchanged which might be attributed to stoichiometric or near
stoichiometric nature of the grown layaithin this rangeThe layes grownabove 791

mV shows a sharp reduction in thickness as a result of the sublimation of cadmium from
the Cdrich CdS layer. Thisbservéion indicates that stoichiometric CdS can withstand

the heatireatment but either Sich CdSor Cdrich CdSlayer easily breakdown and
sublime under the same conditions

Further experimentations were performed to determine the effect of heat treatment

duration in the presence Cd@s shown ifFigure4.7|(b). A reduction in thickness due

to sublimation of CdS layewvas observedfter 20 minutes and a shamgxuctionafter
25 minutes heat treatment duration. Based on this result, bagthént ofCdSin the
presence of Cdghbove 20 minutegesults inlayer deterioration and sublimation of the

CdS layer and mighesultinto pirnrhole formation.

4.3.5 Optical property analyses

The optical absorbance measurements were carried out on sgnaplesbetween (787
and 793) mV for both the afeposited and the CdCltreated samplesThis
characterisatiomvasperfamedto determine the energy bandgap of each CdS layer and
its conformity with the energy bandgap of the bulk CdS. The spectra of optical

absorbance for the CdS thin films grown at different voltages fatepesited and

CdCl, treated sampleare shownin |Figure 4.8|(a) andFigure 4.8|(b). The square of

absorbance A®) was plottedagainst thephoton energy hv) and the extrapolated
straightline section of the graph to thotonenergy axis af?=0 gives an estimate of
the bandgap energy. As observed, thedggsosited CdS layergrown within the

exporedgrowth voltage range shobandgap ranging between 2.41+0.03 eV as shown

in |Figure 4.8| (a) andTable 4.4 The CdC} treated samples grown within the same

growth voltage rage show a bandgap range between 2.41+0.01 TéN6 slight
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reduction in the bandgap range after Gditdatment mighbe attributedto pin-hole
removal, recrystallization of the lattice structure and improvement in material
composition. Notably, the growthvoltages surrounding 791 mV showthe
comparativelysharp difference irthe bandgap This might be due to the insulative
property ofsulphurdue to its richness as observed at Myand the metallibehaviour

of cadmium due to itachnessat highVj. It was interesting to see that the layer grown

at 791 mV shows 2.42 eV bandgap which is comparable with the standard bandgap for
bulk CdS.
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Figure 4.8: Optical absorption spectra for electrodeposited @d&films between
voltage range 789 to 793 mV for (a)@deposited, and (b) CACWUHDWHG &

for 20 minutes in air.

Table 4.4: The optical bandgap and transmittance of CdS layers grown at catlr
potentials between 789 mV and 793 mV for thedeposited and the CdClreated
OD\HUV DW Utks IrRaly. PLQX

Growth voltage (mV) 789 790 791 792 793
Band gap for asleposited CdS (eV) 2.45 2.44 2.42 2.42 2.39
Band gap CdGltreated CdS (eV) 2.41 2.41 2.42 241 2.40
Transmittance for ABCdS (%) 58 57 47 47 43
Transmittance for Cdgtreated CdS (%) 79 76 76 63 61
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