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Introduction and Overview



1.1 Introduction

I n recent years, direct wide bandgap semiconducttenals have been

extensively studied by many researchers, due todkeellent thermal, optical and
electrical properties. They have found applicationthe manufacture of blue — UV
light emitting diodes (LEDS), laser diodes, soland UV detectors, solar cells, gas
sensors, high electron mobility transistors (HEMTs)d heterojunction bipolar
transistors (HJTs) [1,2,3]. To date, lll — N corapd semiconductor materials, in
particular GaN, have been the most successfuldrfdabrication of blue — UV light
emitting devices. GaN is hexagonal (wurtzite) musture, possessing a band gap of ~

3.43 eV and an excitonic binding energy of 23 mé) |

Similar to Ill — V materials, Il — VI materials, pscially ZnO, have been subjected to
tremendous research recently as potential matettaleplace GaN. ZnO is also
hexagonal (wurtzite) in structure, with a band gdp~ 3.3 eV, and an excitonic
binding energy of 60 meV [5]. It is usually depesit naturally as n-type

semiconductor material.



This thesis focuses on the evaluation of a matealéd Copper | Chloride (CuCl) for
the fabrication of blue — UV light emitting deviceSuCl belongs to the | — VII
compound semiconductor material group with a baagl@ ~ 3.4 eV [6]. It exhibits a
zincblende structurey{phase) at low temperatures, up to ~ 680 K, where i
transforms to the wurtzite structurg—phase). Its excitonic binding energies are of

the order of 190 meV [7].

1.2 Motivation of this Research

Since the commercialisation of GaN-based LEDs 8] &aser diodes [9] over ten
years ago, Gallium Nitride has dominated the blué\\-optoelectronics industry. In
spite of the interesting thermal, optical and eleat performance of this material,
devices produced from GaN suffer from numerousaitiireg dislocations, due to the
lack of an appropriate substrate. It is usuallycd@ed on sapphireafAl,Os), an
insulator which has a lattice mismatch as high@% 110] to GaN. Figure 1 gives a
schematic illustration of the lattice mismatch of GaN(0001) film onto an
Al,03(0001) substrate. The introduction of epitaxiaéfat overgrowth [ELOG] [11]
and pendeoepitaxy techniques [12] for the depaosiioGaN thin films has partially
alleviated the problems of threading dislocatiohs.an alternative, the deposition of
GaN on hexagonal silicon carbide (4H — SiC and 65G), with a lattice mismatch
of ~ 3.4% [13] has paved the way for the fabrigatad GaN/SiC films with lower
threading dislocation densities. However, thesértieies are not straightforward
especially in the latter case where Ga has pootingetn the SiC surface [14]. In
addition, the high cost of growing good quality SSGbstrates as well as the wide

availability, the ease of handling and the easrergrowth cleaning of ADs has



allowed sapphire gain popularity as the substi@atelépositing GaN films. The direct
integration of GaN based optoelectronics with Scnoeleclectronics has been very
difficult due to a lattice mismatch of ~ 17%, thelmexpansion coefficient

incompatibility of ~ 56% and poor nucleation of GaN Si [15].
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Figure 1.1: Schematic illustration of the lattice mismatch @aN(0001) grown onto
an AbO3(0001) surface [46].

ZnO is another promising potential material for faérication of blue — UV light
emitting devices, which has some advantages ovél. Ghese include an excitonic
binding energy of 60 meV, and the availability ogfh quality bulk single crystals.
However ZnO is usually deposited naturally as retgpmiconductor material due to
non stoichiometry caused by zinc interstitials, gety vacancies or the incorporation
of hydrogen in the crystal lattice [16,17,18]. Tih&insic defect levels that results in

the formation of the n-type material are situatpgraximately 0.05 eV below the



conduction band. Owing to self-compensation of gasy it is very difficult to prepare
high quality p-type ZnO material reproducibly. brct the majority of the p-type ZnO
films are usually characterized by relatively lowlér concentrations, low hole
mobility and instability [19,20,21,22,23], and tresulting p-type semiconductor may
even appear to be n-type under the influence cdvitilet photoelectron illumination
[24]. As in the case for GaN, ZnO thin films facege lattice mismatch problems
with non-parental substrates and the difficultydafect integration with the well-

stabilized Si microelectronics based systems.

With a view to resolving these problems, we hawegtigated a new hybrid platform
based on Copper | Chloride (cuprous chloride, Cull)Si. The large excitonic
binding energy of the order of 190 meV, which isamwsuperior to those of Il —
Nitride or ZnO compound semiconductor materialsargantees the observation of
excitonic recombination even up to room temperataad beyond [25]. A lattice
mismatch of < 0.4% when deposited on Si substfatgs= 0.541 nm andg= 0.543
nm) [26] indicates the possibility of fabricatindub — UV optoelectronic light
emitting devices on Si with very low threading disition densities. In a similar
fashion to ZnO but as opposed to GaN, high qudlitik single crystal CuCl can
easily be grown. CuCl has been previously idemtifd recognised as a potential
candidate material for the manufacture of electiicomodulators and optical filters
[27], as an electrolyte for solid-sate batterie8],[Zas a superconductor [29], as a
photo catalyst [30], in photographic processing] [@d most recently as a sensor to
detect CO in hydrogen environments [32]. In thigdgtthin films of CuCl have been
deposited and evaluated for their microstructuedéctronic and optoelectronic

properties and we have analysed the possibilitysofg a CuCl/Si hybrid platform for



next generation optoelectronic devices. As a widedbgap material emitting within
the blue — UV region, CuCl will find applicationgrass numerous industry fields,

most notably in

Properties CuCl ZnO GaN
& 10% 8.65'®! 8.9%!
natIR 2.64 2.0'8 2.3%!
Ex (meV) 194 608! 234

E, (eV) 3.4 3.30% 3.43
Lattice Constant (nm) a=05M a=328" a=0.3188"

c=51%1 ¢=0.5186"
Mismatch to Si (%) <0.4 15 17

Structure Zincblende Hexagonal Hyexeal

Table 1.1: Some properties of CuCl, ZnO and GaN, whegre, E, and g are the
static dielectric constant, refractive index in thdrared region, excitonic binding

energy and optical band gap of the semiconductderia, respectively

the manufacture of the next generation DVD plageerders and high-density optical
data storage. A change from the currently availabteor infrared (680 — 780 nm)
laser diodes to CuCl based lasers emitting aroun887 nm, will significantly

increase the optical storage density by up to ispes the present capacity. Other

possible applications include laser printing, pcogn displays, spectro—fluorometery,



photo-catalytic reactions, counterfeit detectidmernical detection, traffic signals and

in medicine (e.g. the use of UV radiation in tregtcancer and cerebral apoplexy).

Table 1.1 compares some important properties ofl@Quth ZnO and GaN. It is
interesting to see that values of the static digteconstang,, refractive index n, and
optical band gap fof all the three materials are similar. However theitonic
binding energy Eand lattice mismatch to Si of CuCl greatly surptese of both
ZnO and GaN. These two prime properties suggestthaar lattice matched exciton

based light emitting devices could be fabricatében CuCl/Si hybrid platform.

1.3 Report Organisation

This report describes the experimental work ondhmwvth and characterisation of
CucCl for possible optoelectronic applications. Agesm this laboratory, the research
on copper chloride and related cuprous halides theepast decade or so has focused
on three main sections:
» Spectroscopic and theoretical studies of band tstres and excitonic-based
luminescence in CuCl, and related copper halideethorystals [36,37,38].
» Fundamental photoluminescence and spectroscogigestof CuCl quantum
dots embedded in NaCl crystals [39,40] and gladsicea [41,42].
» Surface studies of the growth mechanisms involvedhe heteroepitaxy of
CuCl single crystals on a number of substrates sischMgO (001) and CaF
(111) [43] and reconstructed (0001) haematiteRe,Os) [44]. Nishida and co
workers [45] even extended the studies of the dgposCuCl films on

matured semiconductor materials. They examined sheface growth



mechanisms in the heteroepitaxy of single crystalfilms of CuCl on both Si
and GaAs substrates by molecular beam epitaxy. Menvéhis study focussed
on the fundamental physics of the island growticess and the nature of the

interfacial bonding.

We have proceeded from previous work from both lderatory and elsewhere and
attempted to analyse the possibility of using a KEsiChybrid platform for
optoelectronic applications. Most of the chapteegib with a brief theoretical and
literature review of the subject concerned.

Chapter 2 provides the reader with specific information abmaterials used in this
thesis, deposition of films, substrate preparateperimental methods and the set-up
used throughout.

Chapter 3 begins with a brief review of x-ray diffraction RD) and atomic force
microscopy (AFM) and its applications to semicortduenaterials. This is followed
by detailed results of the structural and morphickalgproperties of CuCl/Glass,
CuClI/ITO, CuCl/Si and oxygen plasma immersed CuQiligs.

Chapter 4 provides the results of photoluminescence and calptabsorption
experiments on CuCl/Glass, CuCl/ITO and CuCl/Si gety plasma immersed
CuCl/si films. The literature review of the theony luminescence and absorption
processes in semiconductor materials are discasseetl.

Chapter 5 begins with a brief theoretical review of ionic ael@ctronic conduction
mechanisms in solids. This is followed by detaigectrical characterisation results
of the as deposited CuCl and oxygen plasma immeZs&di films confined between

both reversible (Cu) and irreversible (Au) elecesdinder the influence of steady



state DC (I-V) and small signal AC measurementsngiselectro-impedance
spectroscopy are also discussed.

Chapter 6 provides the results of encapsulation experimentCuCl films using

SiO, deposited by plasma-enhanced chemical vapour diepo§PECVD), organic

polysilsesquioxane-based spin on glass materigdd(®3nd cyclo olefin copolymer
(COC) thermoplastic-based material.

Finally, chapter 7 summarises the subject matter of the thesis andests) future

research directions.
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2.1 Introduction

During the course of the evaluation of CuCl thinmBl as an

optoelectronic material, a number of other matenetre used in conjunction with

CuCl. This chapter introduces briefly the laborgtprocedures and experimental
techniques used in this research work. This begwth substrate preparation,
followed by materials, material deposition methedisl the experimental techniques

employed.

2.2 Substrate Preparation

The substrates used for in the research work veprare-cut soda lime glass

(VWR International), indium tin oxide coated glaskdes (Sigma Aldrich R=
20Q/ ), Silicon substrates (University Wafer) and metadted soda lime glass
slides. Prior to film deposition, the glass slidesre placed in a beaker-containing
Decon neutral (Decon Laboratory Ltd), a powerfujr@asing detergent and subjected
to an ultrasonic bath for about 10 minutes. Thelesliwere then removed and
physically washed with Decon neutral and cottonsbtaml further remove dirt and

contaminants. Immediately after this, the slidesensequentially rinsed with cold,

15



hot and ultrapure deionised water (Millipore Q sys}. The slides were then placed
in a beaker containing ultrapure water and subjetean ultrasonic bath for about 20
minutes. Finally the slides were removed from tleaker and placed in a drying
compartment where a stream of pure warm air oogén gas was used to dry them.
The indium tin oxide (ITO) coated glass slides welemned in a similar way and in
addition to this, the slides were subjected to #magonic bath in acetone and
isopropanol/methanol respectively for about 5 nesutach to keep the surface of
ITO hydrophobic. In addition to the conventionalydsasing routine for ITO slides,

the native oxide on the Si substrates was remosid tnydrofluoric acid solution.

Aluminium, copper and gold were thermally evapadate plain clean glass slides,
thin films of CuCl and the dielectric materials ds&s encapsulants. Aluminium wire
(Goodfellow, 99.95% purity) was evaporated usinBazers TSH170 turbo pump
vacuum evaporation system at a base pressure afrtlee of 16 mbar and it was
used for the fabrication of metal-insulator—-metalictures in characterising the
dielectric constant of the encapsulants. Both gold copper were deposited on CuCl
films for the evaluation of the electrical propesti Gold wire (Alfa Aesar, 99.9%
purity) and copper wire (Alfa Aesar, 99.999% puritwere deposited using an
Edwards E306A thermal resistance evaporator whhse pressure of 1 x i@nbar.

A standard lithography masking technique was usedrkating patterns on the films.

2.3 Materials

The main materials used in this research work are:
* SiO, deposited by plasma enhanced chemical vapour itiepo@ECVD).

» Organic polysilsequioxane (PSSQ) spin-on glassdbdselectric.

16



* Cyclo olefin copolymer (COC)-based dielectric.
* Cuprous chloride (CuCl).
The PECVD SiQ, PSSQ and COC were used as encapsulants for ngdihe effects

of oxidation of CuCl thin films.

2.4 SiO, Deposited by PECVD

2.4.1 General Description

The SiQ deposited by plasma enhanced chemical vapour tigpofias similar
properties to thermally grown Si®ut with the advantage of high growth rate, low
deposition temperature, which favours low defectmfation in the underlying
substrate, low dopant diffusion and little degramtatof metal layers [1,2]. The
physical properties of the SiQilms deposited by this method may vary slightly
depending on the precursor and the process panamneted. Some of the properties
of a typical PECVD Si@film includes band gap > 9 eV, refractive indext42,

density of 2.3 g/crh dielectric constant ~ 3.5, dielectric strengté MV/cm [1].

2.4.2 Deposition

Conventional chemical vapour deposition requires firmation of SiQ at elevated
temperatures while PECVD permits the growth of SiOlower temperatures by the
introduction of a plasma, which aids the efficidlecomposition of the precursors at
lower temperatures. Plasma enhanced chemical vageposited Si@ films are
traditionally grown using either silane or tetraatisilane (TEOS) as a source of Si

and nitrous oxide or oxygen as the oxidising ageotvever the handling of silane is

17



very difficult as it is pyrophoric, flammable anakic, therefore many researchers [3]
use TEOS as the source of Si, which is safe angltedsandle as it is in liquid form
and chemically stable. Other precursors as sotioc€d and oxidizing agents are also
available. The deposition of the Sims produced from this method was carried out
in a PECVD chamber and precursors are allowed timochamber via dedicated

channels.

In this study, PECVD Si® deposition was carried out using a
oxygen/hexamethyldysiloxane #BIMDSO) mixture in a parallel plate RF reactor at
a frequency of 13.56 MHz. The BIMDSO ratio was 10:1, while the RF power that
determines the degree of excitation and fragmemtatias kept constant at 350 W.
The operating pressure was 10 Pa and the depositienwas 8 minutes, which
resulted to ~ 400 nm of SODetailed description for the deposition processhef

SiO; films are fully reported in chapter 6.

2.4.3 Applications

SiO;, films deposited by the PECVD technique are notalslgd as dielectrics in the
semiconductor industry. It has found applicationsfilm passivation, inter-metal
dielectric layers, in memory devices, gate oxided @& metal oxide semiconductor

field effect transistor devices (MOSFET) [1,4].
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2.5 Polysilsesquioxane (PSSQ)

2.5.1 General Description

Polysisesquioxanes (PSSQ) are part of a new faofiybrid inorganic-organic
composites designed with the good physical propertf ceramics and excellent
choice of functional group chemical reactivity agated with organic chemistry.
They possess the general empirical formulas RSR being an organic functional
group [1]. Each Si atom is bonded to one and a(salqui) oxygen atoms and to one
hydrocarbon group (ane). They have excellent dieteqproperties with high

breakdown strength comparable to that of Gt with a lower dielectric constant.
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Figure 2.1: Chemical structure of polysilsesquixane in (a)e&ym and (b) network

form [1].
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2.5.2 Chemical Preparation

Silsesquioxanes are generally prepared via the acictatalysed hydrolytic

condensation reactions of trifunctional organosiic monomers such as
alkyltrialkoxysilane, alkyltrihalosilane or trimetkysilane [1]. The molecular

structure of PSSQ consists of a mixed cage andamktatructures (see figure 2.1)
before thermal curing, with part of the cage stettransforming into a network
structure after curing [5]. The structural and eattic properties of PSSQ film
depends strongly on the conditions of thermal guf] and the change of structure

with temperature differs among different polysilsiexxanes.

2.5.3 Deposition

PSSQ are commercially supplied usually in flakednfowhich are soluble in a
variety of common organic solvents including metilariso—propanol, ethanol,
butanol, hexanol, and butanone but the qualityheffiims is highly dependent on the
solvent and the substrates [7]. In this study, R&5Q used was a commercially
supplied PSSQ solution from Emulsitone Inc, USAe RESQ solutions were spun at
3000 rpm using a spin coater or isothermally dippsohg a dip coater and cured
under vacuum at 18Q for 1 hour cumulating to a thickness of ~ 300 nfhe
encapsulated thin films of CuCl could only be cusgdow temperatures, because,

thin films of CuCl react with Si at a temperatureaer than ~20C [8].

2.5.4 Applications

Since the first synthesis of polysilsequioxanes 1848 [9], they have found

applications in numerous industries, such as iaro@s, low-k interlayer dielectric
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layers, thermo-optical materials for photonic degi@and most recently PSSQs have
been successfully used as the dielectric layergarac thin film transistors (OTFTs)

[10] with good performance comparable to that @,Si

2.6 Cyclo Olefin Copolymer (COC)

2.6.1 General Description

Cyclo olefin copolymer (COC) based dielectrics aew class of thermoplastic
polymers. COCs are composed of small olefin monenvenich are randomly or

alternately attached to the polymer backbone, thaking the copolymer amorphous
with low dielectric loss, low dielectric constahtgh dielectric strength, low moisture
absorption, good chemical resistance to polar stéyéow shrinkage, very large band
gap, excellent transmittance in the visible andrudgaviolet wavelengths and low
birefringence [11]. It has a density of the orderb.03 g/cmi, dielectric constant of

the order of ~2.3 and refractive index of the omfer 1.53.

2.6.2 Chemical Preparation

There are several types of commercial cyclo olefipolymers based on different
monomers and polymerisation methods. COCs are peaduby chain

copolymerisation of cyclic monomers such as 8,%fflsrborn—2—ene (norbornene)
or 1,2,3,4,4a,5,8,8a—octahydro—1,4:5,8-dimethanathapene (tetracylododecene)
with ethene, or by the ring-opening metathesis melysation of various cyclic
monomers followed by hydrogenation [12]. A typigablymerisation scheme is

illustrated in figure 2.2
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Figure 2.2: Typical polymerisation scheme of cyclo olefin padys [12].

2.6.3 Deposition

Cyclo olefin copolymers are commercially supplieshially in flake form, which are
soluble in very few organic solvents, includingue and cyclohexane. Similar to
PSSQ, the quality of the film is highly dependenttioe solvent and the substrates. In
this study, the COC used was a cyclo olefin copelytmased solution supplied by
Brewer Sciences Inc. The COC solutions were spus0@0 rpm using a spin coater
or isothermally dipped using a dip coater and cureder vacuum at 176 for 15

minutes.
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2.6.4 Applications

Since the first report of the synthesis of cyclefiol copolymer in 1991 [13], it has
found applications in various industries such asoptics, medical, electrical
packaging, diagnostic containers and, due to iteleent dielectric properties, it will

likely find applications as an efficient low-k déetric material.

2.7 Copper (1) Chloride

2.7.1 Physical Properties

Copper (I) chloride and related halides (CuCl, CuBrd Cul) are ionic I-VII
compounds and crystallise naturally in the zincté&e(r,,F43m) structure [14]. Their
ionicities on the Philips scale are 0.746, 0.738 ar692 for CuCl, CuBr and Cul
respectively [15,16]. These values of the ionisitid cuprous halides especially that
of CuCl approaches the critical value of 0.785 rmaykthe boundary between
compounds with six-fold coordination (rock salt) darfour-fold coordination
(zincblende, wurtzite). With increasing temperatu@aCl undergoes a solid-state
phase transition from the zincblende structyrphase) to the wurtzitg3{phase) at

680 K before melting at around ~ 695 K [17].

Figure 2.3 shows the zincblende structure of CuThis consists of two
interpenetrating face-centred-cubic (f.c.c.) sulmas occupied by Cuand CI
respectively. The unit cell is composed of four ewnlles, in which each Cu atom is

surrounded by a regular tetrahedron built by folratdms at a nearest neighbour
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a3

distance OfT [18,19], where a is the lattice constant. The sdcoearest

a3

neighbours are twelve atoms of the same kind &tarte OfT'

Copper chloride boils at ~ 1763 K, has a density.@#0g/cmi and a lattice constant
of 0.5416 nm for the zincblende structure [19]isltalmost insoluble in water but
dissolves readily in concentrated hydrochloric a€ldpper (1) chloride is unstable in
air due to the weak bonding that holds the molexcofemonovalent cuprous halides.
Thus it forms oxyhalides of Cu Il upon exposureato[19]. Table 2.1 summarises

some important properties of cuprous chloride.

Figure 2.3: The zincblende structure of copper (1) chloride QD) [20].
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2.7.2 Optical and Band gap Properties

These are probably most investigated propertiesipfous halides due to their large
excitonic binding energies (190 meV for CuCl an® 16r CuBr [21,22]). Copper (1)
chloride is a wide band gap semiconductor mateiiidd a direct band gap of ~ 3.4 eV
[23,29]. The electronic band structures of the ouprhalides have been studied by

several authors from both a theoretical and expartai point of view.

Using theoretical techniques, Song [24] used a-tighding scheme to calculate the
band structure of CuCl. Calabrese and Fowler [28dua mixed basis set (plane-tight
binding) with Slater and valence-screening excharigecalculate the band structure
of CuCl. Overhof [26,29], used a relativistic Kmga-Kohn-Rostoker (KKR) method
with Slater and Kohn-Sham exchange to calculateb#imel structure and densities of
valence states (DOVS) for CuBr and Kleinman and mh&d [27] gave the first-
consistent energy band calculation of CuCl withfisight variational freedom to

calculate the band structure and the effective esaascurately.

On the experimental side, Krolikowski examined tbleotoemission spectra for
copper salts over a photon energy range of 6 —d¥.&onoet al. [28] studied the
band structure of cuprous halides using x-ray pmtssion measurements and
Goldmannet al [29] carried out comprehensive studies on thedbstnucture and
density of valence states (DOVS) of cuprous angsihalides (CuCl, CuBr, Cul and

Agl) by using photoelectron spectroscopy over aewihge of excitation energies.

According to [27] and [29], the valence bands @prous halides originate from the

combination of the parental copper metd’{) and halogen {p°) outer electronic
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configuration. On forming a compound (CuX; where=XCI, Br or 1), the loosely

bound s electron of copper is transferred to theenedectronegative halogen. This
leaves the metal ion with a completely filled oudeshell and the halogen ion with a
rare gas configuration. The energy band diagraf@wgl in the zincblende structure

is depicted in figure 2.4

At low temperatures, copper (I) chloride exhibitvariety of fluorescent emission
lines with energies near the band gap [30]. Thes&ssons are attributed to the
anihilation of free excitons and excitons boundrgstal imperfections. The top of the
valence band of cuprous chloride is split into fwamds by the spin-orbit interaction,
yielding Zi, and % free excitons, which are ~ 60 meV apart from eeitter [31].

This valence band structure is in reverse ordénabof most typical semiconductors

Other important optical properties of copper clderinclude transparency between
0.4 um and 20um, an electro-optic coefficiert;4 of 6 x 10" cm/V and a refractive

index of ~ 2 [32].
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Figure 2.4. Theenergy band diagramf copper (l) chloride in zincblende structure

[27].

2.7.3 Electrical Properties

The electrical properties of cuprous halides hdse been studied by several authors
[32 — 46] and have been found to greatly dependsraall deviations from ideal
stochiometry ratios. Electrical conductivity measuents of cuprous halides samples
carefully freed of excess halogen revealed predantiy ionic conduction through
copper ions [32,41 — 46]. Excess halogen correspgrid a deficit of copper causes
hole conduction in addition to the ionic conducti&ll three cuprous halides are
mixed, ionic and electronic semiconductors at l@mperatures [19]. Below room
temperature, electronic conductivity is usually dominant; conversely, at high

temperature, the ionic contribution accounts forstraf the total conductivity value.
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Within the high temperature range, all three conmgisuare superionic conductors,
with conductivities in excess of 1 S/cm [19]. Aed@tical conductivity of the order of

10® S/cm was reported for bulk single crystal of Cu@inples at room temperature

by Riveraet al.[32].

2.7.4 Chemical Preparation

The primary route by which most commercial coppgciiloride powders are made
today has been in known since as far back as ¥80This involves the passing of a
mixture of hydrochloric acid solution and argon 098.999% copper metal at 1223
K (950°C). The CuCl powder precipitated from the reactidgh then be washed in

organic solvents dried and stored in a sealedebattider argon gas. The process

reaction is governed by the chemical equation:

2Cu + 2HCl— 2CuCl| + Hat (2.1)

Other popular methods reported in the literatuotuithes the carbonation of palladium
in a solution containing cupric sulphate-chloridé8][ thermal decomposition of
organic copper compounds [49], reaction of coppetainwith tetrachlorocabornate
[50], exposure of copper single crystals to chlerigas in an ultra high vacuum
chamber [51], reaction of copper oxide with ammanichloride at 673 K and ion
implantation method combined with post heatingigh temperatures [52]. Nearly all

these techniques require complicated equipmenty fegction temperatures, utilize
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toxic reactants and organic solvent or produceupie# byproducts. However, very
recently, Zhang and co-workers [53] demonstratesl tigdrothermal reaction of
copper (II) chloride (CuG) and alpha-D-glucose (H:.0s), a mild renewable,
inexpensive and non toxic reducing agent, in tres@nce of distilled water and at a
temperature of 393 K to synthesise purified CuChataystals. They called the
process'A green hydrothermal route to nanocrystalline CtiGlue to the combined
use of safe and renewable reactants and a benigensanedium involved in the
synthesis. It was suggested that the formationaoiorystalline CuCl powder from
this method is by complexation-reduction-precipitatmechanism and summarised

the equation for the process as:

2CuCb + GH1205 + H,O — ZCUCU + CGH1,07 + 2HCI (22)

2.7.5 Deposition Techniques

Cuprous chloride is usually deposited in eitheypistalline or single crystal form.
Its is very difficult to grow unstrained and twireé single crystal CuCl from the melt
due to the wurtzite — zincblende phase transitiat takes place at 680 K [32]. The
problem of the phase transition can be avoideddpositing at temperatures below
the wurtzite — zincblende phase transition tempeeatHigh quality single crystal
CuCl has been successfully grown by vapour trangpdt, flux growth [55,56,57],

gel growth [58] and most recently by molecular bespitaxy [59].

In this study thin films of polycrystalline coppél) chloride were grown using a
vacuum evaporation method, the starting materiahdoeeommercially supplied

copper (I) chloride powder by Alfa Aesar with a pyrof 99.999%. A variety of
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materials have been previously used as the substfat the heteroepitaxy of CuCl
films. This includes, MgO and Caf60], haematite [61], sapphire [62], GaAs [63]
and Si [7,63,64] substrates. From a device poivi@#, silicon seems to be the most

promising out of all these substrates, due toets tattice match to

Lattice parameters a =5.1416 (Zincblende)
a = 3.91 (Wurtzite)
b=6.42

Phase Temperature Range < 680 K (Zincblende)
680 < T < 695 K (Wurtzite)

Melting Point 695 K
Density 4.140 g/cm
Boiling point 1763 K
Bandgap 3.4eV

Z1, Exciton 3.27eV

Z5 Exciton 3.204 eV

M Free Biexciton 3.168 eV

[, Bound Exciton 3.181 eV

N; Bound Exciton 3.149 eV
Refractive Index ~ 2 at infra-red wavelengths
Transparency 0.4<T,<20pum

Total Electrical Conductivity ~ 10®

Table 2.1: Some important properties of cuprous chloride.
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copper (I) chloride (< 4 %), its low cost, good rina@l conductivity, availability of
high crystalline quality and the possibility of egirating CuCl based optoelectronic

devices with mature silicon microelectronics badedces.

Thin films of cuprous chloride of thickness betwd&® — 500 nm were deposited on
clean substrates (glass, ITO and Si) using an Ebw&306A thermal resistance
evaporator with a base pressure of ~ 1 X fitbar and evaporation pressure of ~ 3 x
10°® mbar. The cuprous chloride powder was evaporatem fa small clean quartz
crucible situated at about 13 cm from the substatkat a growth rate of ~ 0.5 nifns
as indicated by the in built FTM6 thickness monitothe evaporator chamber. It is
necessary to deposit copper (I) chloride films @w Ipressure in order to avoid
oxidation of CuCl powder and as well as ensurirag the evaporated atoms undergo
a near collisionless transport from the sourcéhéodubstrate. The mean free path of

gas particle is given by [65]:

_ 5x107°
P

A cm (2.3)
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Figure 2.5: A schematic diagram illustrating the growth of ooys chloride (CuCl)

films using vacuum evaporation technique.

where R, is the pressure in Torr. Thus at an evaporatiegqure of ~ 3 x I0mbar
(2.25 x 10 Torr) corresponds to a mean free path of evapdrgasi of about
2222.22 cm. Figure 2.5 shows a schematic diagristrting the growth of CuCl
films using the vacuum evaporation method. Adjustine current flowing through
the crucible controls the rate of evaporation. Tate at which atoms pass into
vacuum from a heated source is given by the webwm Hertz-Knudsen rate

equation [66]:

W = 3.5 x 162aP/(MT) 2 atoms/crfisec (2.4)
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where P is the vapour pressure in Torr, T is the tempeeain Kelvin and M is the
molecular weight in grams. The parameteiis the evaporation coefficient. It is
dependent on the cleanliness of the evaporatidacgiand can range from unity for
clean surfaces to a value as low a3 i dirty surfaces [67]. The emission of vapour
from a clean source surface £ 1), and to the first order for other cases,oiof a
simple cosine rule [67]. Thus the evaporated fioaf a small source, of area A and
evaporation rate W, which is incident on an elerlestibstrate located at an angle
from the perpendicular axis of the source as shiowFigure 2.6, yields a deposition

flux per unit area on the substrate that is give65]:
Wy = W_,g\ COSs¢ cosH (2.5)
11§

where r is the distance from the source to thetsaties The co$ term accounts for
the fact that the substrates may not be perperadicial the line of the centre
connecting the source and the substrates, thusntead variation in thickness of

films over large surface areas.
However, for a small source emitting from its sagathe cosine law implies that it
will provide uniform deposition over the inside afspherical surface if the source is

placed on the circumference [68]. Under this coodit

COoS@ = cosb (2.6)

33



S
o
>

(/2]

| Source |

Figure 2.5: Emission flux passing from small area source &m&ntary substrate

area [65].
and

r=2R cod¥ [2.7]
for all deposition points on the circumference afphere of radius R. In our own case
the thickness was estimated from the measuredatryssonant frequency of the
calibrated FTM6 thickness monitor. Immediately afteeposition, the films were

subjected to various characterisation techniquasnpa treated, stored in a light tight

dynamic vacuum chamber or encapsulated.
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2.7.6 Plasma Treatment of CuCl Films

Plasma was first identified by Sir William Crookeso called it radiant matter in
1879 [69], but in 1928 Irving Langmuir gave it peas name [70], perhaps because it
reminded him of a blood plasma [71]. Plasma mayléfned as a partially ionized
gas consisting of electrons, ions, free radicdistgns, and neutral particles. They are
generated by supplying sufficient energy to a redugjas causing the formation of
charge carriers [72-74]. There are several waysipplying energy for the generation
of a plasma. According to [75], these include tlse of thermal energy, adiabatic
compression, high energetic beams and electridsfi@lhe electric field method is the
most commonly used method in generating and sustaanlow temperature plasma

for technological and technical applications [75].

It is well known that any volume of neutral gas ayw contains a few electrons and
ions that are formed, through the interaction &f ties with cosmic, radioactive

radiation or other processes. When such a neuéralig subjected to a sufficient

electric field, the free carriers collide with theajority neutral molecules of the gas
thereby causing electron impact excitation. Thixcpss occurs when the electrons in
a neutral atom are excited to a higher level withmatom, due to electron collisions.

However the excitation states are not stable apdethctrons return to the ground
state after a short while, leading to emission laftpns. The latter process is known
as relaxation. Also more electrons and ions arduywred as a result of the free carriers
with sufficient energy colliding with the neutrabg this process being known as
electron impact ionisation. The excitation energyavid ionisation energy ;\bf a

selection of atoms and molecules is shown in tal#g76].
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Gas V(eV) V (eV) lonisation process

H, 7.0 15.37 H— H," +¢é
18.0 H—>H+H+e
H 13.6 H— H
N, 6.3 15.57 MN— N, +¢&
24.5 —N'+N+e
O, 7.9 12.5 - O'+¢€
20 —- 0" +0+¢€
Ar 11.7 15.7 Ar— Ar' + e
He 21.2 24.5 Hes He" + €
(6{0) 6.2 14.1 Co>CO +¢e
22.0 —-C'+0+é
24.0 —-C+0+e
CO, 3.0 14.0 CO—»CO, +¢€
19.6 —-CO+0+¢e
20.4 —-CO'+0+é
28.3 —-C'+0+0+e

Table 2.2: The excitation energy Vand ionisation energy ;\bf some atoms and

molecules [76].
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Plasmas have been successfully applied to numeextsrs in the industry, notable
areas including thin and thick film deposition (gloal vapour deposition, sputtering
and plasma deposition, enhanced chemical vapouosiem), etch (reactive ion
etching and sputter etch), lithography (generatibhght e.g. UV light sources), ion
implantation (generation of ion sources), materightments (modification of surface
physics and surface chemistry, material cleanitgyilisation, etc.), display, waste

treatment and materials analysis.

In this study, the plasma treatment of CuCl filmaswcarried out in an Oxford
Instruments Plasma Lab Plus 80 reactive ion et¢ReE). Figure 2.6 shows a
schematic diagram of a typical RIE system. The meaason for the plasma treatment
of CuCl films is to introduce oxygen as a doparnbithe CuCl crystals in order to
improve the electronic conductivity of cuprous cide. Oxygen and argon were
flowed in via dedicated channels at a flow rat@@fccm for oxygen and 20 sccm for
argon, the RF power was 300 W, while the chambesgure was held at 50 mTorr.
The duration of the plasma treatment was for maihly2, and 3 minutes for the
different samples. Argon was added to the gas deroto increase the depth of
penetration of the oxygen. Immediately after plastreatment, the films were
subjected to various characterisation techniquemed in a light tight dynamic

vacuum chamber or encapsulated.
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Figure 2.6: A Schematic diagram of typical reactive ion etctilE).

2.7.7 Applications

Copper chloride and related halides have beernestidr several decades due to their
unusual properties. Owing to their electrical pmips (fast ionic conductors at
elevated temperatures) these materials have pessglications as electrolytic and
solid state batteries [77]. Other possible appbeet noted in the literature include
superconductivity [78], operation as a catalyst,3081,82], an effective adsorbent
for separating CO from gas mixtures [83] and aaiapurifying agent [84], in optical

nonlinear devices and optical memory devices [85,86vapour lasers [87,88] and
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also in photography processing [89,90]. Howeveargfrom this laboratory, there
has never been any report of CuCl or a relatedldas a potential material in the

fabrication of a silicon compatible light-emittimigvice.

2.8 Characterization Techniques

Structure, Chemical Composition, and Morphology

Room temperature classical grazing angle x-rayatiffon was applied to check the
crystallinity, structure, particle size and elasttcain of the films. Semi-quantitative
chemical analysis and impurity detection was cdroat at room temperature using
Energy Dispersive X-ray analysis (EDX). The roommperature microstructure of the

films was observed by optical microscopy and atdimice microscopy (AFM).

Optical

Room temperature absorption and temperature depéptiotoluminescence was
used in investigating the optical properties offthes. Ultraviolet — visible (UV/vis)
absorption measurements were used in conjunctitmiaurier transform infrared

spectroscopy measurements (FTIR) to monitor theadkadgion process.

Electrical

Room temperature steady state DC and temperatpendent AC measurements
were taken for different configurations: Cu/CuCl/@w/CuCl/Au, and
ITO/encapsulant/Al. Secondary ion mass spectrgs(8iMS) measurements were
used in investigating the oxygen depth profileh& plasma treated CuCl films. The

experimental set up for these will be fully expkdnin the relevant chapters.
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Structural and Morphological
Properties
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3.1 Introduction

I he structural and morphological properties of tfiims are of prime

importance because they provide much informatimuathe nature of the

semiconductor material. In this chapter we predéet detailed results of x-ray
diffraction (XRD) and atomic force microscopy (AFMjeasurements of thin films of
CuCl. This begins with a very brief theoretical kground of the subject, followed by

the experimental results.

3.2 Literature Review

3.2.1 X-Rays

X-rays are electromagnetic waves of very short \emgth occupying the region
between gamma and ultraviolet rays in the electgpratic spectrum [1]. They were
discovered by Roentgen in 1895 and found a firptiegtion in studying the internal
structure of opaque objects (radiography). In 1MNax von Laue discovered x-ray
diffraction which was also the same year that \\BFagg and his son, W.L. Bragg,

analysed Laue’s experiment and gave necessarytmrgdfor diffraction in a simpler
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mathematical form than that of Laue. They procednedpplying x-ray diffraction to
crystal structures and in the following year dedluttee structures of sodium chloride
(NaCl), potassium chloride (KCI), potassium bromi#Br), and potassium iodide
(KI) for the first time ever, which were all hexag in structure [2]. In this section
we only intend to give a brief review of x-rays axday diffraction techniques as
tools in the characterisation of thin films; a castpensive review of these techniques

can be found in many excellent books and reviewsiding [3,4,5,6].

Following from Cullity [6] and Brown and Forsyth][7x-rays are produced when
electrically charged particles of sufficient kiretenergy are rapidly decelerated.
Traditionally electrons are used for this purposd the process takes place in an x-
ray tube, which contains the source of electrort o metal electrodes. The two
commonest targets used in today’s laboratory xtwhgs are copper and molybdenum
targets, with characteristic wavelengths of 0.1®405and 0.0709317 nm,
respectively. A high voltage of the order of tefikitovolts is maintained across the
electrodes and drives the electrons to the anotihvthey eventually strike with a
very high velocity. X-rays are thus produced. Ifng,v and V are the charge of the
electron (1.60X 10*°C), mass of the electron (9.11 X ¥Rg), electron velocity in
m/sec just before collision and the voltage actbheslectrodes, respectively, then the

kinetic energy (K.E) of the electron on collisiomynbe expressed as:
K.E. = ev=%mv2 (3.1)

The majority of the kinetic energy of the electroissconverted into heat; this

necessitates that the anode should be cooled dopieigtion.
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X-rays are usually detected using fluorescent sieghotographic plates and
counters. Most recently Bowen and Tanner [8] ree@whe detectors for x-ray
metrology in semiconductor manufacturing, in pafc single-point, linear and
aread detectors.

Single-point detectors include scintillation couste proportional counters, ion
chambers and silicon-based sensors (PIN diodeb3oisisensors have very good
resolution, very high dynamic range and extremely hoise, thus they are used for
efficient measurement of weak signals. Scintillat@munters offer a dynamic range
from 0.2 to 18 cps, thus they are also frequently used, whilethen other hand
proportional counters saturate at about &ps and ion chambers are not photon
counting. Linear and aread detectors are basedioser&or arrays or on wire
proportional counters. Sometimes fibre optic codpphosphors are used to gain
enough signal. The two dimensional detectors hhgeatlvantage of high-speed data

acquisition and the ability to post-process data.

3.2.2 X-ray Diffraction

Bragg’'s Law

The study of x-ray diffraction is usually approadhather using the kinematical or
the dynamical theory. In kinematical theory, ona mmore rediffraction effects since
this theory assumes that a negligible amount ofggnis transferred to the diffracted
beam. This theory is fairly accurate for the geaynef diffraction in all cases, and

also satisfactorily accurate for intensities wheatt®ring is very weak (thin crystals,
surface scattering and diffuse scattering). Howewesituations where the scattering
is strong (thick perfect crystals), the kinematithéory fails and the diffraction

patterns are governed by the dynamica theory du¢héonon negligible x-ray
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absorption. The mathematical formalism of the dymadhiffraction theory is found by
solving Maxwell’'s equation in a periodic medium. cddmprehensive treatment of

these theories has been reviewed by many researoleérding [9,10,11,12,13,14].

If we adopt the kinematical theory, x-ray diffragtiis associated with rays consisting
of a large number of scattered rays propagatiregdanstructive manner (constructive
interference). Figure 3.1 shows a section of ctyglese atoms are arranged in a set
of parallel planes, A, B and C, with inter-plan&tdnce of d. A monochromatic x-ray
of wavelengthA is incident on the crystal at an angletfn such a way that the
incident beam and the normal are all in coplanat the particular condition
described by figure 3.1, the only diffracted beasmfed is the one for which the
angle of incidenc® is equal to the reflected angle. We consider fagsid 2, which
are scattered by atoms K and L, thus leading testcoctive interference. The path
difference " for the rayslK1’ and 2L2" can be deduced from elementary plane

geometry as:

=ML+ LN=d’sin6+d’sin® (3.2)

This is also the path difference for overlappingsracattered b andP as shown in

figure 3.1.
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1. ¥ plane vormal y - la, 2a

Figure 3.1: Diffraction of x-rays by a perfect crystal [6].

The scattered rays and 2 will be totally in phase and cumulating to a maximu
constructive interference whénis an integral multiple n ok orI' = mA, where n is
the order of interference. This gives rise to tledl Wnown Bragg equation:

M = 2d' sin® (3.3)

We can rewrite equation (3.3) as follows:

M _sing (3.4)
2d’

and for the diffraction to occur, equation (3.4)snbe less than 1, yielding:

A< 2d’ (3.5)
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Scherrer Formula

The mechanism described so far assumes ideal ommlita perfect crystal and an
incident beam that is composed of perfectly pdradied strictly monochromatic
radiation. In actual fact these conditions nevet axd this gives rise to two limiting
angles where diffraction occurs. In the region lestw B, and B,, the scatter results
in a constructive interference whose maximum iS@gg angle @s while in other
regions destructive interference takes place rieguiih no diffraction. If there are (m
+ 1) planes in the crystal and L being the partsize, when the diffracted intensity is
plotted as a function of®2 the width of the diffracted curve increases astliickness
of the crystal decreases, since the angular ra2tje-(20,) increases as m decreases
[6]. The value of B given below, is usually measune radians where the intensity

equals the full width at half maximum (FWHM) of theak broadening intensity:
1
B = E (291— 292) = 61— 92 (36)

We may proceed by writing the path difference eigmator these two angles in a

similar fashion to equation (3.2) as:
2L sinB; = (m + 1)\ (3.7)
and

2L sinB; = (m — 1) (3.8)
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respectively. Subtracting these two equations tead
L(sin 61 —sinBy) = A (3.9

and by applying a trigonometric identity, the re¢isig equation becomes:
2L co{@j sin(@j o\ (3.10)

If both 8; and®, are in radians and are nearly equal @g, 20 that the sum d; and

0, gives Bg approximately, which is usually the case in mogtegimental runs and:

sin( 1_92j=(91_92) (3.11)
2 2

Therefore by substituting equation (3.6) into egua(3.10) and making L the subject

of the formula yields the Scherrer formula:

= A
BcosAp

[-61+62 = 20g] (3.12)

A more exact treatment of this equation gives:

09
~ Bcosig

(3.13)
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The factor of 0.9 arises from the assumed line staighe diffraction peak and the
assumed crystallite shape, which is only approxnj@l.The Scherrer equation, was

extensively used in estimating the average cry&alizes of the CuCl films.

Internal Elastic Strain

The elastic strain in films can either be on themar on a microscale. According to
[9], macroscale refers to the situation where thele material is subjected to some
directional residual tensional or compressionatdorThe resultant strains will be
manifested in terms of an increase (tensional) esrehse (compressional) in the
lattice spacing parametersyl This type of strain is associated with a shiftthe
diffracted peaks. On the other hand, microscalersefo a situation in which the
directions and magnitudes of the internal straias/\from crystal to crystal. This
gives rise to the broadening of diffracted peaks@sosed to a shift of the diffracted
peaks. The relevant equation governing the relatignbetween the diffracted peaks
and the elastic strain is given by differentiatthg first order (n = 1) Bragg equation

of equation (3.3) with respect to d afid

0 =2d co® 40 + 2 sinb &6 (3.14)
hence
%:s:—ée - coto (3.15)

Since the broadening, B, expressed as a half hpegtk, with 20 is given by
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= i “coté)—i 3.16
&= o’ - _tare] (3.16)

This equation is similar to the Scherrer equationtbe important difference is that B

varies as taf while in Scherrer equation B varies as 1/80s

3.2.3 Atomic Force Microscopy (AFM)

Atomic force microscope (AFM) creates a highly mifigd, three dimensional image
of a surface. The image is generated by monitahiegmotion of an atomically sharp
probe as it scans across a surface. It has thentda of extremely high

magnification (order of 1,000, 000x), and produpessentation of images in three
dimensions, which optical and electron microscopgnot do. Also it is capable of
imaging both conductive and non-conductive materiaé opposed to scanning
tunnelling microscopy (STM), which can only be us®edconductive surfaces [15].
Since the invention of AFM [16], it has found sealesipplications in surface science
based technology including the semiconductor, tetenunications, biological,

chemical automotive, aerospace and energy indsstrie

According to [15,17] a typical AFM consists of ent&ever attached to a sharp probe
(tip) at its end. When a sample surface is brougbtclose proximity to the tip, there
exists a Coulombic repulsion force between the atainthe sample surface and the
atoms of the tip. The precise mechanical motioarinPAFM tip is usually carried out
using an electrochemical transducer commonly knagvpiezoelectric ceramic. If the

mass and stiffness of the cantilever with the tip sufficiently small, the force F
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between the tip and the sample leads to a deffecfigdhe cantilever according to the

well known Hook’s law:

F = kx (3.17)

where x is the deflection of the cantilever oueqtiilibrium position.

By examining equation (3.17), one could concluas the deflection of the cantilever

is directly proportional to the Coulomb forces betm the tip and the surface sample.
Since these forces are within a small range, maagstinem on the surface gives a
pictorial representation of the atom on the surfacd thus the surface topography.
The deflection of the cantilever is typically megsiiwith a laser spot reflected from

the top of the cantilever as shown in figure 3.Be Position of the reflected spot is

determined by a photodiode and compared to thdilequm value.

Photodiode
(Detector)

Laser

Detector
and Cantilever and tip
feedback \/
control
system

Sample surface

Piezoelectric ceramic

Fig 3.2: Schematic representation of a typical modern AFM [7
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Under appropriate calibration the deflection of #pot gives the deflection of the
cantilever and thus the change in height of théasar An electronic feedback control
system is used to adjust the tip—to—sample distamoeder to keep the force between

the tip and the sample constant.

There are several different imaging modes thatlmmsed while characterising the
surface of a material using the AFM. The commonestles of operation are contact
and tapping modes [18]. In contact mode operattos force between the tip and the
surface is kept constant during scanning by maiimgia constant deflection [19]. In
tapping mode, the tip is vertically oscillatedtatresonance frequency [20]. When the
sample approaches the vibrating tip, they come intermittent contact (tapping)
thereby lowering the vibrational amplitude. The ditnde drop is used for the
feedback. In comparison, imaging in contact mod# tapping mode shows that soft
surfaces are less modified in the tapping mode, [#i]s they are very useful in
imaging biological and soft samples. In this stuthe contact mode was used in

obtaining surface topographs and roughness analyaisthe samples

3.3 Experimental

3.3.1 Film Deposition

The detailed procedure for the substrate preparaimd CuCl film deposition has
been given extensively in sections 2.2 and 2.5y a brief description of the
process is given here. Thin films of CuCl were ds#eal on cleaned square cut soda

lime glass, indium tin oxide (ITO) and silicon strases using an Edwards’s auto 306
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vacuum evaporation system at a base pressure afrtlee of 1 x 1§ mbar. The
thickness of films was between 100 — 500 nm atrestzmt growth rate of ~ 0.5 nths

as indicated by the thickness monitor.

Some of the deposited CuCl films were plasma tceagng an Oxford Instruments
Plasma Lab plus 80 reactive ion etcher (RIE) ineortd introduce oxygen atoms in
the CuCl for the improvement of the electronic aartdity. Oxygen and argon were
let in via dedicated channels at a ratio of 4:¥A0, the RF power was 300 W, while
the chamber pressure was held at 50 mTorr. Thdidoraf the plasma treatment was

mainly 1, 2, and 3 minutes for the different saraple

3.3.2 Characterisation Techniques

The phase purity and preferred orientation of thpogited cuprous chloride films at
room temperature were examined on a Bruker AXS D#vafice X-ray

diffractometer, using monochromatic Cy #adiation § = 0.154 nm). The standard
setting for the x-rays generator was 40 kV at actebn current of 40 mA. The scans

were measured in the Bragg—Brentano geomé#0] in a range of 25° to 80°.

The room temperature surface morphology of thedfilmas examined on a Digital
Instruments Nanoscope Il atomic force microscopi#Nl). The micrographs were
taken in contact mode with asNi, tip manufactured by Digital Instruments. In all
cases, more than one image was taken from neiginigoareas to confirm the true
representation of the film. Typical data taken frokfFM height measurements
included root mean square surface (RMS roughnassjage roughness (RA) and all

3D images were analysed using the Digital Instrusébl) software.

58



3.4 Results

3.4.1 Structural Properties of the As Deposited CulC
thin Film

Figures 3.3 — 3.5 show typical x-ray diffractiorespra for the CuCl/Glass, CuCI/ITO
and CuCl/Si structures, respectively. The spectreevanalysed using the Diffrac Plus
evaluation software. The quantification of the pdak width at half maximum

(FWHM) of the three structures was carried out kecahvolving the instrument

broadening from the measured FWHM [8]:

BZ = Bzmeasured_ BZinstrument (3-18)
where BieasureqiS the measured full width at half maximum angsBment iS the
instrument broadening. A standard strain free sirgystal Si (100) was used for the
calibration and estimation ofiBrument-
Table 3.1 presents some selected Miller indices thar crystal planes of pure

zincblendey—CuCl, their @ values, d—spacing and relative intensities, airfrthe

Diffrac Plus PDFmaint XRDeference data.
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Plane (hkl) 20 (°) d-Spacing (A) Relative Intensity

(111) 28.522 3.1270 100
(200) 33.027 2.7100 8
(220) 47.437 1.9150 55
(311) 56.290 1.6330 30
(400) 69.348 1.3540 6
(331) 76.590 1.2430 10
(422) 88.350 1.1054 8

Table 3.1: Diffrac Plus PDFmaint XRD reference data for zireridle CuCl.
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CuCl (111} CuClsi
187 .5 1
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20 (Deg)

Figure 3.3: X-ray diffraction spectrum of the as deposited ZsiGtructure.
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Figure 3.4: X-ray diffraction spectrum of the as deposited @TO structure.

The presence of well defined Bragg peaks as sedigures 3.3 — 3.5 reveals the
polycrystalline nature of the deposited cuprougtie films and the @ values of
these peaks are in excellent agreement with thbskeolCDD powder diffraction
database as seen in table 3.1. There are threepmaks common to all the spectra.
The peaks centred around ~ 28.5°, ~ 47.5° and4° 66rrespond to the (111), (220)
and (311) reflections, respectively. These are adtaristic of y-CuCl in the
zincblende configuration. The x-ray diffraction fgah of these figures also indicates
that the (111) plane is the preferred orientatiohich is also in excellent agreement
with previous measurements of CuCl on (0001)QAl[22], CuCl on glass and CuCl
on Si substrates [23]. The othdr @eaks occurring at ~ 30.55°, ~ 35.22° and ~ 50.47°
on the CuCl/ITO structure corresponds to the IT@2J2 ITO (400) and ITO (440),

respectively [24].
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Figure 3.5: X-ray diffraction spectrum of the as deposited D@{ass structure.

Figures 3.6 shows a closer view of the dominar€uCl (111) peak for the three
structures, which occurs af 2= 28.500°, ~ 28.535° and ~ 28.571 for CuCl/Glass,
CuCl/ITO and CuCl/Si structures, respectively. Tkey slight difference between the
values of these peaks may be due to a very smatkamstrain in the films as

explained by Hammond [25].

The microstructural properties (particle size, Id amicro-elastic strairg) of the three

structures were deduced from an analysis of thayxdiffraction spectra using the

equations (3.13) {Scherrer equation} and (3.16).
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Figure 3.6: X-ray diffraction spectra of the as deposited Cfil@is.

Structure Binst B L
(Radians) (Radians) (nm)
CuCl/Glass 0.003 0.01651 9.55
CuCINTO 0.003 0.01623 9.71
CuCl/Si 0.003 0.01640 9.61

Table 3.2: The instrument broadeningBumen: €Xperimental values of the FWHM of
the (111) peak broadening B and the particle sizeolas deposited CuCl/Glass,

CuCl/ITO and CuCl/Si films.
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The corresponding values of the room temperaturemalized FWHM of the
dominant (111) peak broadening B and particle &izer the three structures are

presented in table 3.2.

According to table 3.2, the values of the averaggstallite size for the three
structures are almost the same irrespective ofitiderlying substrates: 9.55 nm, 9.71
nm and 9.61nm for the CuCl/Glass, CuCI/ITO and C8iCs$tructures, respectively.
The slight differences for the values of the p#tiize of the three structures may be
due to the difference in the underlying substrateghness of the films. For instance
the glass substrate is less polished and sliglathgher than those of ITO and Si

substrates, thus it reasonable to expect a slitggl/smooth film on glass substrates.

3.4.2 Structural Properties of the Q Plasma Treated
CuCl Films

In order to understand the effect of oxygen plagmament on the CuCl films, the x-
ray diffraction measurements were taken before aftet each plasma treatment for
all the samples. The structural characteristicsthef plasma immersed films are
presented in figures 3.7 — 3.10. Similar to thelggosited films of figures 3.3 — 3.5,
the plasma treated films are polycrystalline inunat These spectra comprise 6f 2
peaks centred around ~ 28.5°, ~ 47.5° and ~ 5@d®sponding to the cuprous
chloride (111), (220) and (311) reflections, respety. For an Q plasma immersion

of up to 3 minutes, there was no difference betwihenpeak intensities before and
after the plasma immersion, although there wasghtsthange in the value of the
FWHM of the diffracted peaks. This indicates that ip to 3 minutes, plasma

immersion did not lead to etching or significanystal damage of CuCl films.
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However for durations greater than three minuteshave observed a reduction in the
intensity of the diffraction peaks in addition taddfraction peak broadening when
compared to the initial untreated films and filmeated for a duration up to 3

minutes. Figure 3.10 illustrates the effect of hutés Q plasma immersion on CuCl

films.
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Figure 3.7: X-ray diffraction spectrum of CuCl film plasma iensed for 1 minute.
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The x-ray deduced microstructural properties (pkrtsize L) of the structures were
again deduced from the analysis of the x—ray diffom spectra using equation 3.13

(Scherrer equation).
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Figure 3.8: X-ray diffraction spectrum of CuCl film plasmaated for 2 minute.

According to table 3.3, the values of the averaaygiqgie size for the plasma immersed
films, calculated from the analysis of the FWHMtbé (111) peak of figures 3.7 —
3.10 varies as a function of the plasma treatmerdtin. An average crystallite size
of the order of 8.53 nm, 8.0 nm, 7.59 nm and 5.mwas calculated for the plasma
treated films for 1, 2, 3 and 7 minutes, respettiv€learly one could conclude that
the oxygen plasma treatment reduces the averagel@aize of the cuprous chloride

polycrystals.
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Film Type B B L
(Radians) (Radians) (nm)

CuCl/Si Untreated  0.00300 0.01640 9.61
CuCl/Si 1 Minute 0.00300 0.01840 8.53
CuCl/Si 2 Minutes  0.00300 0.01990 8.00
CuCl/Si 3 Minutes  0.00300 0.02097 7.53
CuCl/Si 7 Minutes ~ 0.00300 0.02722 5.74

Table 3.3: The instrument broadeningnBument €Xperimental values for the FWHM

of the (111) peak broadening, and average parsite L for plasma immersed CuCl

films.
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Figure 3.9: X-ray diffraction spectrum of CuCl film plasma iensed for 3 minutes.
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Figure 3.10: X-ray diffraction spectra of the as deposited ahdninutes plasma

immersed CuCl films.

3.4.3 Morphological Properties of the As Deposited
CuCl Films

Contact mode atomic force microscopy (AFM) was usedharacterize the surface

morphology of the three structures.

A typical 3#bage for the CuCl/Glass,

CuCI/ITO and CuCl/Si structures is shown in figur8sll, 3.12 and 3.13,

respectively.
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Structure RMS RA

(nm) (nm)
CuCl/Glass 9.4 7.54
CuCl/ITO 8.8 6.93
CucCl/Si 9.0 7.15

Table 3.4: The root mean square (RMS) and average roughimd&y\(alues of CuCl

films.
1000.0
Yinm] B00.0 —
400.0
200.0 Zinmn]
40.0
20.0
0.0
0.0 200.0 400.0 BO0.0 B00.0 1000.0
H[nm]

Figure 3.11: Typical 3-D AFM image of the as deposited CuCléSlstructure.

The detailed root mean square (RMS) and averagghnmss (RA) analysis evaluated

using the Digital Instruments software is preseietdble 3.4.
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Figure 3.12: Typical 3—-D AFM image of the as deposited CuCl/Ei@cture.

Figure 3.13: Typical 3—-D AFM image of the as deposited CuGificture.

Similar to the x-diffraction measurements of thareated films, table 3.4 indicates
that the roughness of the CuCl films are almost shene irrespective of the

underlying substrate. An RMS roughness value ofr® 8.8 nm and 9.0 nm was
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calculated for the cuprous chloride films depositedglass, ITO and Si substrates,
respectively. The slight difference among the valoethe RMS and RA of the three
structures as illustrated in table 3.4 may againaberibed to the difference in the
underlying substrate roughness of the films as ipusly explained for the x-ray

deduced microstructural properties.

3.4.4 Morphological Properties of the Q Plasma
Treated CuCl Films

Typical contact mode atomic force microscopy (AFNNages of the plasma

immersed CuCl/Si films are depicted in figures 3-13.17 and the results of the root

mean square (RMS) and average roughness (RA) @aalaluated using the Digital

Instruments software is presented in table 3.5.

1000.0 -
B00.0

Ylnm] B00.0

.o 2000 4000 g00.0 oo 10000
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Figure 3.14: Typical 3—D AFM image of CuCl/Si film plasma imseat for 1 minute.
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Figure 3.15: Typical 3—-D AFM image of CuCl/Si film plasma imsest for 2minutes.

1000.0
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Figure 3.16: Typical 3—-D AFM image CuCl/Si film plasma immerf&d3 minutes.
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Structure Plasma RMS RA

Duration (Mins) (nm) (nm)
CuCl/Si 0 9.0 7.15
CuCl/si 1 15.3 12.24
CuCl/si 2 17.7 14.15
CuCl/si 3 21.0 16.50
CuCl/si 7 33.2 26.39

Table 3.5: The root mean square (RMS) and average roughriea} \(alues of the

plasma immersed CuCl/Si films.

1000.0 g
800.0

Ynrn] G00.0

200.0
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Figure 3.17: Typical 3—-D AFM image of CuCl/Si film plasma imsest for 7minutes.
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According to table 3.4, the roughness of the plagmated CuCl films increases as

the plasma duration increases. A value of 15.3 imi7y nm, 21.0 nm and 33.2 nm

was deduced to be the root mean square (RMS) resghwalue of the plasma

immersed cuprous chloride films for durations 02,13, and 7 minutes respectively.

3.5 Conclusion

In summary, the structural and morphological praperofy-cuprous chloride films

deposited on glass, ITO coated on glass and sibobstrates have been investigated.

Some of the samples deposited on silicon were @asmersed in oxygen and also

examined:

X-ray diffraction (XRD) measurements confirmed thize as deposited films
were zincblende in structure and preferentiallyeotéd in the (111) plane
irrespective of the underlying substrates. An agernaarticle size of the order
of 9.6 nm + 1 was deduced from the analysis oR¥"W8HM of the CuClI (111)
peak irrespective of the substrates.

Similar to the x-ray diffraction experiments, carttamode atomic force
microscopy (AFM) results showed a similar surfacerphology and a root
mean square roughness (RMS) of 9.1 £ 0.3 nm, iecse of the substrate.
On the other hand the microstructural propertiethefQ plasma immersed
films vary as a function of plasma immersion dwatiThe average particle
size of the plasma treated sample varies from 853.43 nm for plasma
immersion durations of 1 to 3 minutes. The appicabf plasma treatment
for more than 3 minutes significantly degradesdtystal quality of the CuCl

films. Atomic force microscopy measurements indidathat the plasma
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treated CuCl films become rougher as the glasma immersed duration

increases.
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4.1 Introduction

Optical characterization methods are very importambls for the

evaluation of the electronic structure, lumineseeaied photochemical properties of

semiconductor materials. In this chapter we brieflgview absorption and
photoluminescence spectroscopy as powerful nomdgste optical characterisation
techniques. We also we report on the results obghieal characterizations gfCuCl

films.

4.2 Literature Review

4.2.1 Absorption

Absorption spectroscopy is one of the simplest modt direct methods for probing
the band structure of a semiconductor material oAtifon takes place when a photon
of a known energy excites an electron from a loamergy level to a higher energy
level. Consequently it is possible to discover plossible transitions being made by

the electron in a semiconductor by placing the senductor material at the output of
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a monochromator. In this section we only conceatmat the fundamental absorption

(band-to-band and excitons) and transition betvegurities and bands.

Following from [1], absorption is defined in terrakthe absorption coefficient(hv)

as the relative rate of decrease in light interisiiiv) along its propagation path:

__ 1 ditw)]
o= L(w)  dx (4.2)

The momentum of a photon, is considered to be sergll when compared to the
crystal momentum, thus the photon-absorption pcsklould conserve the
momentum of the electron. The absorption coefficienao(hv) for a given photon
energy Iv is proportional to the probability;Hor the transition from the initial state
to the final state and to the density of electronthe initial state yp and also to the
density of the available final stateg This process must be summed up for all

possible transitions between the states separgted lenergy difference equal to h

[1]:

ah(v) =AY Py nin; (4.2)

For simplicity we may assume that all the statehénvalence band are filled and that
all the states in the conduction band are emptyiclwis true for ideal intrinsic

semiconductors and insulators.
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Allowed Direct Transitions

A

\\ /&
SN

A

Photon

g
AAA

y ___E

Figure 4.1: Energy-wave vector diagram for a direct band gam&onductor

material [2].

Let us consider the absorption process for a divaod gap semiconductor material
through the allowed direct transitions in which mbmentum conserving transitions

are allowed as shown in figure 4.1. Each initialtestat Eis associated with a final

state Esuch that:
E. =hv-|E (4.3)
f i

But in parabolic bands,

21,2
B -E = 2:15 [Kinetic energy of the electron with masg] (4.4)

e
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21,2
By substituting equation (4.3) into (4.4) and ngtthatE; = Z kD (the kinetic energy
m,

e

of the hole left behind), equation (4.4) becomes:

21,2
hu - Eg = hk (i +—1j (45)
me mh

The density of directly associated states is glwefi] as:

8rkdk _ (2m, )*?
(27t)3 2n%n3

N (hv)d(hv) = (- £, 2 d(h) (4.6)

where mJ, m; are the effective mass of electron and hole reis@ég while m, is

the reduced mass given t:lX/mr :]/mEH/mE and 7 =h/2m, the Dirac constant.

Thus the absorption coefficient for the allowededirtransitions is given by the result
of the integration of the joint density of statexlahe probability for the transition

from the initial state to the final state as:

a(tw) = A%(ho - E)¥? (4.7)

where A" is a constant given by [3]:

A= (4.8)
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In this situation, c is the velocity of light inmaum and n is the refractive index of the

semiconductor material.

Forbidden Direct Transitions

In some materials, quantum selection rules forlidatl transitions at position where
k equals to zero but allows transitions at posgiaere k is not equal to zero. In this
situation, the transition probability increaseshwif and if we recall that the density

1/2

of states linked in the direct transition is prapmral to (v — E;)™, equation 4.6, thus

the absorption coefficient of the forbidden dirgransition is given by [2]:
a(tw) = AT (ho - E,)¥? (4.9)

whereA™ is given by [3] as:

o0 \¥2
q2 mhme
0 0
ED_4 mh+me

4.10
3 nch’mymchy (4.10)

Indirect Transitions Between Indirect Valleys

For indirect band gap semiconductor materialsaasition requires a change in both
the energy and momentum of the electron and aswt rmomentum is conserved
through a phonon interaction as illustrated in ffiggd.2. A phonon may be defined as
a quantized mode of vibration occurring in a rigidystal lattice [4]. A broad

spectrum of phonons is available, however only litnegitudinal and transverse
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acoustic phonons are utilised during the transipoocess. Since these phonons are
quantized, they posses a characteristic eneggyhieh is either emitted or absorbed
in order to complete the transition from ® E The equations governing the

phonons emission and absorption for an indirecisiteon are given by:

Figure 4.2: Energy-wave vector diagram for an indirect bandp ggemiconductor

material [2].

hve=E-E +E (4.11)
and

hva=E-E+E, (4.12)
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respectively. For indirect transitions, it is pb$s for all the occupied states of the
valence band to connect to all the empty statélsarconduction band. The density of
the initial states Hs given by [1]:

1
2n%n’

N(E;) = =55 @m)) ¥ [ (4.13)

and similarly the density of the final states E

1
NE)= (2md)¥2(E, - E, ]2 (4.14)

By substituting the phonon equations of (4.11) @hitl2) into (4.14) results into:

1
2n%n3

N(E, )= @m2)¥?(w-E, +E, +E ]2 (4.15)

The absorption coefficient is proportional to threquct of the densities of the initial
states given in equation (4.13) and final state®mgiby (4.14) integrated over all
possible combinations of states separated by He, and also proportional to the
probability of interacting with the phonons. Thelpability of finding a phonon is a

function f(N,) of the phonon energy,Ewhich is given by Bose-Einstein statistics [5]:

(4.16)
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wherex is Boltzmann’s constant. Thus the absorption éciefit is given by:

o) =Af (N, ) "I PP (-, £ E, +E J2dE, @4.17)

0

By substituting equation (4.16) into the resulttioé integration of equation (4.17)

yields the absorption coefficient for a transitisith phonon absorption:

_ 2
(w=Eq *Ep) [For hv > E;— E)] (4.18)

a, (o) =A
exp— -1
KT

On the other hand the probability of phonon emisssoproportional to N+ 1, thus

the absorption coefficient for a transition withoplon emission is given by:

2
(v -E, +E,)
E
1—ex;{—pJ
KT

In the situation wherevh> E; + E,, both phonon emission and absorption processes

[Forhv > By + By (4.19)

o (o) = A

are possible, therefore the total absorption coefit is given by the summation of

the two processes:

ar(fw) = 0a(hv) + ae(hv) (4.20)
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Transitions Between Band and Impurity level

Figure 4.3 depicts some possible mechanisms inwpltiansitions between a band
and an impurity level. This includes a transitlmgtween a donor to the conduction
band, and a transition between the acceptor lewtltlae valence band or vice versa.
In all these absorption processes, the energyeoptioton must be equal to or greater

than the ionization energy of the impurity.

E Y _. e D 1

(@) (€)

»
>

e | o

Figure 4.3: Absorption transitions between impurities and t&n¢h): donor to
conduction band, (b): valence band to acceptor, yaJence band to donor and (d):

acceptor to conduction band [1].

Exciton Absorption

Excitonic absorption can occur in both direct andirect band gap materials (direct
and indirect excitons) of sufficient high purity direct band gap materials, excitonic
absorption usually appears as narrow peaks in bssrption spectrum while it

appears as steps in indirect band gap materialrptimo spectra. The theory of
excitonic absorption has been comprehensively deidtit by Elliot et al. [6]. This

will be more examined in the luminescence sectidhie thesis.
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4.2.2 Photoluminescence

Luminescence may be defined as the emission of ligha material, after being
subjected to a sufficient excitation. There areesavways of exciting materials.
When the excitation of the material is performedtbg application of an electric

field, the process is called electroluminescenceth@ other hand when electrons are

9 @ ® [ ) ‘_
B _ED—.— Es

— (a (b (c (d (

A 4 —
Ol©)
V.

A 4 y

e
T O ®

Figure 4.4: Radiative transitions in a semiconductor materi@): Conduction to
valence band, (b): excitonic recombination, (c):ndo and valence band, (d):

conduction band and (e): donor to acceptor.

used for the excitation, the process is known #wdmluminescence. If the excitation
is applied optically, then the process is calledbtpluminescence. During the
photoluminescence process, photoexcitation cauleetrans in the semiconductor
material to move into permissible excited stateerAa short while, the electrons
return to their equilibrium states thereby recorimgrwith holes, or by relaxation to a
lower energy state, and liberating energy which malude light (radiative emission)

or heat (non-radiative emission). The energy of ¢hatted light is related to the
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difference in the energy levels between the excdtade and the equilibrium state
while the intensity of the emitted light is relatewl the relative contribution of the
radiative process. In photoluminescence, the phgtitation is usually implemented
using a laser with a fixed wavelength and the emitlight is measured over a
wavelength region. Figure 4.4 illustrates some tbé common radiative

recombination process that can occur in a semiaindmaterial.

According to the van Roosbroeck—Shockley equatinaf equilibrium, the rate of
optical generation of electron-hole pair is equoathe rate of radiative recombination.
By making a detailed balance of these processesraius photon frequencies, we

can write that the rate of emissionplRét frequency in interval a is given by:
R@) dv = Pf) p(v) dv (4.21)

where Pg) is probability per unit time of absorbing a photf energy h, p(v) is the
density of photons of frequenayin interval d. The probability per unit time of
absorbing a photon of energy ban be derived from Planck’s radiation law [1]r Fo
simplicity, if we assume that the refractive indexs independent of frequenay

then:

8mv’n°
p(v) = 3

1 % (4.22)
hv
exp—-1

A

The relationship between the absorption probabiify) per unit time and the mean

lifetime t(v) for a semiconductor material is given by:
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P(v) = —— (4.23)

where the mean lifetime(v) can be deduced from the mean free pattfv}l/of a
photon travelling at velocity u as:

1
a(v)u

t(v) =

[Assuming the refractive index is constant] (4.24

Following from the above equations the absorptiabability P{) can be written as:
PO) =a@u=o()"  [cu=gn] (4.25)

By substituting equations (4.22) and (4.25) into2{3 we get the fundamental
relationship between the expected emission spectrndhthe observed absorption

spectrum:

o(v)8mv?n? .
c?[exp(hv/xT)] -1

R(v)dv = (4.26)

Band-to-Band Radiative Emission

Band-to-band radiative recombination can occurdthldirect and indirect band gap
materials. In direct band gap materials, momentsirmonserved (see figure 4.1) and

the corresponding emission spectrum is given by:

L(hv) = B(hv - E)"? (4.27)
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where B is a constant and could deduced from thé/sis of Bardeen et al.[3] as:

2(0W¥2
p=24\M) (”;'f )D (4.28)
nch™mg

In indirect band gap materials, the transition rezguia change in both the energy and
momentum of the electron. As a result momentumoisserved through a phonon
interaction as illustrated for the absorption pesci figure 4.2. For this reason, the
radiative efficiency of indirect band gap materislénferior to that of direct band gap
materials. The spectrum of the indirect band redoatton material could be deduced

in a similar fashion to that of the absorption mexas:
L(hv) =B" (v -E, +E)? (4.29)

where B is the transition probability of the indirect bagdp material and it is

believed to be much smaller than that of direcidbgap materials [1].

Exciton Recombination

In photoluminescence experiments on high purity aqpility semiconductor
materials at low temperatures, it is expected ttatphotoexcited electrons and holes
to be attracted by Coulombic interaction to formaits known as a free exciton. In
direct band gap materials like GaN and CuCl, tlee fexciton states can adequately
be described by the Wannier-Mott approximation J[8l9 this situation, the electron

and hole are separated by several inter-atomidrggmand the Coulombic interaction

92



results in a correlated motion of the electron-hmdér with a reduction of the total
energy of the bound state relative to that of thee fcarrier states by an amount
corresponding to the excitonic binding energy.the effective mass approximation,

the total energy of the two-particle system is gibg [9]:

h2k?

E,=E,+ 4.30
5 o) -

where E is given by

4
En:___ﬂlﬁjr_ (4.31)
2(4mne g, )" 1

In this case, n is an integer ang, is the permittivity. Equation (4.31) is a solutioh
the hydrogenic Schrodinger wave equation. Thiscigis that the free excitons can
exist in a series of excited states similar todkeited states of hydrogen-like atomic
systems. Due to the existence of excitons, optieadsitions such as absorption or
emission occur from discrete states slightly belbw band gap fat the exciton

energy [6,9,10]:
hy=E. ——X (432)

where the energy required to ionize an excitondiig energy)E§ is:
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4
Eb=— T (4.33)
2(4mne £, )

Unlike most inorganic semiconductor materials, Ch&$ a relatively large excitonic
binding energy and the excitonic absorption/emis$eatures are observable at room

temperature and beyond since its excitonic bin@ingrgy is greater tha«T at room
temperature E2 ~ 190 meV >T ~ 26meV). The valence band of CuCl is split into

two bands by the spin orbit interaction, yielding @nd % free excitons.

A biexciton is made up of two free excitons, ilee tombination of two free holes
and two free electrons coupled by Coulombic inteoac Bound excitons may be
formed in the presence of impurities (neutral mized) which can be associated with
donors or acceptors in a semiconductor material. fEgembination of the bound
exciton is characterised by narrow band emissi@ttsp at a lower photon energy
than that of a free exciton, and thus the boundt@xcan be easily distinguished
from the free exciton. The bound excitons are ugupibminent features in the
luminescence of semiconductor materials and thékapse at higher temperatures

due to their lower binding energy.

Bound exciton luminescence has been reported iarakesemiconductors including
GaN [11], GaAs[12], InP[13], CdS [14], and CuCl [1Biexcitons has been reported
in numerous semiconductor materials including Zi 3k and ZnO [17,18]. In CuCl,
a Cu vacancy has been suggested to be responsiblehé excitonic bound

luminescence in low temperature CuCl luminescepeetsa [16].
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4.3 Experimental

4.3.1 Film Deposition

The detailed procedure for substrates preparatichGuCl film deposition has be
given in sections 2.2 and 2.7.5, so a brief redafh® process is given here. Thin
films of CuCl were deposited on cleaned squaresoda lime glass, indium tin oxide
(ITO) and silicon substrates using an Edwards’'s A6 vacuum evaporator at a
base pressure of the order of 1 < 1Bbar. The thickness of films was between 100 —

500 nm at a constant growth rate of ~ 0.5 hms indicated by the thickness monitor.

Some of the deposited CuCl films were plasma tceatng an Oxford Instruments
Plasma Lab Plus 80 reactive ion etcher (RIE) in otdantroduce oxygen atoms in
the CuCl for the improvement of the electronic aacte/ity. Oxygen and argon
mixtures were entered via dedicated channels ati@ of 4:1 (Q/Ar), the RF power

was 300 W, while the chamber pressure was heldah®borr. The duration of the

plasma immersion was mainly for 1, 2, and 3 miniweshe different samples.

4.3.2 Characterisation Techniques

Room temperature absorption measurements weredexton a Perkin Elmer Lamda
40 UV/IVIS spectrometer for untreated CuCl/Glassiraated CuCl/ITO plasma
immersed samples. The measurements were calibbbgtadtially taking the spectra
of the parental substrates (glass and ITO) and attiig from the measured

experimental spectra (CuCl/Glass and CuCl/ITO stnesl).
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Temperature dependent photoluminescence measuremestes carried out on
untreated and plasma immersed CuCl/Si samples, foom temperature down to 10
K by employing a UV Ar ion Innova laser with a sadoharmonic generation BBO
crystal producing a 244 nm photoexcitation. The tpluminescence spectra were
collected on a Jobin Yvon-Horiba Triax 190 spectranwith a spectral resolution of
0.3 nm, coupled with a liquid nitrogen cooled CCé&tetttor. In order to investigate
the photoluminescence properties of CuCl films d#&pd on glass and ITO and in
order to compare to films that are deposited dnail substrates, photoluminescence
(PL) measurements were recorded over the tempereadnge 20 — 150 K, using the
325 nm line of a continuous wave HeCd laser withiraensity of ~ 0.65 W/cAfor
the untreated CuCl/Glass, CuCI/ITO and CuCl/Sicites. The emission from the
samples in this case were analysed using a Bomen8 Baurier-Transform

spectrometer fitted with a Hamamatsu R1913 phottptielr tube.

4.4 Results

4.4.1 Absorption Spectroscopy of the As Deposited
CuCl Films

Figure 4.5 shows the typical room temperature ghsor spectrum of the
polycrystalline cuprous chloride film deposited glass. There was no difference
between the spectrum of the film deposited on ghassthat deposited on indium tin
oxide (ITO) substrates. The room temperature alisorgpectrum of figure 4.5 is
dominated by the ¥ and the Z free excitonic absorption features. These are as a
result of the valence band being split into twodsaby the spin orbit interactions of

theT'7(I's) holes and’s electrons [19]. The room temperature values od 8\3 (. ~
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Figure 4.5: A typical room temperature absorption spectruna &00 nm thick CuCl

film.

372 nm) for 4, and 3.27 eVX ~ 380 nm) for 4 excitons are in agreement with the

values previously reported in the literature [19,20

4.4.2 Absorption Spectroscopy of the © Plasma
treated CuCl Films

In order to understand the effect of oxygen plasmaersion on the CuCl films, the
absorption measurements were taken before and edigr plasma treatment in a
similar way to the XRD experiments described intisec 3.4.2. The absorption
spectra of cuprous chloride films were all idertiwathe untreated films for plasma

immersions up to duration of 3 minutes.
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For durations greater than 3 minutes, we have wedax reduction in the intensity of
the excitonic peaks, indicating some sort of detation in the optical properties of
cuprous chloride films. Figure 4.6 depicts the apson spectra of CuCl films
immersed plasma for durations of 3 minutes and utes. One can easily identify
the Z, and % excitonic absorption features in both films; hoeeuhere is a

reduction in the intensities of the excitonic peafter a 7 minute plasma immersion.

1.00 -
—3 Min
Z, 7 Min
0.75 -
ar
L]
c
L1
s
5 0.50-
L7
< : .
025
0.00 " T " T " J " I
3.25 3.50 3.75 4.00

Energy {eV)
Figure 4.6: Room temperature absorption spectra of CuCl fislasma immersed for

3 and 7 minutes.

4.4.3 Photoluminescence Spectroscopy of the As
Deposited CuCl Films

A typical low temperature photoluminescence spectat 10 K for the as deposited

CuCl film on Si reveals four main peaks accordiodigure 4.7. The peak occurring
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at ~ 3.203 £ 0.003 eV is the familiag Fee exciton. The peak located at ~ 3.181+
0.003 eV is thejlimpurity bound exciton, a Cu vacancy having begggssted to be
the impurity responsible for this emission [16]. Téeergy values of thes;4ree
exciton and { impurity bound exciton in this study are in exeall agreement with
previous bulk CuCl crystal measurements [21] andygpgstalline CuCl films
deposited on A3 [22]. The peak occurring at ~ 3.160 + 0.003 eVsesribed to the

well known free biexciton M [23], which originaté®m exciton-exciton collisions.

12000 4 _
Impurity bound I4
exciton
10000
y Biexciton M
=2 30004
<
Py
@ 5000
@
t )
. ) 23 Free exciton
& 4000 Impurity bound N4
biexciton
2000 +
10K
D [ [ I [ [ T
29 3.0 31 372 3.3 3.4

Energy (eV)
Figure4.7: PL spectrum of a 500 nm thick CuCl film deposdadi substrate taken

at 10 K.

Finally, the fourth peak centred at ~ 3.135 * 0.883is attributed to the Nmpurity
bound biexciton. This emission originates from exbiton bound to an impurity and

a neutral acceptor is believed to be the most folebampurity involved in the
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emission process [22]. The value of ~ 3.135 + 0.@83 is close to previous

measurements on bulk crystals [24].

The binding energies of the bound excitdg’y(), the free bi-exciton £}, ) and the

bound bi-exciton E>,,) of the cuprous chloride films deposited on sitigubstrates

were calculated based on the experimental valudsedfour excitonic peaks obtained

at 10 K using the following equations [22,25,26]:

ED =E, —E,x (4.34)
ngx =2Ey —Epxx ~Epx — E?(X (4.36)

where E, (3.203 eV),E,, (3.160 eV),E,, (3.181 eV) andE,,, (3.135 eV) are the

values of the free exciton, bi-exciton, bound extiaind bound bi-exciton energies,
respectively, taken from the PL spectrum at 10 Kstemwvn in figure 4.7. The binding

energy of the bound bi-exciton was calculated usiregcorrected energy calculation
scheme developed by Nakayaetaal. [22]. Values of the order of 22 meV, 43 meV
and 47 meV were deduced to be the binding enedji¢élse bound exciton, free bi-

exciton and the bound bi-exciton, respectively. Taported values of the bound
exciton and bound bi-exciton in this work are irceflent agreement with earlier
work on polycrystalline cuprous chloride films defied on A}O; [22]. However the

value of the binding energy of the free biexciton the CuCl films deposited on Si
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substrates was found to be about ~ 10 meV higlzer tihose deposited onz&s. The
calculated binding energies in the present worlo agree well with the values

reported for single crystal CuCl [27].

The temperature dependency of the PL spectra of Sufillhs is depicted in figure
4.8. The peak intensities of the impurity bound ®xctil; and the impurity bound to
biexciton N decrease more rapidly in comparison to the fremt@x Z; intensity as

the temperature increases. At temperatures abo¥eug0to room temperature, the

20000 - Iy Impurity bound
exciton
17500 4
15000 4
-
< 12500
> Biexciton
% 10000 ~ M z, Free exciton
£ Impurity bound
- 75004 biexciton N4
o
5000 - i \ 10K
2500 - - 20K
7 A0k
N BOK
0 4 | | | B |8[:]K

I
3.00 305 210 315 3,20 325 3.30
Energy (e¥)

Figure 4.8: Temperature dependence of the PL spectrum for ¢ @m shown in

figure 4.7.
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Figure4.9: Room temperature PL spectrum of the CuCl film shiaviigure 4.7.

spectra are dominated by thefee exciton peak. The dominance and the stalafity
the Zexcitonic peak even up to room temperature is dutstlarge excitonic binding

energy of the order of 190 meV.

In our experiments, we did not observe broadbantssom occurring at ~ 3 eV, ~
2.75eV,~25¢eV,~23eV,~19eV, ~1.77 ed anl.5 eV as previously reported
by some authors for CuCl films and powders [28,ZBjis indicates the optical

quality of our as deposited CuCl films is most lfkef considerably higher quality.

The temperature dependence of thdrée exciton peak is seen in figures 4.8 and 4.9
as the peak energy increases from 3.203 eV at tt0X240 eV at room temperature,
which in turn indicates an increase in the band agmphe CuCl film warms up. The
increase of the band gap energy as a functionnopéeature, which is in contrast to

most semiconductors that normally follow the VaistmEinstein model [30,31], was
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recently explained by Garro and co workers [32] sTdnomalous effect is believed to
be related to electron-phonon renormalization arptiag of the electronic structure
of CuCl. They based their analysis on the fact ttie@ CuU ions vibrating
predominantly at low frequencies lead to an inadaghe band gap, whereas thé CI
ions, vibrating at high frequencies lead to a ré¢idudn the gap. The effect of the Cu
ions becomes dominant as the temperature increagesh in turn results in an
increase of the band gap energy as a function ropéeature. Similar results have

been previously reported for both thin films andoerystals of CuCl [33, 34].

The PL measurements at 20 K using the 325 nm lirrecmintinuous wave HeCd laser
revealed three excitonic peaks: the bound bi-ercid; impurity bound exciton,]
and 2 free exciton, occurring at ~ 3.152, 3.181, and 8.2V, respectively, for all

three structures (figure 4.10).

7.00E+04 1 Impurity bound
1 exciton
— 2.25E+04 A
-
<L Impurity bound
2 biexciton
@ A50E+04 A Ny .
..E Z3 Free exciton
1
O | 75E+04 - <
' CuCHITO
0.00E+00 A . . CuCliGlass
31 315 a2 325 23

Energy {(eV)

Figure 4.10: PL spectrum of 500 nm thick CuCl films at 20 K.
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All three values of the peaks are in good agreemetft results from the 244 nm
excitation. The inability of this excitation to readour peaks as opposed to the 244
nm excitation is presumably due to a lower enesdun the excitation process. The
temperature dependence of the PL spectra of the #trectures was similar over the
whole temperature range of 20 — 150 K. The peéak disappears at temperatures
below 20 K, as the intensity of decreases more rapidly in comparison to thatsof Z
as the temperature warms up. From 70 K to 150 IKkhede spectra were dominated

by the 4 free exciton.

20000 -
. 1 Minute

17500 - i3

Free exciton

15000 4
12500 4
10000 -

500 H

PL Intensity {A.U.)

5000 + Impurity bound
exciton

Broad band 14 ‘ k 10 K

0= T ' T ' T ' T '
249 3.0 3.1 3.2 3.3 3.4

Energy {eV)

2500 4

Figure4.11: 10 K PL spectrum of CuCl/Si film plasma immersed.fminute.

4.4.4 Photoluminescence Spectroscopy of Blasma
Treated CuCl Films

The photoluminescence spectra of the CuCl filmsgciviaiere plasma immersed for
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up to 3 minutes are presented in figures 4.11 9.4The introduction of an oxygen
plasma to the CuCl films causes a slight shifthe excitonic peaks. At 10 K, the
sample, which was plasma immersed for 1 minutealevihe Z free excitonic peak
occurring at 3.208 £ 0.003 eV, theimpurity bound excitonic peak occurring at ~
3.185 = 0.003 eV and a small broad band emissiauroog at ~ 3 eV (see figure
4.11). The disappearance of the two individual Pakgeas well as the presence of the
broad band peak when compared to the untreatedidilascribed to the presence of

oxygen, since it is believed that excitons are lguaresent in highly purified

materials.
A0000
1 . 23 .
35000 J Free exciton 1 Minute
30000 4
:): 4
<L 25000 4
"::. 4
E 20000 4
@ | Impurity bound
E 15000 4 biexciton |
o ] | |
1
10000 Broad band .
] 'y 10K
20K
5000 4 \ oK
60K
0= 1 ' 1 ' | ' 1 ' [ ' | 80K
24 20 31 372 33 3.4

Energy {e¥)
Figure 4.12: Temperature dependence of the PL spectrum of tk @ shown in

figure 4.11.
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The binding energy of the bound excitoE() was deduced to be about 23 meV,

using equation 4.34. In this cagg = 3.208 eV andE,, = 3.185 eV. The value of the

calculated binding energy of the bound exciton nsgood agreement with the

untreated films.

The temperature dependence of the PL spectra faCuk films which were plasma
immersed for 1 minute is depicted in figure 4.12e Teak intensities of the impurity
bound excitonjand the broadband peak decreases more rapidgniparison to the

free exciton £ as the temperature increases. At 80 K the impunitynd exciton il

disappears, while the spectra were dominated by{ffiee exciton peak.

- 1 Minute
600 Z3 Free exciton

~ 500'

A.U.

400+
300+

200+

PL Intensity (

100+ 300 K

0 T T T T " T j !
3.0 3.2 3.4 3.6

Energy (eV)

Figure4.13: Room temperature PL spectrum of the CuCl film shioviigure 4.11.

On the other hand at 140 K the broad band emistisappears and the spectra were
fully dominated by the Zfree exciton peak up to room temperature. The donc@a
and the stability of the gZexcitonic peak even up to room temperature is duist

large excitonic binding energy of the order of 186V as earlier indicated.

10¢€



The temperature dependence of thefrée exciton peak is seen in figures 4.12 and
4.13 as the peak energy increases from 3.208 eWaK to 3.236 eV at room
temperature, which in turn indicates an increaséhe band gap as the CuCl film
warms up. The increase of the band gap energyfasctaon of temperature is in line
with the untreated films. However the anomalousalv@ur in this case is slightly less
temperature dependent, since there was only a ehartge band gap energy of ~ 28
meV from 10 K to 300 K as compared to ~ 37 meVthar untreated films. Based on
Garro and co-workers, analysis of electron-phoremormmalization of the electronic

structure of CuCl, the presence of oxygen in cogpéaride films slightly

20000 -
Free exciton 23 2 Minutes
15000 4
=)
oS
ey
2 10000 4 )
o Impurity bound
c exciton
-
o I1
5000 4
Broad band
\ 10 K
D I [ ! |

T I
20 32 24 36
Energy {eV)

Figure4.14: 10 K PL spectrum of CuCl/Si film plasma immerse®fminute.



reduces the dominance of Tions vibrating predominantly at low frequencies,

thereby reducing the effect of the increase inbidwed gap with temperature.

The CuCl film, which were plasma immersed for 2 nbésy behaved very similar to
the 1 minute plasma treated samples, revealingdlieee excitonic peak occurring at
3.213 £ 0.003 eV, the impurity bound excitonic peak occurring at ~ 3.190.003
eV and broad band emission at ~ 3 eV at 10 Kfigeee 4.14). The excitonic peaks
in the 2 minute plasma-treated film are shifted tuigher energy value, and the broad

band emission is more intense than for the 1 miplaema treated film.

50000 -
Free exciton 23
2 Minute
40000 S
2 F
< 30000 Impurity bound
Fo exciton
i
o Iq
E 20000
i Breadband
10000 4 10K
20K
| - = 40K
k 60K
0 ' T T T : i ' 1 BOK
20 32 3.4 3.6

Energy (eV)

Figure4.15: Temperature dependence of the PL spectrum foCti@ film shown in

figure 4.14.
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Figure4.16: Room temperature PL spectrum of the CuCl film shioviigure 4.14.

This further confirms that oxygen is responsible tfeg shift in the energy level and

the broad band emission around ~ 3 eV. The bindmgygy of the bound exciton

(E) was calculated to be about 23 meV, using equatiBd. In this caseE, =
3.213 eV andE,, = 3.190 eV. The calculated binding energy of thengbexciton is

also in good agreement with the untreated films.

The temperature dependence of the PL spectra d@ thenute plasma-treated films
follow almost the same trend as per the 1 minussmb-treated films (figure 4.15).
The peak intensities of the impurity bound excitgnahd the broad band peak
decrease more rapidly in comparison to the fredt@mxcZ; as the temperature
increases. At 80 K the impurity bound excitqrdisappears, while the spectra were
again dominated by thes;Z4ree exciton peak. At around 140 K the broad band
disappears and the spectra were fully dominatethbyz free exciton peak up to

room temperature.



The temperature dependence of thefrBe exciton peak for the 2 minutes plasma-
treated films is seen in figures 4.15 and 4.16haspeak energy increases from 3.213
eV at 10 K to 3.233 eV at room temperature. Thenalous band gap behaviour in
this case is slightly less temperature dependesm the 1 minute-plasma treated
films, since only a change in band gap energy 20-meV from 10 K to 300 K was
measured as compared to ~ 28 meV for the 1 minl#snya-treated films. The
reduction in the change of the band gap of the fikna function of temperature is

again ascribed to the effect of oxygen as previoesplained.

20000 - Free excito
i3 3 Minutes

15000 4
3
<
o
@ 10000 4
o
£
i Broadband

5000 4
10K
0 T T T T T j |
30 32 34 36

Energy (eV¥)

Figure4.17: PL spectra of 3 minutes plasma treated CuCl fitrhGaK.

At 10 K, the 3 minute plasma-treated CuCl filmswhd only revealed thes;Z4ree
excitonic peak occurring at 3.220 + 0.003 eV andnach stronger broad band

emission occurring at ~ 3 eV (see figure 4.17e absence of the impurity bound

11C



excitonic peak in the spectra may also be ascribethe effect of oxygen plasma

damage/alteration of the CuCl films as a resutheflonger plasma treatment.

The temperature dependency of the PL spectra foB thénutes plasma treated films
is depicted in figure 4.18. The peak intensityref broad band decreases more rapidly
in comparison to the free excitory &s the temperature increases. In the a similar
manner to the 1 and 2 minute plasma-treated fimhsround 140 K the broad band
emission disappears and the spectra were fully cated by the Zfree exciton peak

up to room temperature.

25000 - z3 Free exciton
3 Minutes

20000 4

5

< 45000 -

oy

1]

[

5]

L 10000 S

|

o

10K
20K

40K
60K
. , . 80K
3.0 32 34 3.6

Energy (eV)

Broadband

Figure 4.18: Temperature dependence of the PL spectrum of i@ fim shown in

figure 4.17.
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Figure4.19: Room temperature PL spectra of the CuCl film shiowiigure 4.17.

The temperature dependence of thdrée exciton in this case increases from 3.22 eV
at 10 K to 3.230 eV at room temperature. Again #remalous temperature
dependency of the band gap of the 3 minute plaseaed films is more temperature
independent than the earlier films, with only arap@ in band gap energy of ~ 10

meV from 10 K to 300 K.

By comparing the optical properties of the plasmeated films with the untreated
films, one can easily see from table 4.1 that tpécal properties of the plasma
treated samples change monotonically with an irsgréa plasma immersion time.
The FWHM of the Z exciton PL of 88 meV deduced for the 1 minute iplagreated

films at room temperature is comparable to a vafug/ meV calculated for untreated
films at room temperature. This indicates that e temperature optical quality of

CuCl film is almost the same as the untreated GiGs$.



O, Plasma 0 1 2 3
Immersion Time (Mins)

Absorption (300 K)

Z12 (V) 3.34 3.34 3.34 3.34
Zs (eV) 3.27 3.27 3.27 3.27
PL (10 K)

Zs (eV) 3.20 3.21 3.21 3.22
11 (eV) 3.18 3.19 3.19

M (eV) 3.16

N, (eV) 3.14

PL (300 K)

Zs (eV) 3.24 3.24 3.23 3.23

Change in Bandgap
From 10K to 300K
(meV) ~37 ~ 28 ~20 ~10

FWHM of Z 5 PL Peak
@ 300K (meV) 87 89 96 125

Table 4.1: Some optical properties of both the as depositedl @lasma immersed

CuCl films. For comparison the PL data is approxiethonly to 2 decimal places.

4.5 Conclusion

In summary, the optical propertiesyaEuprous chloride films deposited on glass, ITO

coated on glass and silicon substrates have beestigated. Some of samples

deposited on silicon and ITO substrates weggpl@sma immersed and examined as

Room temperature absorption spectra reveal thexd the £ free excitonic

absorption features, occurring at 3.34 eV and &\ /respectively, for both
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untreated and plasma immersed films. However we lodwgerved a reduction
in the intensity of the excitonic peak intensitfes films plasma treated for
durations greater than 3 minutes. This suggest® sort of deterioration in
the optical properties of cuprous chloride films.

The 10 K PL spectrum of CuCl/Si using 244 nm exwtateveals the Zfree
exciton occurring at 3.203 eV, theiimpurity bound exciton located at 3.181
eV, the M free biexciton occurring at 3.160 eV awgdimpurity bound bi-
exciton located at 3.135 eV. However, the 20 K Blectra for the three
structures using the 325 nm excitation revealey tird 2 free exciton, thel
impurity bound exciton and the;Nimpurity bound to biexciton at 3.204 eV,
3.18 eV and 3.152 eV respectively, for all threeuctures. The room
temperature PL spectra of the films were dominatedhke % free exciton.
The temperature dependence of the band gap showadraase of ~ 37 meV
from 10 K to room temperature. This anomalous effecbelieved to be
related to electron-phonon renormalization or cimgplof the electronic
structure of the CuCl band gap as the temperatgreases, which is opposite
to most conventional semiconductor materials.

For PL measurements at 10 K, the 1 minute and 2 tmiplasma-treated
samples reveal both the Hee exciton, the;limpurity bound exciton, while
the samples treated for 3 minutes only reveal<theee exciton. In addition
a broad band emission ascribed to an oxygen relateidsion process is
observed at ~ 3 eV between 10 and 140 K for allplasma treated films.
From 140 K to room temperature, the spectra oftlal samples were
dominated by the Zfree exciton. The optical quality of the plasmeated

samples deteriorates with an increase in the plasmmeersion duration.
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« The band gap of all the plasma treated films folline same anomalous
temperature dependence in a similar manner to ritreated films, however
the plasma treated films were less sensitive top&rature. A band gap
change of as little as ~ 10 meV was observed ®3tminute plasma-treated

films from 10 K to room temperature.
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Electrical Properties
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5.1 Introduction

Electrical characterization techniques are vitakhe characterisation of

semiconductor materials and devices. They reve@waproperties including
transport, defect and dielectric properties of semiuctor materials and devices. In
this chapter we briefly review the basics of ioam@ electronic conduction in solids.
We also report on the results of the AC and DCtetat characterization of-CuCl

films.

5.2 Literature Review

521 lonic Conduction in Solids

lonic conduction is caused by the movement of neegigt (anions) or positively
(cations) charged ions which hop from lattice sitdattice site under the influence of
an electric field. According to the ideas developsainly by Frenkel [1], Wagner and
Schottky [2], and Jost [3], there are a numbertifde points in a crystal from each of
which the corresponding atom or ion is missingadidition to this, there are a number

of ions in ionic crystals, or atoms in metals, whiwill be situated in what they
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termed as ‘“interlattice” (interstitial) positionsln general, the presence of
imperfections results in ionic conduction in pataystals. The various kinds of point
imperfections possible in an ionic crystal MX, (wheV and X are the monovalent
metal and non-metal constituents of the ionic coumgp respectively, e.g. CuCl)
taking into account the requirement of charge raditirare as follows [4]:
(1) Vacancies:The schematic representation of vacancies istidted in
figure 5.1. A cation vacancy is depicted ag ¥nd it occurs when metal ion
M* is missing from its normal position. An anion vacw is formed in a
similar fashion and it is usually represented By. V
(2) Interstitials: This type of defect occurs, if in a volume elemeilattice,
an atom is missing (or contains an excess atonh) negpect to the ideal lattice
as shown in figure 5.2. Any such defect is expediedcause a certain
distortion of the lattice in the neighbourhood elrstitials are denoted by;M
and X, for cation and anion interstitials respectively.
(3) Misplaced atomsAn atom M occupying a normal X site or vice versa.
(4) Schottky defectThis type of defect is formed when an anion as aglh
cation of the same absolute valency is missindgéndrystal. In order words,
Schottky defects contain a combination of a catem,anion and vacancies
(V'm Vi) and it has been predominantly found in alkalid®es.
(5) Frenkel defectin this case, an atom or ion in a crystal leavesidrmal
position and travels to an interstitial positionilasstrated in figure 5.3. Thus
the Frenkel defect is a combination of a vacanayaminterstitial cation (W
M;") and has been found in silver halide materials.tii other hand an anti-
Frenkel defect comprises of an anion vacancy andhianstitial anion (Vx

X') and has been found in GaF
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(6) Impurities: This type of defect occurs when an impurity isaduced into
the crystal. It may be situated either on an init#ak site or a normal site

(substitutional impurity) as shown in figure 5.4.
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Figure5.1: Schematic representation of vacancies in an ionjstal MX; (a): Cation
vacancyV'y, (b): Anion vacancy/® [4]. The combination of a cation and an anion

vacancy results in a Schottky defeéfy[ V°].
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Figure 5.2: Schematic representation of a cation interstitiéf in an ionic

crystal MX [4].
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Figure 5.3: Schematic representation of a Frenkel defect incaic crystal

MX [4].
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Figure 5.4: Schematic representation of an impurity defecarnionic crystal MX;

(a): interstitial impurity, (b): substitutional imyity [4].

A summary of the types of defects established ffeint ionic crystals is given in

table 1.1. In general, a defect type based ondtitiat anions is less likely than its

cation counterpart, due to the relatively closerkpag of anions in most ionic solids.
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concentration controlled by impurities

Type of Substance Structure Defect structure and
and Examples Transport Mechanism
Alkali Halides fcc Schottky defects. Cation vaces
LiF, NaCl, Kl etc. more mobile
Cesium halides CsCl Schottky defects. Anion vaizm
Csl, TICI, etc. more mobile
Silver halides NacCl Cation Frenkel defects. @atnotion
AgCl, AgBr, etc. fcc by both vacancy and instiatsy
Alkaline earth halides Fluorite & Anion Frenkelfdet. Anion vacancy
Cak, SrCh etc. others and interstitial both mobile
Other halide various Schottky defects
PbBp, LaCk etc.
Alkaline earth oxide Wourtzite Schottky defectstiGa

& NaCl
Fluorite structure Fluorite Anion Frenkel defects
UO,, Zro,, Calo
Transition metal oxide Various Cation diffusion gcancies
FeO, Cs03 Oxygen diffusion by dislocations
Divalent Chalcogenides NacCl Neutral Frenkel defelobth cation
ZnS, PbTe & others and anion
Small cations and large Mostly Cation disorder
anions. Agl, RbAgs etc cubic

Table 1.1: Some properties of popular ionic materials [4]; fe face centred cubic.
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As we have indicated earlier, the main source oiciconduction in solids is through

imperfections in the crystals. Following [5], thenic conductivity of a solid is given

by:
Gion = Nion€Lion (5.1)

where Ny, is the number of ions per unit volume that can geatheir position under
the influence of an electric field angh, is the mobility of these ions. For ions to be
able to move in the crystal they must posses seffienergy to overcome the energy
barrier and also there must be a vacant positiogrevthe ion will have to move to, as
illustrated in figure 5.5. Thus the ionic conduationechanism operates through
diffusion and the relationship that governs thefudibn coefficient D, and the

mobility of ions is given by the well known Einsteielation [11]:

D _KkT (5.2)
p‘ion €

[Assuming that one charge per unit atom is trarisgd

The temperature dependency of the diffusion coefficis usually expressed using

the Arrhenius equation:

- _E
D=D, exp{ KTJ (5.3)
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In this case Eis the activation energy as shown in figure 5.9 &) is a pre-

exponential factor that depends on the vibratiomajuency of the atoms and

E (@) E
=
® O
1 1
— o —>i
distance distance

Figure 5.5: Schematic representation of potential barrier, ethian ionf. has to
overcome to exchange its positional site with aamag0. (a): Without an external
electric field, (b): With electric field, where & ithe distance between adjacent

equivalent lattice sites,Hs the activation energy a € is the electric field [5].

a number of structural parameters [5]. By subtstiguequations (5.2) and (5.3) in

(5.1) one gets:

N.e’D E
= B o Ex ] -

By comparing equation (5.3) to (5.4), one can regné the conductivity pre-

exponential constant with, and the equation becomes:

E
Oion =0 exp{— K—_Ia_j (5.5)



The activation energy of the process can be cakiltom the slope of the plot of
Inc versus 1/T of equation 5.2. The Arrhenius plotiafic conducting materials
usually shows two regions within the ionic rang@wkn as the extrinsic and intrinsic

regions. Figure 5.6 illustrates the temperatureeddpnce of the conductivity due to

& Intrinsic region

Ine

Extrinsic region

v

1T (K™

Figure 5.6: Arrhenius plot of the conductivity of NaCl salttive ionic regimes [5].

the N4 ion in NaCl operating within the ionic range [3ne could notice two
distinctive regions representing two different aation energies occurring within the
low and high temperature ranges respectively. dhetemperature regime is known
as the extrinsic region. In this region the actovaenergy is small and thermal energy
is just sufficient to allow hopping of ions intor@hdy existing vacancy sites. On the
other hand, the high temperature region is caledrtrinsic region and in this region
the thermal energy is large enough to create aditivacancies. Thus the activation

energy is the sum of the activation energies faaumay creation and ion movement.

Some ionic crystals show both ionic conduction aelkkctronic conduction

mechanisms. These materials are called mixed cdindud®ohl, [6] demonstrated
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that alkali halides of ideal stoichometric compiosit are ionic conductors but
electronic conduction in addition to ionic condoatioccurs when there is an excess
of halogen present. Other examples of mixed comuyanaterials include silver
sulphide, cuprous sulphide and the cuprous halidasther to this the ratio of the
electronic to ionic conductivity of mixed condug@imaterials depends greatly on
small deviations from ideal stoichiometry ratio.[Tih addition, the dominance of
either electronic or ionic conductivity depends the temperature [8], since at
sufficiently low temperatures ions which are wellokvn to be heavier than electrons
and holes are frozen out and the conduction mesimamiill usually be dominated by
electronic processes. In the next section we girabent the electronic conduction

process in terms of band gap theory.

522 Electronic Conduction in Solids

The origin of electronic conduction in solids cas dnderstood by the application of
the Schrodinger equation to the atoms in a sdidveral band theories including the
tight binding model [9], Kronig-Pennel model [10jdadensity functional theory [9]

predict that the allowed electron energies falbiat series of two bands called the
conduction and the valence bands separated bybaden gap known as the band
gap. The band theory partially explains the disiomcbetween the conductivity of a
metal, insulator and a semiconductor, since comgluciould also be explained based
on hopping of carriers. Also conduction could dkske place via hopping. Figures 5.7

— 5.9 illustrate the band structures of these thypes of materials.



Metal

The conduction band of a metal is believed to beeeipartially filled (such as Cu) or
overlaps with the valence band (Zn) as shown iaréch.7. Upon the application of a
small electric field to a metal, electrons move uimoccupied states close to the
occupied states, since there is no band gap sepathé conduction and the valence

bands. As a result metals have high electronic ectindty and high carrier mobility.

~ Partially filled
Conduction band

Conduction band

Valence band

(b)

Figure 5.7 Schematic energy band representation of a me#gl; Rartially filled

conduction band (e.g. Cu), (b): Overlapping barelg(Zn or Pb) [12].

Insulator

The band structure of an insulator is depictedgaré 5.8. In the ideal situation, the
valence band of the insulator is completely filladd the conduction band is
completely empty. However, in a real sense, theeeaafew empty levels in the

valence band and some electrons in the conductod.bdJpon the application of an
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electric field, very few electrons are able to sroser the large forbidden gap to the

conduction band.

Almost empty Conduction band

A

Large band gap

Valence band

Figure 5.8: Schematic energy band representation of an insu[a2].

Owing to the strong bonding between the atoms hadarge band gap between the
conduction and the valence bands of insulators; #re characterised by very low
electronic conductivity and mobility. Examples dfis type of material include

diamond, SiQ, Al,Os, SN, etc.

Semiconductors

Semiconductors are materials with electronic prigeintermediate between those of
metals and insulators. The theory of electronicdemtion in semiconductoraay be

traced to several published works by A.H. Wilsor8,4,15]. He proposed that
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semiconductors are insulators at 0 Kelvin and Htathis temperature the valence

band is completely filled while the conduction bas@mpty.

Conduction band

} Valence band

Figure5.9: Schematic energy band representation of a semiaiod[12].

and gap

However as the temperature is raised, some electom raised to the conduction
band thereby giving rise to electronic conductidbh.room temperature, the energy
band gap of the semiconductor is smaller, so &eovalence band is less populated
and the conduction band is more populated withtedas than for the case of an
insulator. A typical schematic diagram of the batdicture of a semiconductor is
shown in figure 5.9. When an electron is raised the conduction band, this leads to
a missing electron or an empty state in the valdvared. This empty state may be
filled by neighbouring electrons in the valence davhich in turn results in a shift in

the location of the empty state. The empty statéhénvalence band is considered to
be a quasi-particle called a hole. It carries atpescharge and moves in the opposite

direction to the electron.



523 Intrinsic and Extrinsic Semiconductors

In his publications [13,14,15], A.H. Wilson distmghed between intrinsic and
extrinsic semiconductors. An intrinsic semiconductonducts in its pure state. In this
case, electron-hole pairs are equally thermallyegeted and the concentration of the
electrons equals that of the holes. According t6],[the generation of intrinsic

carriers is determined by the thermal excitatiod ecombination of electron holes.
Under steady state conditions, the generationafagédectron-hole pairs must be equal

to the recombination rate of electrons and holes.

The carrier concentration of electrons in the catidn band under steady state
conditions is given by the product of the densitystates N(E) (density of allowed
states per unit volume) and the probability of gation of the energy level F(E), and
taking the integral boundaries between zero (botérie conduction band) and the

top of the conduction band [12]:
n= ftc’p n(E)JE = jOEtOp N (E)F(E)IE (5.6)

The probability of occupation of an electron in @ectronic state with energy E is

given by the Fermi-Dirac distribution function [17]

1

" 1+exp[E-E;)/xT] .1)

F(E)

where E is the Fermi energy is the Boltzmann constant and T is the absolute

temperature. The temperature dependency of the ifrac distribution is
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illustrated in figure 5.10 [12]. One can observattivhen an energy level E is
occupied by an electron, F(E) = 1. Also F(E) = bda empty level at absolute zero.
Further to this, at temperatures above 0 K the E§Eymmetrical around the Fermi
energy E. For energies that are «Babove the Fermi energy equation (5.7) can be

approximated [12] by:

FE) Cexd- (E-E./«T)| (5.8)
[ exp[E-Eg/«T>> 1]

and for energies that are «13 below the Fermi energy the equation (5.7) can be

approximated by:

FE) C1-exd- (E-Eg)/xT] (5.9)

The equation (5.9) can be regarded as definingotbkability that a hole occupies a

state located at energy E, since the probabilitycolupation of holes is given by:
F(Ex=1-F(E) (5.10)

For intrinsic semiconductor materials, one woulgext that there would be a large

number of empty allowed states and a few electimontbe conduction band. On the

other hand there are large numbers of allowedsstatevhich most are occupied by

the electrons in the valence band.
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Figure 5.10: Temperature dependency of the Fermi-Dirac distidyu[12].

Thus the probability that an electron will occupyeoof the allowed states in the

conduction band is very small when compared tgptiobability that an electron will

occupy an allowed state in the valence band. Bgtguking equation (5.8) into (5.6)

and noting that

3
2

_ . f2m )2
N(E)—4r( 2 ) E2 (5.11)

then, the intrinsic electron concentration n bec®i]:

n =2 Ng(kT) 92 j: EY2 exd- (E - Er /«T)dE] (5.12)

Jn
[- FE) — 0, when (E — & >>«T]
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In this case mis the effective mass of the electron, h is tt@EnEk constant anddNs
the effective density of states in the conductiand By letting x = BT in equation

(5.12) results in:

n=—=NcexpE/«T)["x"e™dx (5.13)

SIS

Y

According to [18], the integral of equation (5.18)pf a standard form whose solution

is \/1_1/2. Thus the intrinsic electron concentration is gibg:

n=N¢exd-(Ec - Eg)/«T] (5.14)
The intrinsic hole concentration can be deducedinnanalogous fashion to the
electron and noting that the probability of occigratof holes in the valence band is
given by equation (5.9):

p=N, exd- (Eq - Ev)/xT] (5.15)
where N is the effective density of states of holes in adence band. Since the
electron and holes are generated at equal rates imtrinsic semiconductor, by

equating equations (5.14) and (5.15) we can estithat intrinsic Fermi level as:

Ep =E, = (Ec +Ey)/2+(xT/2)In(Ny, /Ng) (5.16)
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At room temperature the ternixT/2)In(N,, /N s very small compared to
Er =E; = (Ec +E, )/2 and thus the intrinsic Fermi level lies closelythe middle

of the band gap of the semiconductor.

An extrinsic semiconductor is formed when smallrgitg of foreign atoms known as
dopant is introduced to the crystal of an intrinsmiconductor in order to increase
its electrical conductivity. Dopants introduce agefevels from which free carriers
can move into the bands. Either extra electronkades can be introduced into the
crystal by doping. The respective dopants are knasmlonors for semiconductors

that have excess electrons (n-type) and accemoeemiconductors that have excess

Conduction band

e eoco0o006e @ | -
Fixed

Eb—™+ + + + + + +

donor ions

Figure 5.11: Schematic energy band representation of n-typénsit semiconductor

[12].

holes (p-type) as carriers. The band diagrams tf b@and p-type semiconductors are
shown in figure 5.11 and 5.12, respectively. Thaatoimpurity level is normally
situated near the conduction band and when thentdleenergy exceeds the small

ionisation energy of the donor atoms, electronshelraised into the conduction band
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as shown in figure 5.11, resulting in electricahdoction. Under complete ionization
conditions, the electron density, n, in the conguctband equals to the donor

concentration, By, therefore we can write:

n=N (5.17)

Combining equations (5.14) and (5.17) gives themirelevel for an n-type
semiconductor material (§ in terms of the effective density of states &d donor

concentration N as

Ery =Ec —kTIN(No/Np) (5.18)
[Assuming k& — B >>«T]

In a similar a manner to the donor levels, at sidfit thermal energy, electrons are
raised from the valence band to the acceptor leagling to the formation of holes in
the valence band as illustrated in figure 5.12.i&my for complete ionization, the

hole concentration, p, equals the acceptor coreibonr Na:

p=Na (5.19)
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Conduction band

Fixed
donor ions

Figure 5.12: Schematic energy band representation of p-typeneid semiconductor

[12].
and combining equations (5.15) and (5.19) gives Heemi level for a p-type

semiconductor material ¢g in terms of the effective density of states knd

acceptor concentration,\Nas

Erp, =Ey +xTIn(Ny /N, ) (5.20)
The electronic conductivityee, of an extrinsic semiconductor material under full
ionisation of impurities is given by an expressgmilar to the ionic conductivity

[19]:

Gele = N€llele (5.21)



where N is the effective donor or acceptor conegiain andueeis the mobility of the

electronic carrier.

5.3 Experimental

5.3.1 Film Deposition

The detailed procedure for the substrate preparaimd CuCl film deposition has
been given in sections 2.2 and 2.3.1, so only ef lpe-cap of the process is given
here. Thin films of CuCl were deposited on cleasedare cut soda lime glass,
indium tin oxide (ITO) and silicon substrates usingy Edwards Auto 306 vacuum
evaporation system at a base pressure of the ofdex 10° mbar. The thickness of
films was between 100 — 500 nm at a constant groatthof ~ 0.5 nmsas indicated

by the thickness monitor.

Some of the deposited CuCl films were plasma imetersising an Oxford
Instruments Plasma Lab Plus 80 reactive ion et¢RéE) in order to introduce
oxygen atoms into the CuCl crystals to improve loé telectronic conductivity.
Oxygen and argon were entered via dedicated chamatdlow rates of 80 sccs for
oxygen and 20 sccs for argon, the RF power wasV@0®&hile the chamber pressure
was held at 50 mTorr. The duration of the plasmearsion was for 1, 2, and 3

minutes for the different samples.
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5.3.2 Characterisation Techniques

Electrical characteristics were measured using hetersible and irreversible
electrodes (copper and gold) in two configuratio@s/CuCl/Cu and Au/CuCl/Au.
Several structures were investigated including fppianar, rectangular planar and
sandwich electrode structures as shown in figure3.5Both point planar and
rectangular planar electrode structures are rodndtvery easy to fabricate but have
the disadvantage of presenting high resistancetdube large distances between
electrodes. On the other hand, sandwich strucamesnore difficult to fabricate but
have the advantage presenting lower resistancavaeimperatures when compared to
planar structures. Conventional mask lithographys wesed in defining these
structures. Parasitic effects were excluded from #ctive area by the use of

protective guards around the active region in alaifashion to Meijeet al. [20].

Temperature dependent AC measurements were examgieg electro-impedance
spectroscopy from 160 K up to 400 K. Impedance tspewere recorded with a
frequency network analyser (Solatron 1260) in @dency range between 10 mHz

and 1.5 MHz with a signal amplitude of 20 mV.
Two point steady state room temperature currertegel characteristics were

obtained by utilizing an HP 4140B pA meter/DC vghasource as the source while

the current was monitored. Electrical contacts weagle to the electrodes by using a
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Electrode

< CuCl/Glass
( >AC or DC
® Source
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rectangular protective
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| | | guard

» CuCl/Glass
P Glass
Substrate
T T (b)
° AC or DC
l ( >Source
(c) Top electrodes encircled
O in protective guards
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electrodes AC or DC
Source
(101 [] r? i :
Pl |
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al CuCl Gllass

Figure 5.13; Metal-CuCl-Metal structures; (a): Point planar, (bRectangular
planar, (c): Sandwich structureBor (a) and (c) the radius of the top electrodeseve
between 1 — 3 mm while the dimensions of themgatar electrode is 5mm 15mm

with inter-electrode spacings of 0.1 — 0.5 mm
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Cu or Au jumper wire of 0.025 mm diameter (AdvergsRarch Materials Ltd) and
quick drying silver paint (Agar Scientific). Thersples were mounted in a light-tight,
earthed, steel vacuum chamber, allowing electdbaracterisation at a base pressure

of the order of 18 mbar.

5.4 Results

54.1 DC Measurements of the As Deposited
CuCl Films

The current — voltage (I-V) characteristics of ngixeonducting semiconductor
materials can be greatly dependent on the typdeatrede used [21]. In this study
both reversible (Cu) and irreversible electrodes)(®ere employed, the difference
being that Cliions can swiftly be replaced with Cu, but Au (adiling electrode) on
the other hand, will block the injection of Cu intbe films. A typical -V
characteristic of a Au/CuCl/Au structure at roomnperature is shown in figure 5.14.
The non—ohmic response of the electrical charatieiis considered to be due to the
bulk properties of CuCl and not interfacial effec@uCl is a well known mixed ionic
— electronic semiconductor with p-type conductiy&g,23]. Following from general
suggestions by Hebb [24], theoretical analysis [@1d experimental verification by
Wagner and Wagner [23], an exponential current ltage relation can be expected
for a p-type mixed conduction material if the iomiarrent is suppressed by using

blocking electrode(s) (Au).

Upon application of a DC voltage below the decontpws potential to a

Au/CuCl/Au structure, interstitial copper ions nage initially from the positive
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Figure5.14: Room temperature 1-V plot for a typical Au/CuCl&gtucture.

terminal towards the negative terminal, while el@tt move in the opposite
direction. Since there is no supply of copper idren the positive electrodes, a
copper deficit originates at the positive electrod¢ steady state conditions, the
migration of copper ions due to electric field ialdnced by diffusion due to the
carrier gradient [21,23]. Thus the current will bwinly carried via an electronic
conduction mechanism. Using this analogy Wagnef2f@1deduced the total current

density flowing through a mixed ionic semicondudimbe:

L = ﬂ{o'_ |:1— ex’{ﬁj} + O-+ ex;ﬁﬁ - j} (522)
A dF RT RT
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where V is the applied voltage which must be betber decomposition voltage of
film, | is the current, A is the cross-sectionata@ard is the film thickness, F is the
Faraday constant, R is the gas constant, T iskibelate temperature in Kelvia; and
o' are electron and electron hole conductivities @izng with the metallic ionic
conductivity in a mixed ionic — electronic materigspectively. By assuming that the
excess electron density is negligible and that siotlominate the electronic

conductivity, equation (5.22) resolves into:

1 :ﬂ{f ex{ﬁ _ 1)} (5.23)
A d RT

This equation captures the exponential natureet+N characteristics of figure 5.14,
indicating the dominance of hole conduction mecémniOn taking the natural

logarithm of equation (5.23) we get:

In| =|n[° ARTJ{E —1} (5.24)
dF RT

The hole conductivitys”, in co-existence with the ionic conductivity invaxed ionic
semiconductor material can in principle be estimdtem the analysis of equation
(5.24) [21,23]. We have observed variations invhkie of the hole conductivity of
several samples fabricated under the same expdaimeonditions. An average hole
conductivity of ~ 2.3 x 10 S/cm was deduced to be in co-existence with iBnic
conductivity using equation (5.24). This value cbbke compared to a value of the

order of 10 S/cm calculated for RF sputtered CuBr films coafirbetween gold
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electrodes [25]. The tendency corresponds to thee@sing ionicity of bonds in the

series: Cul < CuBr < CuCl.
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Figure5.15: Room temperature 1-V plot for a Cu/CuCl/Cu struetur

According to Tubandt [7], both the electronic amshic conductivities of mixed
conducting materials depend greatly on small denatfrom the ideal stoichiometric
ratio. Also Wagner [21] and other workers [26,2T,@8monstrated that a very small
trace of excess halogen or oxygen could signifigamthange the electrical
conductivity of the cuprous halide materials. There variations up to a factor of 7
in the value of the conductivity of samples fabiechunder the same experimental
conditions is ascribed to the inability of the vaguevaporation method to precisely

deposit films with the same stoichiometry considjenA similar variation of
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electronic parameters was reported by Brinkman [R8] vacuum evaporated

NiMn 5Oy + 5 films.

With the films confined between Cu electrodes (fegg%.15), the same experiment
gave an Ohmic relation with a maximum current dgnsf about 100 times lower
than for the film with Au electrodes (figure 5.1Zhis is not due to a contact limiting
mechanism such as the well known Schottky emis&ionrather is in agreement with
Wagner’'s defect chemistry analysis of mixed semic@ting materials [21]. Thus
when a mixed ionic — electronic material is equdiled with its parental metal, it
tends to become a nearly ideal stoichometric nadtefihis is due to the fact that
excess Clinterstitial ions and Cu vacancies are being coresliby the reversible
nature of the Cu electrodes. A total conductiwify6.5 x 10" S/cm was obtained
from the slope of the |-V data of figure 5.15, whis comparable to a value of the

order of 10 S/cm obtained for bulk CuCl samples [30,31].

5.4.2 AC Measurements of the As Deposited
CuCl Films

Impedance spectroscopy is a well known powerful td€hnique used in separating
the bulk and interfacial phenomena in various niai®{32]. The most commonly
assumed equivalent circuit for impedance spectmpsoba sample under test consists
of a series of RC components. The red) @d the imaginary (4 parts of the

complex impedance are given by [33]:



Z= R /[1+ (w/wg)?] + Ry /[1+ (w/ wyp)*] +

ReI /[1+(Q)/(De|)2] (5-25)
and
Z" = —[RB(wle)/[1+(w/wB)2] + Ryp (0] wyp) /[1+ (w0 0y) +
Rei (W] 0g) /[1+ (0] @) *]] (5.26)

where subscripts B, gb and el denote the bulk,ngkmundaries and electrode

processes, respectively, and

o; = 2rfi = 1/(RC) (5.27)

is the angular frequency of the term i. The highqgfrency component usually
corresponds to the bulk properties as measuredifgie crystals [34], while the

intermediate frequency term is ascribed to thengbmundary and the low frequency
term corresponds to electrode processes. Analfgispedance data is usually carried
out on a Cole—Cole plot (Nyquist plot) (*Zs Z) and equations (5.25 — 5.26) give
rise to semi-circles in the complex plane. In aaibn where the grain boundaries
and the electrode effects of the polycrystallinganal are very small with respect to

the bulk effect, equations (5.25) and (5.26) redoce

Z' = Ry /[1+ (w/ wg)?] = (R/[+(wRC)?]) (5.28)
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Z" = - Rg (0 wg) [[1+ (w/ wg)?] = «(wR*C/[1+ (wRC)]?) (5.29)

Under this situation the Nyquist plot of a polydatBne material gives a single nearly
ideal semi-circle. A typical example of such plaoss shown in figure 5.16. By
examining figure 5.16, one can observe that theuMgglot has two solutions for the
real impedance axis (Zoccurring at R, as® — « and R, as® — 0 and further to
this, the quantity |R— R| is the resistance of the material. Using thispiénanalogy,
the conductance of a material can be obtained sithestemperature range and fitted

to the Arrhenius equation.
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Figure5.16: Cole—Cole plotlyquist plot) of a single crystal film or a polystglline

film for which the grain boundaries and electrodéeets are very small as compared

to the bulk effect.

In our experiments, the Nyquist plots reveal wedfiged nearly ideal semi-circles

across the temperature range of 160 K — 400 K usinglectrodes. An example of
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Figure5.17: A Cole—Cole plot (Nyquist plot) for the as depasi@uCl film at 300 K.

such plots at 300 K is shown in figure 5.17 andstiive bulk resistance and the
conductance of the CuCl films were deduced viartersections of the semicircle on
the real impedance axis in the complex plane awiqusly explained. The
temperature dependency of the electrical charatitesias seen on the Arrhenius plot
of figure 5.18 shows that the conductance of theCICiilms increases as the
temperature increases. Further to this one canrabdeo distinct lines which are
attributed to two different processes across tmeptzature range. The activation
energy above ~ 270 K was deduced to be @&4301 eV, which is attributed to
extrinsic Cu ionic conduction by a vacancy mechanism and extellent agreement
with previous work on compressed polycrystallingenals, (0.44 eV) [31] and (0.45

eV) [35]. The second process occurs below ~ 265hiisg activation energy varies

15C



15 -

Ern=0.43+0.01eV

218

Ea =40 =20 meV

In (1/R)

-2 A4

-24 T T T T T T T T T
25 3.0 35 40 45 50 55 6.0 6.5

1000/T (K1)

Figure 5.18: Arrhenius plot for the AC conductance of the asodépd CuCl films.

slightly with different samples grown under the sasxperimental conditions in a
similar manner to the DC measurements. In all gatbes activation energy of the
samples were within a range of 4020 meV. At this temperature, the thermal
activation energy is too low to maintain substdntiaic motion and thus the mode of
conduction is ascribed to a dominant hole condact@chanism. Similar activation
energies for both Cuonic and hole conduction mechanisms have beerodsimated
for CuBr, a closely related material [36,37]. Tliglt difference in the values of the
activation energy and conductance for differentasimay be again ascribed to the
inability of the vacuum evaporation method to psebty deposit films with the same

stoichiometry consistently as previously explained.
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5.4.3 DC Measurements of the OPlasma Treated
CuCl Films

The DC measurements of the plasma immersed film® wevestigated using Au
electrodes. The Au electrodes have the advantageobfbeen able to fix the
stoichometry and thereby increasing the electrauicductivity of the CuCl film.

Figure 5.19 — 5.21 depict the DC measurementseoptasma immersed CuCl films,

which were tested for durations of 1, 2 and 3 n@autespectively.
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Figure 5.19: Room temperature-V plot for the 1 minute plasma immersed CuCl

film.

By comparing the -V characteristics of the untedafilms to the plasma immersed

films of figures 5.19 — 5.21, one can observe thatelectrical characteristics are
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Figure 5.20: Room temperature |-V plot for the 2 minutes plasmaersed CuCl

film.

almost Ohmic similar to the situation of using Gecérodes but with a higher current
density. If substantial Au ions were diffusing irttee CuCl crystals, then the current
density in the films should be significantly lowtran for the untreated film (figure
5.14). But in this case the current density incesawith oxygen plasma treatment
duration. Therefore the large increase in the cotidty of the treated CuCl films (~
100 fold higher than the untreated films) is asmdilto effect of @ introducing
acceptor states in CuCl films. This is due to thet fthat Q dissolves in cuprous

halides on substitutional anionic sites [23,38]cadmg to the doping reaction:

(1/2)0s + Vg ° — Oy + 2P (5.30)
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Figure 5.21: Room temperature |-V plot for the 3 minutes plasmaersed CuCl

film.

where \¢, ° is a chlorine vacancy, '@ is an oxygen on chlorine site antrbpresents
a hole. In a related development, Knauth and cokersr[38,39] investigated the
electrical properties of as deposited compressedoaggen aerated CuBr films by
performing four-point Hall effect measurements aMadtt-Schottky analysis on
semiconductor (CuBr) electrolyte (aqueous Cp)S€bntacts. They concluded that
both the as deposited and aerated films were pggpeconductors and the electronic

hole conductivity could be substantially increaf@dugh oxygen aeration.

Preliminary secondary ion mass spectroscopy (Slk8asurements revealed that
oxygen penetration depth was ~ 75 nm, ~ 103 nm an800 nm for plasma

immersion durations of 1, 2, and 3 minutes, respelgtand more SIMS experiments
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are currently ongoing. Several sets of samples viagcated and it was observed
that they all followed the same trend but with &ldns in the exact value of
conductivity due to stoichiometry problems as earldiscussed. An average
conductivity value of the order of 5.0 x 1®/cm, 9.7 x 18 S/cm and 2.03 x 1D

S/cm was deduced for the 1 minute, 2 minutes amihBtes plasma immersed films,

respectively.
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Figure 5.22: A Cole—Cole plot (Nyquist plot) for the 1 minutagsha immersed CuCl

film at 300 K.
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5.4.4 AC Measurements of the @Plasma Treated
CuCl Films

The AC electrical characteristics of the oxygenspia immersed CuCl films were
investigated using impedance spectroscopy anddtewlere represented on Nyquist
plots as per the as deposited films. Well definedrly ideal semi-circles were
obtained across the temperature range of 160 KO+4Qsing Au electrodes for all
three plasma immersed samples. Figures 5.22 —iBu8&ate the Nyquist plots for
the 1, 2 and 3 minutes immersed films at 300 K. Tk resistance and the
conductance of the films were deduced in a sinfidahion to the untreated films via

the intersections of the semi-circle on the regdanance axis.
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Figure 5.23: A Cole—Cole plot (Nyquist plot) for the 2 minutdasmpa immersed

CuCl film at 300 K.
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Figure 5.24: A Cole—Cole plot (Nyquist plot) for the 3 minutdasma immersed

CuCl film at 300 K.

By comparing the bulk resistance of the plasma inseakfilms, one can observe that
the resistance reduces with an increase in plaseantient duration, which is in

excellent agreement with DC measurements.

The temperature dependence of the electrical ctaistics as seen on the Arrhenius
plot the of the untreated films reveals two didtiimes (Figure 5.18), corresponding
to electronic conduction below ~ 265 K and Cu @sig ionic conduction mechanism
as previously explained. While on the other hared Alrhenius plots for the plasma
treated films showed only a single line startimgnirlow temperature extending across

most of the temperature range. One can also sé¢hin@onductance of the plasma
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treated films is much higher than that of the watied films. This large increase in the
conductance of the plasma immersed films is attebuo the dominance of the
electronic conduction mechanism due to the fadt @antroduces acceptor states in
CuCl films resulting in the liberation of excesslds as explained for the DC

measurements.
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Figure 5.25: Arrhenius plot for the conductance of the 1 minplesma immersed

CuCl film.

The conductance as seen from the Arrhenius plothefl minute and 2 minute
oxygen plasma immersed films (figures 5.25 and 5i26reases up to ~ 313 K and ~
323 K respectively before declining. The reductiiorthe conductance of the films is
ascribed to the escape of oxygen from the films;esithe oxygen penetration depths

were only 75 and 103 nm from the surface for thmifiute and 2 minute oxygen
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plasma immersed films, respectively. Thus it isextpd that the conductance would
reduce at substantial elevated temperatures. Onother hand the temperature
dependency of the 3 minutes oxygen plasma immédilsesi (figures 5.27) shows that
the conductance increases up to ~ 348 K beforenitegl The better stability of the
conductance of the 3 minute immersed films as coetp# previous two is attributed

to the deeper penetration depth of oxygen (~ 30Dinrhese films.
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Figure 5.26: Arrhenius plot for the conductance of the 2 minygesma immersed

CuCl film.

After the short decline in the conductance of timd, on further heating, all three
samples showed the tendency of increasing conduetagain. At this point, ionic

conduction becomes significant due to high thereredrgy. Several sets of samples



were fabricated and it was observed that theydlbwed the same trend but with
variation in the exact value of conductance dusttichiometry problems as earlier
discussed. An average activation value of the cofi€:.16 eV, 0.185 eV and 0.23 eV
was deduced for the 1 minute, 2 minutes and 3 miplasma immersed films,

respectively.

3 Minutes
10 4

12 4
Er 0.23 eV

14

Ln{1R)

16 4

18

—
25 30 35 40 45 50 55 B0 65
10004 T (K)

Figure 5.27: Arrhenius plot for the conductance of the 3 minyiesma immersed

CuCl film.

5.4.5 Electrolytic Decomposition of CuCl Films
Electrolytic decomposition, otherwise known as ®&ldgtic conduction, is a well
known property of polar crystals, which has beesepbed as far back as the 1920s.

Tubandt and Eggert [40] in 1920 successfully derrated the transfer of Ag in
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silver iodide via an electrolytic conduction mecisam under the influence of a steady
state source. Molten polar salts are known to beorgmthe best electrolytic
conductors [8]. Electrolytic decomposition is quidifferent from dielectric
breakdown and occurs when a polar material is stdgeto a steady state source
greater than its decomposition threshold. Accordm7], the threshold voltage is a
function of the combination of the thermodynamicaposition voltage, which
could be deduced from the Gibbs free energy of &ion of CuCl (2CuCh Cu +
CuChk ; 0.77 V and 2CuCl> 2Cu + C} ; 1.22 V at 298 K [42]), over voltages for
different processes, including ohmic drop, chargedfer at the electrodes (given by

the Butler — Volmer equation [43]) and the nucleatof the electrodeposits.

@)

0.25 mm

PEARE T R AN aN)

Figure 5.28: Optical micrograph of the electrolytic decompositipattern of CuCl

films; (a): as deposited CuCl films, (b): 3 minupasma immersed CuCl films.
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Figure 5.29: EDX spectrum of the cathodic decomposition of gslieed CuCl film

on Si substrate.

For most substances, electrolytic decompositioreappat the cathode in the form of
tree-like threads called dendrites and the elegiootonductivity may vary from one

specimen to another by a factor greater than 1Gfhwatemperatures [8].

In our experiments, we have observed the onseattbbdic decomposition for both as
deposited and plasma immersed films when a steiady goltage of more than 5 V
was applied to CuCl films between a pair of rectdagplanar Au electrodes with an
inter-electrode spacing of 0.25 mm. Figure 5.28xshthe optical micrographs of the
as deposited and 3 minutes plasma immersed Cud@k fdonfined between Au

electrodes and subjected to a steady state DCdbid® V for 1 hour. An EDX

microanalysis on the fractal growth (figure 5.2@9nfirmed that the dendrites are
metallic copper. Also, we have observed what amukdo be lesser dendrite
formation for the plasma immersed films. This cob&leasily seen especially for the

3 minutes plasma immersed films as illustratedgnre 5.28. However according to
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Mott and Gurney [8], the rate of cathodic decompasidepends on each individual
sample and it preparation, and may vary over bgctof of 100 at low temperatures.
Therefore at this stage, we cannot explicitly confthat influence of oxygen reduces

the electrolytic decomposition of CuCl films.

5.5 Conclusion

In summary, the electrical propertiesetuprous chloride films confined between
both reversible (Cu) and irreversible (Au) elecesdhave been investigated. The

effect of oxygen plasma treatment on the electobakacteristics was also examined:

* Room temperature DC measurements on the as depdiies, using
irreversible electrodes (Au) gave an exponentidpoase while using
reversible electrodes (Cu) presented an Ohmic respavith a maximum
current density ~ 100 fold lower than the situatifur the irreversible
electrodes. This was interpreted to be the proparty p-type mixed ion —
electronic semiconductor material with copper deficy as explained by
Wagner. The exact value of the electrical conditgtivas found to vary from
sample to sample due to the inability of vacuumpevation to precisely
deposit films of the same stochiometry under thenesaexperimental
conditions. An average hole conductivity of ~ 2.26¢ S/cm was deduced to
be in coexistence with Cuonic conductivity using Au electrodes while a
total conductivity of 6.5 x 16 S/cm was calculated using Cu electrodes.

» The temperature dependence of the conductanceeofshdeposited CuCl
films were interpreted to be due to a predominam@ly extrinsic ionic

conduction mechanism at temperatures above ~ 2&h&Kelectronic hole
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conduction dominant at temperatures below thatrevkiee thermal energy is
inadequate to sustain significant ionic motion.

On the other hand the room temperature DC charsiitsr of the oxygen

immersed films using Au electrodes all gave an @hmasponse with

conductivity over 100 times higher than the unwedafiims. The large

increase in the conductivity is ascribed tg i@troducing acceptor states in
CuCl films.

The temperature dependence of the conductanceeobxiigen immersed

CuCl films was found to be dominated mainly by d&ctonic conduction

mechanism up to a temperature where oxygen eséagmeghe films due to

the heat treatment. Preliminary SIMS measureme&wsaled that the oxygen
penetration was as deep as 300 nm for films imndefse a duration of 3

minutes.

Both the as deposited and plasma immersed CuCs$ filhowed evidence of
cathodic decomposition when a voltage of more thavi was applied for

periods of the order of 1 hour.
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Encapsulation
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6.1 Introduction

I n the previous chapters, we highlighted the primeperties, which make
CuCl attractive for optoelectronic applicationse$h include an excitonic binding
energy of the order of 190 meV, which guarantees@xic recombination [1], lattice
mismatch of less then 0.4% when deposited on silmdbstrates e = 0.541 nm
and g; = 0.543 nm) [2], availability of bulk single crgdtand the ease of deposition
of CuCl thin films. Despite these outstanding feasuand the potential applications of
CuCl, its stability to moisture in ambient air isvajor problem. Thin films of CuCl
oxidise completely into oxyhalides of Cu Il withan few days of exposure to the
ambient. In order to realise the practical useh@ material an encapsulation layer is

required.

Conventional encapsulation of CuCl thin films by lido sealed glass at
curing/deposition temperatures greater than°@50annot be used because CuCl
interacts chemically with Si at a temperature gredihan 250C [3]. Thus a low
curing/deposition temperature, UV transparent aod-meactive protective layer is

required to increase the longevity of this CuGhgl In this chapter, we present the



results for three candidate dielectrics used ageptive layers for thin films of CuCl:

1. SiO; deposited by plasma enhanced chemical vapour deisn
(PECVD). The PECVD grown Si©has the advantage of low deposition
temperature, which favours low defect formatiorthe underlying substrate,
low dopant diffusion and little degradation of aagjacent metal layers [4].
The SiQ deposited using this method has found applicationsfilm
passivation, intermetal dielectric layers, in meyndevices and in metal-
insulator—semiconductor (MIS) devices.

2. Organic polysilsesquioxane (PSSQ) spin-on glass leasdielectric. PSSQ
has been identified and recognised as a potentintidate for the next
generation of low dielectric constant materials [B] Si integrated circuit
technologies.

3. Cyclo olefin copolymer (COC) based dielectricCOCs are thermoplastic
polymers. Popular commercial producers of this ntenclude Mitsui
Chemical Company, Ticona (formerly Hoechst Celapedapan Synthetic
Rubber and Zeon Chemicals Company. There are da¢ypes of commercial
cyclo olefin copolymers based on different monomansl polymerisation
methods. COCs are produced by chain copolymerisaticyclic monomers
such as 8,9,10-trinorborn—2—ene (norbornene) ¢8,4,2a,5,8,8a—octahydro—
1,4:5,8-dimethanonaphthalene (tetracylododecend)athene, or by the ring-
opening metathesis polymerisation of various cyoficnomers followed by
hydrogenation [6]. Owing to their rigid monomer tsni COCs have low
dielectric loss, low dielectric constant, low maig absorption, good

chemical resistance to polar solvents, low shriek@&gxcellent transmittance in

17C



the visible and near-ultraviolet wavelengths and lmrefringence [7]. Since
the first report of the synthesis of COC in 199]1 {Bhas found applications in

optical, medical, electrical packaging and diagicasintainers.

This list is no means exhaustive, but these chostesild help point the way for
future encapsulation research. The optical propertUltra Violet/Visible and Infra
Red) of the capped luminescent CuCl films were istlidhs a function of time and
compared with bare uncapped CuCl films in ordertdst the efficiency of the

protective layers.

6.2 Experimental

6.2.1 Film Deposition

The details of the procedure for the substrate gregn and CuCl film deposition
has be given extensively in sections 2.2 and 2sa®nly a brief recap is given here.
CuCl thin film samples with typical thicknesses1df0 — 500 nm were grown on Si
(100) and quartz substrates using the vacuum deposnethod at a base pressure of
~1 x 10° mbar. Immediately after the evaporation of CuGé finotective layers were
then deposited on the films. PECVD Sifayer deposition was carried out using an
oxygen/hexamethyldysiloxane #BIMDSO) mixture in a parallel plate RF reactor at
a frequency of 13.56 MHz. The BIMDSO ratio was 10:1, while the RF power that
determines the degree of excitation and fragmemtatias kept constant at 350 W.
The operating pressure was 10 Pa and the depositienwas 8 minutes. For the

deposition of the organic PSSQ based layer, thel @@ were spun or dipped in
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Emulsitone glass forming solution (Emulsitone ItSA). The resulting film was
annealed under nitrogen ambient at I&B@or a duration of 1 hour. The cyclo olefin
polymer (COC) layer was deposited by dipping onsgmating COC solution (Brewer
Science) on CuCl samples. The resulting film waseated in nitrogen ambient at
175°C for 15 minutes. Using a stylus profilometer tickness of the protective
layers was estimated to be 300 nm for the PSSQ lagd 400 nm for both the

PECVD SiQ layer and the COC layers.

Some of the deposited CuCl films were plasma tceagng an Oxford Instruments
Plasma Lab Plus 80 reactive ion etcher (RIE) ireotd introduce oxygen atoms in
the CuCl. The plasma immersion process describasedtion 2.7.6 was used, but the
duration of the plasma immersion was mainly forychlminute. The oxygen plasma
immersed films were encapsulated using both PSSICAC in the same manner as
for the as deposited films. However in this caseftims were not annealed in order
to avoid the evolution of oxygen in the CuCl films explained in section 5.4.4.
During all the experiments, the samples were staredndividual transparent

containers and exposed to air.

6.2.2 Characterisation Techniques

Absorption and IR measurements were carried outhensamples using a Perkin
Elmer Lamda 40 UV/Vis spectrometer and a PerkinEl@&X FTIR system. The

spectra were taken immediately after the depositiothe samples and then after 7,
14, 21, and 28 days. For reference, the spectranoépped CuCl samples were

studied along side the capped samples.



For the electrical measurements, the protectivertaywere sandwiched between
indium tin oxide (ITO) and Aluminium electrodessudting in metal-insulator—-metal
(MIM) structures. In all situations parasitic effeovere eliminated by the used of
guard rings. Contacts were made to the electrogesing an aluminium jumper wire
of 0.025 mm diameter (Advent Research Materialg htetl quick drying silver paint
(Agar Scientific). The samples were mounted inghtltight, earthed, steel vacuum
chamber, allowing electrical characterisation abase pressure of OTorr. AC
electrical characterisation was performed with avldét Packard 4284A 20Hz —
1MHz precision LCR meter. Capacitance was measased function of frequency
from 20 Hz to 1MHz. All measurements (optical & @lécal) were carried out at

room temperature.

6.3 Results

6.3.1 UV/Vis Spectra of the As Deposited
CuCl Films

The absorption spectrum for the uncapped film takemediately after deposition is
shown in figure 6.1, plot (a). This shows clearhetz, and the Z excitonic
absorption features, which are as a result of tdence band being split into two

bands by the spin orbit interactions [9].
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Figure 6.1: Absorbance spectra of unprotected CuCl film: (Eprmediately after

deposition, (b): After 7 days, (c): After 14 days.

The degradation of the film is detected by the dargduction and broadening of the
excitonic peaks as can be seen in figure 6.1, glotsand (c). After 14 days the
excitonic peaks disappeared, indicating a totaldatkon of the CuCl film. By

examining the absorption spectra of figures 6.2,&1d 6.4, one can still notice the
effect of oxidation on the CuCl film capped with G¥D SiO, while those

encapsulated with PSSQ and COC are stable in theatmmWe can conclude from
the absorption measurements that the PECVD, $@er somewhat reduced the
kinetics of the CuCl deterioration process whilgamic PSSQ and COC layers

prevented it.
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Figure 6.2: Absorbance spectra of CuCl film protected with Si@): Immediately

after deposition, (b): After 7 days, (c): After @8ys in order to aid viewing.
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Figure 6.3: Absorbance spectra of CuCl film protected with @S@): Immediately
after deposition, (b): After 7 days, (c): After d8ys. The plots (a) through (c) are

shifted with respect to each other.
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Figure 6.4: Absorbance spectra of CuCl film protected with CQ@: Immediately
after deposition, (b): After 7 days, (c): After d8ys. The plots (a) through (c) are

shifted with respect to each other.

The structure and properties of PSSQ depends $romg the thermal curing
conditions [16]. In an ideal situation the PSS@élshould be cured at a temperature
of ~ 350°C while the COC should be cured at 23@Ccbmplete polymerisation of
their network structures. However in our situatiwa could not reach these upper

thermal limits because CuCl chemically reacts \#itlat elevated temperatures [3].
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Figure 6.5 Effect of thermal treatment on CuCl films in vacuunder N ambient;
(a): As deposited film (b): Film subjected to thatrtreatment for 1 hour at 20G,

(c): Film subjected to thermal treatment for 1 hat230C.

Further to this, we have observed a slight redt shifthe excitonic peak for the
absorption spectra of CuCl films heated at 200°Gr fims heated above this
temperature, we have also observed a reductidmeahtensity of the excitonic peaks,
coinciding with a degradation of the optical qualdaf CuCl films as a result of
chemical reactions as explained by [3]. Typical Uig/spectra of the as deposited
CucCl film, and CucCl films heated at 200 and 2308Qepicted on figure 6.5. This
clearly illustrates the effect of thermal treatment the optical properties of CuCl
films as explained. In a related development, vexgently, Kondo [15] reported
similar red shift and optical degradation in theofotuminescence and absorption
spectra of heated CuCl films and suggested thastiife in the excitonic peaks is

probably due to the relaxation of the exciton cosfhent effect.



6.3.2 IR Spectra of the As Deposited
CuCl Films

Figure 6.6 shows the IR spectra of the uncapped.Cil& heteroepitaxially grown
CuCl/Si structure was used for the background sognnhus the as deposited film

gave a straight line spectrum. The major differesrmeserved between the spectrum
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Figure 6.6: IR spectra of unprotected CuCl film; (a): Immedigtafter deposition,

(b): After 7 days, (c): After 28 days. The plotst@ough (c) are shifted with respect

to each other for clarity.

of the as deposited CuCl film and after 7 days xgosure to the ambient are the
intense double peaks centred around ~ 3336 @nul ~ 3444 ci This indicates the
oxidation of CuCl to an oxyhalide of Cu Il, which as a result of CuCl reacting with

moisture in ambient air [10]. The most likely readehind the oxidation is due to the
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weak bonds that exist in monovalent cuprous hatidmpounds. The oxidation
increases as a function of time, which is constsigth the UV/Vis data. Similar to
the uncapped film, oxidation does take place mdilcapped with Si©deposited by

PECVD as can be seen in figure 6.7.
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Figure 6.7: IR spectra of CuCl film protected with $jQa): Immediately after
deposition, (b): After 7 days, (c): After 28 dayse plots (a) through (c) are shifted

with respect to each other in order to aid viewing.

The only difference between the Siéncapsulated films and the unprotected film is
that the oxidation rate has been reduced in the BiGtected films. Other major
peaks in the SiPspectra are related to Si—-O-Si bonds occurridgatcni and 1070
cm® [11]. Similar to the UV/Vis measurements, the B&ults show no evidence of

oxidation in the films capped by PSSQ and COC, tiscconfirmed by the absence



of the double peaks at ~ 3336 Ctmnd ~ 3444 cihin figures 6.8 and 6.9. The major

absorption peaks in the PSSQ capping film spentiaide Si—C at 608 ci[12],

Si—O-Si occurring at ~1090 ¢hj4] and the broad band around 3200 — 3600 ésn
attributed to OH due to incomplete curing of thHenfi For COC, the several peaks
occurring between 950-1225 ¢nand the double peaks centered around 291% cm
and 2847 crl are attributed to C—H absorption, the peak at 1469 is the C=C-C

aromatic stretch while the peak at 1729%dmdue to the carbonyl C=0 bond [13].
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Figure 6.8: IR spectra of CuCl film protected with PSSQ); (ajintediately after
deposition, (b): After 7 days, (c): After 28 daybke plots (a) through (c) are shifted

with respect to each other for clarity.

We have observed from our experimental results thatdegradation process of
deposited CuCl films depends greatly on the puwftyhe source CuCl powder used

for the evaporation and also the cleanliness of gbbstrate. PSSQ and COC
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encapsulated films deposited from high purity fiegtrepared CuCl powder on to

clean substrates have been found to be still claiyistable for a period of over a

year.
1.5
5 (¢)
< 11
3
c (b)
o
O 0.7 -
<
0.3 T T T 1
630 1472.5 2315 3157.5 4000

Wavenumber cm™

Figure 6.9: IR spectra of CuCl film protected with COC; (ajnrhediately after
deposition, (b): After 7 days, (c): After 28 dayke plots (a) through (c) are shifted

with respect to each other for clarity.

6.3.3 UV/Vis and IR Spectra of the @ Plasma
Immersed CuCl Films

Unlike the as deposited films, preliminary resdt®wed that both PSSQ and COC
encapsulants failed to prevent the oxidation of Chl@s. Figure 6.10 shows the
UV/Vis spectra of the 1 minute oxygen plasma imradr€uCl film encapsulated
with COC. By examining these spectra, one can obsthie presence of oxidation by

a reduction of the excitonic peak intensity (372) mven after a week. The reduction
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in the excitonic peak intensities increases asation of time in a similar way to the
SiO;, protected films of figure 6.2. A similar reductiof excitonic peak intensities as
a function of time was observed for the UV/Vis dpe®f the PSSQ encapsulated

CucCl films.
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Figure 6.10: Absorbance spectra of 1 minute, @lasma immersed CuCl film

protected with COC; (a): Immediately after depasiti (b): After 7 days.

The IR spectra of the encapsulated films also cowfil the presence of oxidation in
the CucCl films protected with both PSSQ and COQuFe 6.11 shows the spectra of
the 1 minute oxygen plasma immersed CuCl film esuatgted with PSSQ. By
examining these spectra, one can observe the pesémxidation confirmed by the
double peaks centred around ~ 3336'camd ~ 3444 cih even after a week of
exposure to ambient. The oxidation of the CuCl $ilmcreases as a function of time
in a similar way to the unprotected film of figudes. A similar oxidation process was

observed for films encapsulated with COC.
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The inability of both encapsulants (COC and PSS)revent the oxidation of the
oxygen plasma immersed CuCl films may be ascribed the incomplete
polymerisation of both encapsulants due to loweinguemperature, since films were

cured at room temperature in order to avoid thagsof oxygen from CuCl crystals.
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Figure 6.11: IR spectra of @plasma immersed CuCl film protected with COC; (a):

Immediately after deposition, (b): After 7 days.

We recall the results of the temperature dependefdye conductance of the,O
plasma immersed films of section 5.4.4, where i Wamonstrated that the electronic
conductivity of the oxygen plasma immersed filmgrdases at sufficiently elevated
temperature due to the outward diffusion of oxygdepant that act as acceptors in the
CuCl crystals. Thus it was anticipated that by amealing the films we will reduce

the likeliness of oxygen dopant escaping from th€Idilms.
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However, both the unprotected as deposited sangtesunprotected Oplasma
immersed samples stored in a desiccator or undestaot dynamic vacuum have
been found to be free from oxidation for severatékge This represents an area where

more research will be undertaken in future.

6.3.4 Dielectric Constant

Figure 6.12 shows the capacitance as a functiofmegiuency for the three metal—
insulator—metal structures, with a bias of 0.5 \CjAsuperimposed on 10 V (DC).
Analysing the capacitances of the protective lagye®s have observed that the COC
based dielectric displayed an almost frequencygaddent capacitance. Similar to
COC film, the PECVD Si@film showed a fairly constant capacitance througtibe

frequency range while the PSSQ layer showed a yidtdquency dependent

capacitance at low frequencies.

The electrical stability of the COC film may ber#itited to the rigid olefin units
randomly or alternatively attached to the polymackbone [7], while the variation of
the capacitance of the PSSQ film may be linkedntmmplete polymerisation and
interfacial capacitance effects. In an ideal siamtthe PSSQ and the COC films
should be cured at 350°C and 230°C respectivelyvd¥er, we could not reach these
upper temperature limits in order to avoid the dédgtion of the optical quality of the

CuCl films as explained in section 6.3.1.

184



’?; 6.003E-09 -
@ (@) PSSQ
©  4.003E-09 - /
[&]
[
!
8 2003E-09-{ CO
&
3E-12 B

10 100 1000 10000 100000 1000000
Frequency (Hz)

» 1.30E-09 -

©

S MMMMWM
©

L 1.00E-09 - (C)/

(O]

o

c .

S 7.00E-10 - SIO,

(&]

©

g

(@) 4.00E-10 T T T T ]

10 100 1000 10000 100000 1000000
Frequency (Hz)

Fig. 4.3: Capacitance — Frequency plot for the protectiwels; (a): PSSQ film, (b):

COC film and (c): SiQfilm.

The relative permittivities (dielectric constantsf the protective layers were

determined from the capacitance — frequency platMtz using the relation:

C=¢gq¢, A/d (6.1)
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to be 2.3, 3.6 and 6.9 for COC, PECVD &i&ahd PSSQ, respectively. In equation
(6.1) &0 is the permittivity of free space; is the relative permittivity or dielectric
constant, d is the thickness of the film and Ahis &ctive area of the film. The high
value of the dielectric constant of the PSSQ mayirideed to the presence of water
(OH) in the insulator, whose dielectric constant~is80 [14], due to incomplete

polymerization of PSSQ as a result of curing aiveelr temperature.

The ultimate goal of this research will be to faate an optoelectronic device from
CuCl films. From the view of a laser diode, thelel¢ric constant of the cladding
layers must be less than that of the active serdicctor material in order to achieve
optical confinement. In our case, all three diglesthave relative permittivities lower
than that of CuClg = 10) and therefore any of them will be suitaldettze cladding

layers for the CuCl based laser diode device. HeweZOC with the smallest

dielectric constant should be the best candidat®fotine three dielectrics studied.

6.4 Conclusion

In summary, thin film, luminescent, heteroepitaxi@uCl on Si oxidises into
oxyhalides of Cu Il on exposure to ambient air.sThan be prevented by using

protective layers that will insulate them againstisture and air:

 The UV/Vis and IR absorption measurements showat libth cyclo olefin
copolymer (COC) and polysilsesquioxane (PSSQ) #ysuccessfully

encapsulated the as deposited CuCl films for lgngtriods of at least 28
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days while PECVD deposited SiGlowed the rate but did not eliminate the
oxidation.

Thin films of highly purified CuCl deposited on ale substrates and
encapsulated with either COC or PSSQ have beendfooirbe chemically
stable for more than one year.

Both COC and PSSQ based encapsulants failed temréve oxidation of ©
immersed CuCl films, probably due to incomplete yp@risation of the
network structures of the encapsulants.

The high frequency dielectric constants of the grtive layers were estimated

at 1MHz to be 2.3, 3.6 and 6.9 for COC, S#0d PSSQ, respectively.
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7.1 Conclusions

< uCl is a direct wide bandgap material with attnaetproperties for

optoelectronic applications. The aim of the reseaescribed herein was to deposit,
encapsulate and evaluate-CuCl films for their microstructural, electronionc
optoelectronic properties. Thin films of CuCl (180500 nm) were successfully
deposited on amorphous glass, ITO coated glassiagte crystal silicon substrates
using vacuum evaporation. Some of the CuCl sanpége oxygen plasma treated for

1, 2 and 3 minutes to improve the electronic cotiditg via p-type doping.

X-ray diffraction (XRD) measurements confirmed thia¢ as deposited and oxygen
immersed films were zincblende in structure andeuetially oriented in the (111)

direction irrespective of the underlying substrat€se microstructural properties
(grain size and AFM root mean square roughnesghefas deposited films were
almost the same irrespective of the underlying tsatess On the other hand the
microstructural properties of the oxygen plasma ersed films vary as a function of

plasma treatment duration.
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The room temperature absorption spectra revealZiheand the Z free excitonic
absorption features, occurring at 3.34 eV and 3¥7respectively, for both untreated
and plasma treated films deposited on glass and ddlastrates. At 10 K, the PL
spectrum of the CuCl/Si structure using 244 nmtexion reveals the Zfree exciton
occurring at 3.203 £ 0.003 eV, theimpurity bound exciton located at 3.181 + 0.003
eV, the M free biexciton occurring at 3.160 £ 0.@38 and N impurity bound to bi-
exciton located at 3.135 + 0.003 eV. However, tBeK2PL spectra for the three
structures using a 325 nm excitation revealed trdyz free exciton, the;limpurity
bound exciton and the ;Nmpurity bound biexciton occurring at 3.204 eV18.eV
and 3.152 eV respectively, for all three structufidee room temperature PL spectrum
of the films was dominated by the; 4Zree exciton. The bandgap displayed a
temperature dependence increasing by ~ 37 meV ftonK to room temperature.
This anomalous effect is believed to be relateel¢éatron-phonon renormalization of

the electronic structure of CuCl band gap as thgpéature increases.

At 10 K the 1 minute and 2 minute, Plasma treated samples reveal both th&ee
exciton and the;limpurity bound exciton, while the 3 minute @eated samples only
reveal the £ free exciton. In addition to this, a broad bandriaed to an oxygen
related emission process is observed at ~ 3 eVdmivl0 and 140 K for all the
plasma immersed films. Thereafter up to room tempees the PL spectra of all
samples were dominated by the flee exciton. The temperature dependency of the
band gap for all the oxygen plasma immersed filnas iound to follow the same
anomalous temperature dependence as for the wedrélnhs; however the oxygen
plasma treated films were less sensitive to tentpexaThe optical properties of the

oxygen plasma immersed samples were found to diféen the as deposited film as



the plasma duration increases with respect to theber of exciton peaks and the

broad band observed at low temperatures.

The electrical properties of the CuCl films wasriduo depend strongly on the nature
of the electrodes used. An exponential I-V charetie was observed for the as
deposited CuCl films using irreversible electrod@su/CuCl/Au), which was
interpreted to be a characteristic of p-type mixecic — electronic material. The
Ohmic behaviour and a lower current density obskfee samples confined between
reversible electrodes (Cu/CuCl/Cu) is consisteri whe theory of a defect chemistry
effect for a mixed ionic — electronic material diated with its parental electrode.
The exact value of the electrical conductivity wasnd to vary from sample to
sample due to the inability of the vacuum evaporatio repeatedly and precisely
deposit films of the same stochiometry. An averagle conductivity of ~ 2.3 x 10
S/cm was deduced to be in coexistence with @mic conductivity using Au
electrodes while a total conductivity of 6.5 x"1&/cm was calculated using Cu

electrodes.

An analysis of the Arrhenius plot for the as defamsfilms confirmed that CuCl films
are of the mixed ionic — electronic type with predoantly extrinsic Cli cationic
conduction by a vacancy mechanism at temperatutesvea ~ 270 K and
predominantly electronic hole conduction dominantemperatures below ~ 265 K,
where the thermal activation energy is believeldegansufficient to sustain substantial

ionic motion.
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Unlike the as deposited films, room temperature &@racteristics of the oxygen
immersed films using Au electrodes all gave an @hrmasponse with conductivities
as high as 100 times those of the untreated filfitee large increase in the

conductivity is ascribed to QOntroducing acceptor states in CuCl films.

The Arrhenius plot of the oxygen plasma immersedCICliims was found to be
dominated mainly by a hole conduction mechanismoupemperatures above room
temperature, at which point oxygen starts escadmmgn the CuCl crystals.
Preliminary SIMS measurements revealed that thgexyenetration was as deep as
300 nm for films plasma immersed for a duration ®f minutes. Cathodic
decomposition via an electrolytic conduction mecesianhas been observed in both
the as deposited and plasma immersed CuCl fiimsweheoltage of more than 5 V

was applied.

Thin luminescent, as deposited and oxygen imme@agdl films have been observed
to oxidise into oxyhalides of Cu Il on exposureatobient. The oxidation process can
be prevented for the as deposited films using ptivie layers that will insulate them
against moisture and air. UV/Vis and IR absorptio@asurements showed that both
organic cyclo olefin copolymer (COC) and polysilge®xane (PSSQ) layers
successfully encapsulated CuCl for lengthy perigisater than 28 days. Further to
this, the deterioration of CuCl films was founddepend strongly on the purity of the
source CuCl powder and the cleanliness of the sathstused for the deposition. Thin
films of highly purified CuCl deposited on to cleanbstrates and encapsulated with

either COC or PSSQ have been found to be chemistabjle for more than one year.
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On the other hand, both COC and PSSQ based enaatstidiled to prevent the
oxidation of Q immersed CuCl films, probably due to incompletdypw@risation of

the network structures of the encapsulants, sihee films were cured at room
temperature. The high frequency dielectric constaritthe protective layers were
estimated at 1MHz to be 2.3, 3.6 and 6.9 for COO, 8nd PSSQ, respectively. The
relative permittivities of the three dielectriceamaller than the relative permittivity
of CuCl, which indicates that any of them could used as the cladding layer to

fabricate a CuClgf = 10) based laser diode device.

7.2 Further Work

Following from the studies reported here, sevelaks of research suggest
themselves. The following are pointers to furtherkwthat would extend the findings

of the present investigations:

» Electrical propertiesFurther work on the depth of penetration of oxyge

atoms using plasma immersion will be required siheeresults reported here
are only preliminary. Also additional electrical azhcterization of the as
deposited and the oxygen plasma immersed filmsludiveg carrier
concentration and carrier mobility using Hall effeneasurements and Mott-
Schottky analysis will be required to produce adransight into the electrical
properties of CuCl films.

» EncapsulationOne will need to fully encapsulate the oxygen iensed films
in order have a practical use of this material. @nto the thermal processing
constraints for this material, there will be a needprotect the oxygen

immersed films using a low temperature depositioeledtric. It will be
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interesting to test the effectiveness of silicotriske, a well known moisture

barrier dielectric in the semiconductor industrjieh can easily be deposited
at low temperatures, e.g. using R.F sputtering riggtes, on the oxygen

plasma immersed CuCl films. In principle one coulk the same plasma
system for the @treatment and silicon nitride capping.

Growth technigueThe vacuum evaporation method was used extegsinel

the deposition of the CuCl films studied hereine@h the main disadvantages
of this technique in depositing compound materiglthe inability to deposit
films with the same stoichometry repeatedly. Irt f@e suspect that this is the
main reason why the electrical properties of theCICfilms varied from
sample to sample. Therefore it will be important use more advance
techniques like liquid phase epitaxy (LPE), molecddeam epitaxy (MBE) or
atomic layer deposition (ALD), which are well knowfor depositing
compound semiconductor materials with repeataldestmetry. A further
advantage of these methods is that dopants cosity de introduced during
deposition, resulting in a better uniformity of @mps across the films.

Device fabricationlIt will be interesting to fabricate an excitorbased light

emitting device from CuCl. This may begin by faltiog an excitonic based
electroluminescent device from CuCl, based on tloevth of adjacent n- and
p-layers of CuCl sandwiched between appropriatet®ldes. A useful start in
this direction has been reported by our reseaiam {&. Mitra, F.O. Lucas, L.
O'Reilly P.J. McNally, S. Daniels and G. Natarajdn,Mater. Sci.: Mater.

Electron, DOI10.1007/s10854-007-9178-8 (2007)].
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