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Lisa O'Reilly

Abstract
Growth and Characterisation of Wide-bandgap y-CuCl on near lattice-matched Si

The need for blue and ultra-violet (UV) solid-state emitters and detectors has 
propelled the investigation of several wide-bandgap semiconducting materials y-CuCl 
is a wide-bandgap (Eg = 3 395eV at 4 K), direct bandgap, semiconductor material 
with a cubic zincblende lattice structure A very large exciton binding energy 
(190meV), assures efficient exciton based UV emission at room temperature Its 
lattice constant, acuci = 0 541 nm means that the lattice mismatch to Si (asi = 0 543 
nm) is <0 5% implying that low defect-density heteroepitaxy of CuCl on Si should be 
possible

y-CuCl on Si - the growth of a wide-bandgap, direct bandgap, optoelectronics material 
on silicon substrate is a novel material system, with compatibility to current Si based 
electronic/optoelectronics technologies Poly crystal line y-CuCl thin films are grown 
on Si (111), Si (100), and glass substrates by physical vapour deposition X-ray 
diffraction (XRD) studies confirm that CuCl has a cubic zincblende structure with a 
preferred (111) orientation Importantly, chemical interactions between CuCl and Si 
are eliminated
Photoluminescence (PL) and cathodoluminescence (CL) results for CuCl, deposited 
on either (100) or (111) Si, reveal a strong room temperature Z3 excitonic emission at 
~ 387nm We have developed and demonstrated the room temperature operation of an 
ultra-violet electroluminescent device fabricated by the growth of y-CuCl on Si 
Electroluminescence measurements confirm UV light emission at wavelengths of 
~380nm and ~387nm, due to excitonic behaviour A further emission occurs in the 
bandgap region at ~360nm
The most efficient solid-state emitters are p-n junctions, therefore research on the 
possibility of doping CuCl is of great interest The impact on structural, optical and 
electrical properties of CuCl by incorporation of Zn for n-type doping, by co­
evaporation of CuCl and ZnCl2 is investigated Electrical measurements indicate n- 
type conductivity with resistivity ~ 34Qcm
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Chapter 1

In tro d u c t io n

1.1 Wide-Bandgap Semiconductors
The past decade has seen an explosion of research, development and production 

interest in wide-bandgap semiconductors This interest has focussed on the production 

of blue and ultra-violet light emitting and solid-state laser diodes The search for 

optoelectronics devices, operating in the energy range of >3 eY, is an important one, 

as it leads to considerable technical advantages in electronic storage because the 

density of optical storage, in optical disc systems (e g CD-ROMs, DVDs) increases 

as the wavelength of the laser light decreases [1] Other applications include the 

production of white light arrays (using red, green and blue pixels), ultra-violet lasers 

and UV sensors There are numerous applications for UV sensors such as biological 

and chemical sensors, flame sensors, optical communications and UV emitter 

calibration [2]

Much of the research has been concentrated on variants of the III-Nitride, III-V  and 

II-V I compounds The ability to fabricate devices emitting in the blue-UV portion of 

the electromagnetic spectrum is the result of the large direct bandgap in these 

materials ( 3 - 6  eV) The wide-bandgap of ZnO (3 3eV at room temperature [3]) and 

its binding energy of 60meV for the free excitona have prompted much investigation 

of this semiconductor However it has proven difficult to produce high-conductivity 

  }
a An exciton is formed from a free electron in the conduction band and hole in the valence band bound 
together by a Coulombic attraction such that the electron can orbit about the hole as if this were a 
hydrogen-hke atom
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p-type ZnO [4] It is the III-Nitride materials which have become synonymous with 

blue-violet light emitting and laser diodes [5] These materials also possess high 

electron mobilities, high breakdown electric fields and good thermal conductivities

GaN and its related alloys are hexagonally co-ordinated crystals, which are not 

usually grown as single wafers, due to the severe difficulty of so doing Instead, these 

are grown epitaxially m thin single crystal layers on suitable substrates, typically ot- 

AI2O3 (sapphire) or SiC The main problem with this is that there are large lattice 

constant differences between the epilayers and the substrate For example, in the case 

of GaN epitaxy on (0001) Al203, the lattice misfit is as high as 13 9% [6] This leads 

to the generation of misfit dislocations with densities reported to be as high as 1010 
cm2, which are deleterious to the performance of light emitting devices produced 

thereupon [7,8,9] Despite this problem these materials have developed rapidly with 

much of the research to date focussing on improvements in the epitaxial techniques 

(e g epitaxial lateral overgrowth and pendeo-epitaxy) for growing the III-Nitride on 

the highly mismatched substrate and hence reducing the misfit dislocation density

By 1997, Nichia Chemical Industries Ltd in Japan had succeeded in the commercial 

production of high-brightness blue/green light emitting diodes (LEDs) with a 

luminous intensity of 12cd [10,11] In addition, room temperature violet laser 

emission in InGaN based multi-quantum well heterostructures has been demonstrated 

under pulsed and continuous wave operation conditions [1,12] However, these early 

devices were, and indeed still are, plagued by the presence of numerous threading 

dislocations (TDs), which impacted severely on the lifetimes and optical performance 

of laser diodes (LDs) in particular These densities reached values as high as ~1010
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cm2, and were due mainly to the severe lattice mismatch between the substrate 

materials (e g 6H-S1C or AI2O3) and the grown III-Nitride epilayers The introduction 

of epitaxial lateral overgrowth (ELOG) techniques [13,14] has facilitated the 

production of III-Nitride films with threading dislocation densities reduced by 3-4 

orders of magnitude with respect to conventional metalorgamc chemical vapour 

deposition techniques on both sapphire and SiC substrates [8,9]

Studies of the optical properties of ELOG GaN [15,16] have indicated that there is a 

clear improvement in the optical quality of the GaN materials in the area of lateral 

epitaxial overgrowth Also, reducing the TD density has been shown to reduce the 

reverse leakage current by up to 3 orders of magnitude in GaN p-n junctions [17], 

InGaN single [9] and multiple quantum well LEDs [18] and GaN/AlGaN 

heterojunction field effect transistors [19] fabricated on ELOG GaN

In the standard ELOG technique, a GaN layer 2-3 \xm thick is grown on the sapphire 

substrate by metal-organic chemical vapour deposition (MOCVD), the sample is then 

patterned and a second MOCVD growth is performed If  instead the GaN is grown on 

patterned sapphire substrates only one MOCVD growth is needed and a reduction in 

threading dislocation density and improved electroluminescence output of the 

resulting LEDs was reported [20,21]

Other researchers have investigated the lateral growth of GaN films suspended from 

{1120} sidewalls of an aligned series of [0001] oriented GaN columns or trenches 

using the metal-organic vapour phase epitaxy (MOVPE) technique, without the use 

of, or contact with, a supporting mask or substrate (as in ELOG) [22,23] This
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technique has become known as pendeo-epitaxy and it also serves to reduce TD 

densities to 104-105 cm2 -  many orders of magnitude lower than bulk GaN, but still 

very high compared to mature technologies such as Si or GaAs

In 1998 Nakamura et al reported an InGaN multi-quantum well-structure laser diode 

with a lifetime of more than 1150 hours under room-temperature continuous-wave 

operation [13] This drastically improved on the lifetime of 35 hours previously 

reported [11], and was thought to be mainly due to the reduction in dislocation density 

arising from the use of the ELOG substrate However, for applications such as 

read/write laser light sources of DVD’s, laser diodes are required to have higher 

power and a longer lifetime An InGaN multi-quantum-well laser diodes with an 

output power of 30mW and an estimated lifetime of 15,000 hours at a case 

temperature of 60°C has been recently reported [24] The improved laser diode 

lifetime was attributed to a reduction in dislocation density to 7 x 105 cm 2 by using a 

GaN substrate with ELOG However, large volume production of these lasers would 

be limited by the lack of available high quality GaN substrates

In the past few years a number of research groups have been investigating the 

possibility of merging the ultraviolet capabilities of group III nitrides into the existing 

silicon microelectronics industry by attempting to grow III-Nitride epilayers on a Si 

substrate Examples of technological advantages include the ability to develop 

mtride-based short wavelength ultraviolet pixelated LED arrays on cheap Si 

substrates, which in conjunction with organic colour converters can create small, full 

colour, high resolution displays [25] GaN and AlGaN ultraviolet photo detectors on a 

silicon substrate have already been grown and characterised [26,27] As well as the
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obvious advantages of combining the optoelectronic properties of GaN with advanced 

Si electronic devices, Si substrates possess many advantages over the substrates 

conventionally used to grow GaN such as insulating sapphire and expensive SiC 

Low cost, large area silicon wafers with high crystalline perfection are widely 

available, and silicon has well-developed handling and packaging methods 

[28,29,30,3132] Also, the good electrical conductivity of silicon substrates makes it 

attractive for devices operating at a high current density because the ohmic contacts 

can be formed on the substrate [30]

One favoured substrate has been Si (111), as this surface has a 120° symmetry that is 

somewhat compatible with the hexagonal III-Nitrides The (0001) plane of GaN is 

almost parallel to the (111) plane of Si, and the [1120] direction of GaN is parallel to 

the [110] direction of Si [33] This route is proving difficult, as the difference in 

lattice parameters (lattice mismatch between GaN and Si is 17%) and the strength of 

the Si-N bond prevents the formation of smooth, single crystal GaN on Si (111) 

[34,35] To some extent this has been alleviated by using a two-step method involving 

various buffer layers such as SiC [30,36,37], GaN [38], AIN [25,29,33,39,40], GaAs 

[41], AlOx, [42] and SiNx [43] These typically yield smooth morphologies and 

columnar microstructures with a TD density of around 1010 cm2 -  comparable to the 

quality of films grown on sapphire but no real advance

For an easier integration of GaN-based devices with mainstream silicon technology, 

growth on the more widely used Si (100) substrate would be preferred A small 

number of researchers have attempted to grow GaN on Si (100) substrates [28,31,44] 

but again the films are of poor quality with the occurrence of cracks, stacking faults
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and TDs even with the use of a buffer layer Some improvement m this area has been 

achieved recently, and the growth of single domain GaN on Si (100) was realized by 

metalorgamc vapour-phase epitaxy (MOVPE) using a high temperature AIN seed 

layer on a Si (100) substrate with an off-orientation of 4° towards the Si [110] 

direction [45] Advances in growth have lead to the development of the first GaN 

field-effect-transistors on Si (100) substrates, which were reported in the last year 

[46]

The principal weakness of these approaches lies in the fact that the additional 

heteroepitaxial layer does not necessarily alleviate mismatch problems due to the 

fundamental incompatibility of hexagonal III-Nitrides and cubic Si or GaAs Almost 

all results showed that the epitaxial film has a high density of dislocations and cracks 

A bottom line has emerged the reduction of deleterious threading dislocations in 

wide-bandgap materials for optoelectronics devices is essential to their operation and 

m particular to their, longevity The lattice mismatch between the substrate materials 

and the overgrown epilayers is the main culprit This project proposes a radically 

different approach in the field of wide-bandgap optoelectronics, investigating the 

growth of lattice matched CuCl on cubic Silicon

1.2 Physical Properties of CuCl
The cuprous halides, e g CuCl, CuBr, Cul, are ionic I-V II compounds with the 

zmcblende (T j,F43m ) structure at room temperatures [47] At room temperature and

atmospheric pressure, the prevalent phase of CuCl is called y-CuCl y-CuCl is a wide- 

bandgap, direct bandgap, semiconductor material, with a cubic zmcblende lattice
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structure. The zincblende lattice is composed of two interpenetrating f.c.c. (face- 

centred-cubic) sublattices occupied by Cu+ and Cl" atoms respectively (Fig 1.1).

Fig. 1.1 Cubic zincblende lattice structure o f  CuCl unit cell [48]

If  all zincblende lattice points are occupied with identical atoms, (e.g. in the case of 

group IV elemental semiconductors) it becomes the diamond ( 0 \ ) structure. The unit

cell contains four CuCl molecules. Each Cu atom is surrounded by a regular 

tetrahedron built by four Cl atoms (and vice versa), at a nearest-neighbour distance of

ayf3 , where a is the lattice constant [49]. The second nearest-neighbours are twelve
4

tfV2atoms of the same kind at a distance of . A notable feature of this structure is the
4

lack of an inversion or symmetry centre; therefore the possibility exists for electro­

optic (Pockels) effects [50].

The lattice constant, «cuci = 0.541 nm, means that the lattice mismatch to Si (asi = 

0.543 nm) is <0.5%. Silicon is clearly a suitable substrate for the low defect density
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heteroepitaxy of y-CuCl The diamond structure is equivalent to the zincblende 

structure and the lattice constants of Si and CuCl are closely matched As discussed 

above, the threading dislocations in GaN are caused by a fundamental incompatibility 

with the available substrates, therefore a similar problem should not arise in the case 

of CuCl on Si Although there is quite a large difference in the coefficient of thermal 

expansion of Si and CuCl, 1 e 2 59 x 10 6K 1 and 13 80 x 10 6K \  respectively [51], 

compared to the growth temperature of GaN on Si, ~ 1000°C, it is possible to grow 

CuCl on Si at very low temperatures, typically < 200°C and a single crystal CuCl thin 

film has even been grown on Si at room temperature [52] Interestingly CuCl exhibits 

a strongly negative coefficient of thermal expansion at temperatures below 100K [53]

Another widely available semiconductor with mature technology is GaAs Given that 

the lattice constant for zincblende GaAs is aoaAs “ 0 565 nm, growth of y-CuCl on 

GaAs may also be possible as the lattice misfit of CuCl is -  4% with respect to (100) 

GaAs The ionicity of CuCl is 0 75 on the Phillips scale [54], which is close to the 

maximum found for zincblende materials (the critical value f c = 0 785 marks the 

idealised boundary dividing compounds characterised by the fourfold-coordinated 

crystal structures and those with six fold-coordinated rock salt type structures [55]), 

while that of GaAs and Si is 0 31 and 0, respectively [56,57] This also suggests that 

studies of the growth of y-CuCl on GaAs may be profitable as it could be possible to 

form strong ionic bonds at the GaAs-CuCl interface This material combination is not 

investigated in this work, but it illustrates the potential existing for related research

The melting point of y-CuCl is ~ 430°C and its boiling point is ~1490°C [48,58] 

Since this melting point is significantly lower than that of Si (1414°C), it may be
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possible to grow y-CuCl on Si (and also GaAs, m p =1240°C) using liquid phase 

epitaxy

One challenge associated with the use of CuCl is that it is sensitive to moist air Under 

the influence of light and moisture, hydrated oxyhalides of Cu** are formed [49] This 

reaction can be easily recognised by a colour change m CuCl associated with the 

presence of the greenish colour Cu^ ions Auger spectroscopy has confirmed the 

presence of oxygen in CuCl crystals [59] Suitable storage conditions are therefore 

necessary to prolong the lifetime of CuCl and ultimately a protective layer will be 

needed to prevent this reaction

1.3 Growth of CuCl
Early work on the growth of CuCl crystals took place in the 1960s using various 

crystal growth techniques such as gel growth [60,61,62,63], Stockbarger growth [64], 

Bridgman method [65,66,67], Czochralski growth [68], growth from 

aqueous solution [69] and growth by the travelling heater method [70,71] This work 

was mainly motivated by the electro-optical properties and wide transmission range 

(0 4|im-20^im) of CuCl, which make it a suitable material for laser modulation [72]

As CuCl is cooled below its melting point («430°C) it crystallises in a hexagonal 

wurtzite phase known as p-CuCl As further cooling occurs, CuCl undergoes a solid- 

state phase transition at ~ 407°C from the p-CuCl phase, to the cubic zincblende y- 

CuCl phase [49] This creates difficulties in the growth of large, strain-free, cubic 

CuCl crystals from the melt [68,73,74] as a volume change occurs during the 

transition causing stress, which can be released by the formation of gram boundaries,
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hence forming polycrystalline material The lattice constants of p-CuCI are 0 391 

nm and c=0 642 nm [49], therefore the volume of the hexagonal unit cell is 

approximately 53% of the volume of the cubic CuCl unit cell However, CuCl forms 

eutectics15 with numerous halides and the addition of small amounts of these 

compounds (1 8-15 mole %) can be used to lower the melting point of the CuCl/flux 

mixture below the phase transition temperature resulting in the growth of higher 

quality crystals The most commonly used compounds for flux growth of y-CuCl are 

KC1 [64,65,66,67,68,70,71,73,74], SrCl2 [65,70,73], PbCI2 [65,68,73] and BaCl2 
[65,70,73] Phase diagrams for KCl-CuCl, SrCl2-CuCl, PbCl2-CuCl and BaCl2-CuCl 

are given by Parker and Pinnell [73] The KCl-CuCl phase diagram is shown in figure 

1 2 below

KCl M ole % CuCl

Fig 1 2 Phase Diagram for KCl-CuCl system  [73]

b A eutectic is a mixture of two or more elements which has a lower melting point than any of its 
constituents The eutectic point appears as a ‘ V’ in the phase diagram, giving the lowest temperature at 
which the mixture of materials will melt

1 0



Chapter I Introduction

It can clearly be seen that addition of just a few mole percent of KC1 to CuCl 

suppresses the melting point of CuCl to below the solid-state phase transition 

temperature of 407°C, and by adding approximately 20 mole per cent KC1 the melting 

point of CuCl is lowered to below 150°C However it has been reported that greater 

impurity content in the CuCl crystal will result in poorer optical and electrical 

properties, therefore growth conditions are most favourable at a temperature just 

below the phase transition temperature [70]

Over the past decade or so, research on CuCl growth mechanisms has focussed on 

surface studies involved m the heteroepitaxy of CuCl single crystals on a number of 

substrates Growth studies have involved the use of reflection high-energy electron

diffraction during molecular beam epitaxy (MBE) of CuCl on MgO (001) [75,76] and
r

CaF2 (111) [77] and low energy electron diffraction (LEED) during MBE on 

reconstructed (0001) haematite (a-Fe20s) [78] One group of researchers has 

examined the surface growth mechanisms m the heteroepitaxy of single crystalline 

films of CuCl on both Si and GaAs substrates by MBE [56] Again, this study 

focussed on the fundamental physics of the island growth process and the nature of 

the mterfacial bonding Angle-resolved photoelectron spectroscopy has also been used 

to examine the surface electronic states for a CuCl (100) single crystalline film grown 

on a Si (100) surface [52]

1.4 Electronic Properties of CuCl
CuCl has a direct band structure with the top of the valence band and the bottom of 

the conduction band at k=0 The bandgap, Eg = 3 395eV at 4K [51], corresponds to 

light emission at a wavelength ~ 366nm (the ultra-violet to violet region in the
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electromagnetic spectrum) The valence bands of I-VII semiconductors originate from 

the filled d10 shell of the metal+ ions and the s2p6 rare gas configuration of the 

halogen ions The electronic configuration of Cu is [Ar] 3d10 4s1 and that of Cl is 

[Ne] 3 s2 3p5 The halogen s-levels are situated more than lOeV below the p-levels and 

hence form a rather isolated s-like band, which is the predominant contribution to the 

lowest conduction band level The spatial extent of the d-levels is large and their 

energies are close to those of the p-levels of the halogen In the case of CuCl this 

leads to a strong hybridization of the d-levels of Cu with the p-levels of Cl, 

dramatically increasing the number of valence electrons per unit formula from 8 to 18 

This has a significant effect on the physical and electronic properties of CuCl, 

especially compared to III-V  or II-V I group semiconductors in which the valence
fS /

bands are derived from an s p configuration One result of the p-d mixing in CuCl is 

its non-linear optical properties [79] Second order non-linear optical effects in CuCl 

could lead to practical devices such as second harmonic generators, tunable 

parametric oscillators and optical mixers [49] Further evidence of the importance of 

the Cu d-levels compared to the p-levels is that the band gaps of the Cu-halides differ 

by less than 0 3eV, despite the fact that the p-levels of the isoelectronic anions Cl, Br 

and I differ by about 2eV, i e the anion levels have only a small influence on the band 

gap [80]

As shown schematically in fig 13, in the CuCl zincblende structure the top of the 

valence band (Tisc) is triply degenerate without spin-orbit splitting The spin-orbit 

interaction results in the splitting of the p-d mixed T 15 state into a twofold degenerate

c r 15 f 6 r 7and F8 are irreducible representations of the space group Tj  at the T point
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T7 state at the uppermost valence band and the next lower, fourfold degenerate 

valence band exhibiting r 8 symmetry When subjected to a crystal field of Td

symmetry, the orbital d-levels split into one twofold degenerate T n  level, and two 

T15 levels, which hybridize with the chlorine p-levels resulting in two threefold 

degenerate T 15 levels

Atom
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d(5)
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Fig 1 3 Schematic development o f  conduction and valence states due to s, p and d electrons 

at the Brillouin Zone Centre r  in the cubic crystal field o f  the zincblende structure (not to 

scale) Energies given are experimental results for CuCI [81 ,82] The numbers m brackets 

indicate the degeneracy o f  the corresponding state

Coupling of the lowest conduction band state T6 to both the uppermost valence band 

holes F7and rg gives rise to the Z3 and Z12 edge excitons, respectively This spin- 

orbit splitting in CuCI is reversed with respect to the typical Cu-halide and Ag-halide
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zincblende semiconductors resulting in the Z3 exciton appearing at a lower energy 

than the Z\ 2 exciton This was confirmed by Cardona [81] by examining the energy of 

the exciton peaks as a function of concentration in the CuBr-CuCl system The energy 

values and temperature dependence of the exciton energies m CuCl are well 

documented and a selection of data from different techniques is shown in table 1 1 
below for a range of temperatures

L O’Reilly_______Growth and Characterisation ofWide-bandzap y-CuCl on near lattice-matchedSi

Technique T(K ) Z 3 (eV) Zi,2 (eV) Temp Dependence (10 4 eV/K) Ref

Luminescence 12 3 204 3 27 [83]

Reflection,

Emission

12 3 212 3 283 +2 5 (range 10K to 80K) [67]

Absorption 80

300

3 237 

3 27

3 306 

3 34

+1 4 (range 4K to room temp ) [81]

[84]

Three-wave

mixing

85 3 228 +2 8 (range 30K to 100K) [85]

Table 1 1 Energy positions and temperature dependence o f  the Z3 and Z\ 2 excitons

Thermal shifts of peak energies are mainly caused by the electron-phonon interaction 

as the thermal expansion of the lattice (volume effect) is negligible in CuCl 

The differences m temperature dependence result from the non-linear energy increase 

with temperature from low temperature to room temperature In fact at -100K a 

distinct change in the slope occurs, above this temperature the slope is lower by 

approximately an order of magnitude Garro et al [86] offer an explanation for this 

based on the difference between the vibrational frequencies of Cu and Cl Cu vibrates 

predominately at low frequencies (~50cm ]), while Cl vibrates mainly at high 

frequencies (-200cm *) because of its smaller mass The contribution of the Cl 

vibrations to the dependence of the exciton energy on temperature is opposite to that
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of the positive Cu contribution, but does not become noticeable until T>100K, hence 

causing the change in slope It is important to note that the energy separation between 

the Z3 and Z\ 2 excitons of -  0 07eV, remains approximately constant, independent of 

temperature

1.5 Luminescence and Excitonic Properties of CuCl
Excitonic-based luminescence in CuCl, CuBr and copper halide mixed crystals has 

been of interest to researchers for the past four decades [81,83, 87,88,89,90] The free 

exciton binding energies, 190meV for CuCl and 108meV for CuBr [90], are much 

larger than those of III-V and II-V I semiconductors resulting in a high stability of the 

exciton even at room temperature An in-depth analysis of the temperature and power 

dependence of free and bound excitons and biexcitonsd was performed by these 

authors Other studies included investigations into the nature of isoelectronic 

luminescence centres in CuCl, namely bromine and iodine 10ns [89] It was found that 

different roles were played by the isoelectronic impurity depending on the ratio of the 

difference in the electron affinity of the two individual components to the energy 

width of the exciton band When this ratio is large, two exciton peaks appear, one 

corresponding to the host exciton and the other to an exciton bound to an impurity 

When this ratio is small, only one exciton peak appears but it is shifted (depending on 

impurity concentration) compared to the position of the exciton in pure material

In nanocrystals, electrons, holes, and excitons are confined spatially and their energy 

levels are quantised It is well known that the confinement of an exciton in a quantum

d A biexciton (or excitonic molecule) is a complex of two excitons bound by a Coulomb interaction
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dot (QD) is classified into two extreme cases which depend on the size of excitons 

relative to that of the quantum dot “Exciton confinement” occurs for the case where 

a>aex and “electron-hole individual confinement” for a<  aex, where a  is the radius of 

the QD and aex is the effective Bohr radius of the bulk exciton [91] When a>aex, the 

internal motion of an exciton keeps most of its characteristics as in a bulk crystal A 

CuCl QD satisfies the criteria for exciton confinement because the exciton Bohr 

radius of 0 7nm is much smaller than the radius of the QD [92] This, along with the 

very large free exciton binding energy, and the enhancement of non-linear optical 

properties in nanocrystals compared to bulk materials [93], has prompted many 

fundamental photolummescence and spectroscopic studies of CuCl quantum dots 

embedded in NaCl crystals [94,95,96,97] and glass matrices [98,99]

CuCl is an exceptional compound in which the value of the biexciton binding 

energy,E bbtex -  32meV  is much larger than in other semiconductors in which

biexcitons have been observed [100], for example in CdS E bbtex = 6 3meV  [101]and in

ZnO E bbl(tx = \5m eV  [102] Optical bistability, which is of interest due to its possible

device application in integrated optics, has been observed in CuCl due to biexcitons 

[103,104,105] Its biexcitomc properties have also prompted investigations of CuCl as 

a candidate for the observation of Bose-Einstein condensation6 by generation of a high 

density of biexcitons in CuCl films via two-photon absorption It was found that 

several features of the optical properties of biexcitons in CuCl could be explained by 

assuming that a Bose-Einstein-condensed state exists at high biexciton densities and at 

sample temperatures up to 40K [106]

e The occurrence at sufficiently low temperatures of a phase transition m which all particles cxcccdmg 
a critical density condense into a single quantum state is known as Bose-Einstein condensation
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Biexcitomc lasing (stimulated emission) m CuCI single crystals at a wavelength ~ 

392nm has been reported [107,108] in the 1970’s but recently the use of quantum dots 

to investigate the biexcitomc laser process is more usual [109,110,111] Kagotani et 

al [110] confirmed that it was the biexciton state that is excited directly by the pump 

laser causing the laser emission, by observing that the lasing mode was present with 

linearly polarized pump light, but disappeared with pumping light that was circularly 

polarised However, it will be difficult to generate a high enough density of biexcitons 

by current injection to be suitable for laser diode applications At least one group has 

reported optically pumped violet laser emission from CuCI single crystals without the 

participation of biexcitons at a wavelength of 391 9nm [112] In this case the laser 

transition is thought to occur between the bottleneck of the exciton polaritonf and the 

longitudinal optical phonon This mechanism for the laser emission should also allow 

pumping by current injection

1.6 Conductivity of CuCI
Experiments to understand the conductivity mechanisms of CuCI were underway as 

early as the 1950’s Wagner et al [113] measured the total electrical conductivity and 

hole conductivity of Cu-halides in the temperature range of 250 to 450°C and 

concluded that above 300°C the conductivity is dominated by ionic conduction Later 

measurements indicated that the hole conductivity, a = 8 6 x 108 ohm lcm 1 at 332°C, 

was about five orders of magnitude lower than the total electrical conductivity in 

CuCI [114] Using electrochemical techniques the hole carrier concentration and 

mobility were determined as 8 8 x 10 cm and 6 1 x 10 cm V sec , respectively

f A polariton is the complex resulting from the polarising interaction between an electromagnetic wave 
and an oscillator resonant at the same frequency, e g the interaction between excitons and photons
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(also at 332°C) In compound semiconductors a deviation from stoichiometry 

generates donors or acceptors depending on whether it is the cation or the anion which 

is m excess In PbTe it has been shown that it is not the excess ion but rather the 

vacancy which determines whether the material is n-type or p-type [115] The 

aforementioned hole conduction in CuCl is due to the presence of Cu vacancies 

resulting from excess halogen [113,114] The ionisation of copper vacancies results in 

holes, represented in Kroger-Vink notation [116] as

where, VCu represents a vacancy on a Cu site, V¿u is a singly ionised Cu vacancy and

h* is a hole Attempts to dope CuCl with Cu2S [117], A120 3 [118] and CsCl [119] all 

resulted in an increase in conductivity (up to two orders of magnitude greater in the 

case of AI2O3) However, this was attributed to an increase in the ionic conduction 

and not an electronic doping effect

Knauth et al [120] have performed Hall effect measurements demonstrating p-type 

semiconductivity of CuBr due to metal deficiency, but found that the measured

17 ^acceptor concentration - 9 x 1 0  cm was enhanced by incorporation of oxygen at 

the surface and was not exclusively due to holes resulting from Cu vacancies Oxygen 

introduces acceptor levels in CuBr by filling Br sites in the lattice according to

\ 0 1(g) + VB, ^ O ' B r+2h-

Hence, oxygen doping enhances the density of holes in Cu-hahdes It is expected that 

the oxygen was mainly near the surface as the oxygen bulk diffusion is very slow at 

room temperature
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In related experiments the I-V characteristics of gold and copper electrodes on CuBr 

were investigated [121,122,123] It was found that Au acted as an ion blocking 

electrode resulting in non-linear I-V characteristics, while ohmic contacts were 

achieved with Cu electrodes The ability to suppress the ionic current using Au 

contacts enabled a measurement of purely electronic hole conductivity, cr~ 105 ohm 

lcm 1 for CuBr thm films deposited on glass substrates With thm films deposited on 

Cu substrates, the same experiments resulted in electronic conductivities three orders 

of magnitude lower [121] This was explained by a reduction in the non- 

stoichiometry of the CuBr film due to equilibration with the Cu substrate,

Cu{s) + Vcu + h' -> CuCu

Hence there are fewer holes in the valence band available for conduction and the 

electronic conductivity is reduced

1 7 Objectives of this Project
y-CuCl on Si - the growth of a wide-bandgap, direct bandgap, optoelectronics material 

on silicon substrates is a completely novel material system, with compatibility to 

current Si based electronic/optoelectronics technologies The potential of this exciting 

new area in wide-bandgap semiconductor growth - “blue” optoelectronics on Si 

wafers - is investigated

The aims of this project include an early evaluation of the feasibility of growing y- 

CuCl on Si by means of a simple vapour deposition growth technique on a suitably 

prepared Si substrate Analysis of the structural, optical and electrical properties of the 

grown thm film will be used to assess the quality of the films The ultimate goal is to
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fabricate and test a simple metal-pn junction-metal blue-light emitting diode structure 

using a Si substrate with doped CuCl epilayers

Structural, optical and electrical characterisation of this new optoelectronics material 

system was performed by techniques such as x-ray diffraction (XRD), micro-Raman 

spectroscopy, UV-visible spectroscopy (UV-VIS), cathodoluminescence (CL), 

photoluminescence (PL), resistivity and Hall effect measurements

XRD was used to examine the crystallinity of y-CuCl thin films on nearly lattice 

matched Si substrates as a function of growth parameters such as rate, thickness, 

substrate orientation and thermal treatments

Investigations of the optical properties of the CuCl thin films were performed by UV- 

VIS, PL and CL The UV excitomc emission was studied at room temperature using 

UV-VIS and CL and a temperature dependent study was performed with PL

Electrical characterisation included resistivity measurements, current-voltage response 

of metal contacts and determination of the carrier type using the rectifying probe 

technique and Hall effect measurements

Working towards the ultimate goal of a light emission across a pn junction, the 

possibility of doping CuCl was investigated A simple electroluminescent device 

structure was developed and tested This opens up the possibilities for UV 

optoelectronics on lattice-matched silicon substrates
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Chapter 1 Introduction

1 8 Overview of this Report
In chapter one the rationale behind the project has been discussed An introduction to 

the properties of CuCl is given and the main areas of research performed previously 

on CuCl are described The fundamental aims of this research have been outlined

In chapter two the experimental techniques and instruments used for the growth and 

analysis of CuCl on Si are described

The main experimental results obtained are presented and discussed in three sections 

The structural, optical and electrical characterisation of CuCl is discussed in chapters 

three, four and five, respectively

Conclusions are given in chapter six and the areas of most importance for future work 

are highlighted

In order to obtain a more rounded view of advanced semiconductor technologies, 

work was performed throughout this PhD on a variety of semiconductor materials A 

study on Si-SiGe heterostructures and Ge quantum dots on Si, using synchrotron x- 

ray topography and micro-Raman spectroscopy is presented in appendices A and B, 

respectively
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Chapter 2

C h a ra c te r is a tio n  T ec h n iq u es

2.1 Sample Preparation
A silicon sample with (100) or (111) surface orientation, approximately 2cm x 1 5cm 

in size is cleaved from a 4 inch silicon wafer The wafers are single-side polished, p- 

type, boron-doped silicon, with a resistivity in the range of 0 -  20 Qcm The samples 

were cleaned first by scrubbing with Decon™ solution, then dipping in 

trichioroethylene, acetone and methanol, each for 5-10 minutes to degrease the 

substrate The solvents were removed by dipping in deionised water for 5 minutes 

The native silicon oxide was etched by dipping in a Hydrofluoric acid solution of five 

parts 48% HF and one part de-ionised water for one minute The sample is then rinsed 

in deionised water, blown dry using a Nitrogen gun and immediately loaded into the 

vacuum chamber of an Edwards Evaporator system

The vacuum system used in this work was an Auto 306 Edwards evaporation system,
r
which operates as a thermal resistance evaporator The Auto 306 is an automated 

system with a base pressure of 1 x 106 mbar and evaporation pressure of ~ 3 0 x 106 
mbar An FTM6 thickness monitor, used in conjunction with a water-cooled crystal 

holder is built into the Auto 306 evaporation system It is designed to measure and 

display the thickness of films deposited in vacuum coating systems A schematic 

diagram of the evaporator system is shown in fig 2 1
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Fig 2 2 Schematic diagram o f  an Edwards Evaporator System

The rotary pump is used to remove 99% of the air from the chamber, reducing the 

pressure to the correct operating range for the oil diffusion pump - approximately 0 2 
mbar as measured by the Pirani gauge At this backing pressure the diffusion pump 

begins to function The diffusion pump is cooled by the continuous flow of water 

around the diffusion chamber The working fluid is an organic silicone compound 

from Dow Coming, having a vapour pressure at cooling water temperature in the 

range 103 -  10"4 mbar, and boiling under a backing pressure of ~ 0 2 mbar in the 

temperature range 150 -  250°C The basic principle under which the diffusion pump 

operates is that the silicone fluid boils under reduced pressure and is formed into a 

vapour jet into which the gas molecules to be pumped diffuse, and are carried by the 

vapour jet towards the rotary pump, where they are expelled to the atmosphere,
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reducing the chamber pressure [124] The pump fluid must be removed and returned 

to the boiler after it has performed a cycle, hence the water cooling of the pump 

casing Liquid nitrogen is added to the cold trap before deposition to ensure that the 

diffusion pump is working most efficiently during evaporation and minimising the 

passage of fluid from the pump to the evaporation chamber

The system is ready for evaporation when the pressure reaches ~ 106 mbar, as 

measured by the Penning gauge Commercially supplied CuCl powders with purities 

of either 97% (Merck) or 99 999% (Alfa Aesar), respectively, were heated by resistive 

heating of a quartz crucible The CuCI powder was evaporated and deposited onto the 

substrate positioned approximately 10cm above the crucible This process is known as 

thermal evaporation and is a physical vapour deposition (PVD) technique The 

angular distance between the crucible and substrate was also noted as slight variations 

in the deposit thickness were evident depending on the position of the substrate 

Adjusting the current flowing through the crucible controls the rate of evaporation, 

which was estimated by monitoring the resonant frequency of a crystal oscillator 

using either the FTM6 thickness monitor This frequency changes as the film 

thickness of the deposit on the crystal changes Film thickness is calculated from the 

measured crystal resonant frequency and the default or specified deposition material 

density and tooling factors, as follows,

where Tc is the calculated film thickness, F is the tooling factor, Dq is the density of 

quartz, Nq is the frequency constant of quartz, Pq is the period of a loaded crystal 

(period = 1/frequency), De is the density of the deposition material and is the
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period of a 6 MHz crystal used in the thickness monitor The density of the film 

material is calculated as follows,

where Da is the actual density of the bulk material, which is 4 14gcm 1 for CuCl [48], 

Tj is the thickness measured by the thickness monitor and Tm is the average actual 

thickness The tooling factor, F, is the average actual thickness divided by the 

thickness measured by the thickness monitor,

The tooling factor is used to compensate for differences between the source-to- 

substrate and source-to-crystal distance If  the crystal is further from the source than 

the substrate, the crystal will receive a thinner deposit than the substrate A tooling 

factor of 1 0 implies that the crystal and substrate receive the same deposit thickness 

In this case, a tooling factor of 3 13 was calculated for use with CuCl, implying that 

the crystal receives a thinner deposit than the substrate Evaporation rates used range 

from 2A/sec to 150A/sec An evaporation rate of -  5 A/sec was found to be optimum 

for sample quality and reproducibility Faster evaporation rates result m particles on 

the surface of the film Slower evaporation rates were non-uniform, did not yield any 

advantage m terms of crystallinity and were more time consuming CuCl thickness is 

typically around 500nm After deposition, samples are annealed in a home built 

graphite strip annealer in the temperature range of 50°C to 430°C in forming gas, 

(95% nitrogen, 5% Hydrogen), nitrogen or argon

(2 2)

F = y  (2 3)
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2.2 X-Ray Diffraction (XRD)
In order to examine the fine details of molecular or crystalline structure with lattice 

dimensions 108 to 10~10m, it is necessary to use radiation of a wavelength comparable 

to, or smaller than the dimensions of atoms X-rays, having wavelengths in this 

region, are therefore a useful radiation source for such studies X-rays are produced by 

bombarding a target composed of an element of intermediate atomic number, (e g Cr, 

Mo, Cu) with fast electrons [125] A Bruker Advanced X-Ray Solutions D8 X-Ray 

Diffractometer with a Cu target is used for our studies of the structural properties of 

CuCl thin films on Si and glass substrates The Cu target (anode) is held at a potential 

difference of 40keV with respect to the W filament source of electrons (cathode) and 

a filament current of 40mA results in the emission of x-rays at wavelengths of 1 5406 

A and 1 5444 A characteristic of CuKai and CuK^ x-rays, respectively In general a 

Ni filter is used to minimise diffraction from CuKp x-rays However, occasionally a 

weak diffraction peak resulting from CuKp x-rays with a wavelength of 1 3959 A 
appears in the spectrum Characteristic Cu Ka2 reflections can be removed from the 

diffraction pattern using software provided by the manufacturer

In 1913 W L Bragg showed that the diffracted beams behaved as if they were 

reflected from planes passing through points of the crystal lattice Waves scattered 

from adjacent lattice planes will be just in phase (i e the difference in the paths 

travelled by these waves will be an integral multiple of the wavelength, nA,) only for 

certain angles of scattering This is illustrated in fig 2 2 below
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Diffraction Vector Direction

Fig. 2.2 Schematic diagram o f  Bragg diffraction

From this Bragg derived his famous equation [125],

2dsin0 = nX (2.4)

where d is the distance between lattice planes in a crystal and 0 is the angle of 

incidence of the x-ray beam with respect to the diffracting planes. Since it appears as 

if reflection has occurred from these lattice planes with the direct beam deviated by 

the angle 20 from its original direction, diffraction beams are often referred to as 

reflections.

The most basic set up of the x-ray diffractometer is the Bragg-Brentano geometry as 

shown in fig. 2.3. The sample rotates at a constant angular velocity such that the angle 

of incidence of the primary beam changes whilst the detector rotates at double angular 

velocity around the sample. The diffraction angle 29 is thus always equal to twice the 

incident angle, 0. The focus, sample and detector slit are on the focussing circle; the 

focus and detector slit are also located on the measuring circle. The radiation
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emanating from the line focus of the x-ray tube is diffracted at the sample and 

recorded by the detector. Each time the Bragg condition is satisfied the primary beam 

is reflected from the sample to the detector. The detector and the connected measuring 

electronics measure the intensity of the reflected radiation; the angular position of the 

reflections is displayed at the controller. Pulse counts of diffraction patterns are 

obtained in this way.

Focussing Circle

Fig. 2.3 Set -U p  o f  D 8 Advance X-Ray Diffractometer in Bragg Brentano Geometry [126].

A: aperture slit, B: scattered radiation slit, C: Kp filter, D: detector slit.

A system of slits is used as labelled in fig. 2.3. The aperture slit, A, delimits the 

irradiated sample area. The scattered radiation slit, B, suppresses undesired scattered 

radiation. The KP Ni filter, C, reduces the intensity of the characteristic Cu Kp 

reflections and the detector slit, D, aligns X-rays into the detector.
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When glancing angle (GAXRD) geometry is used, the X-ray beam falls on the sample 

at a fixed low angle of incidence thus limiting the penetration of the x-rays into the 

sample. Therefore it is possible to get information from upper surface regions of the 

film. However this technique is only applicable to polycrystalline samples in which 

the crystallites are randomly oriented. For single crystals, the Bragg condition cannot 

be satisfied unless the angle of the incident x-rays is equal to 0 .

Other possible diffraction geometries including rocking curves, 20 -  omega (co) and 

phi (<|>) scans are also used to examine the growth of CuCl on (100) and (111) Si 

substrates.

Fig. 2.4 Illustration o f  the x-ray diffractometer, goniometer [127]
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When performing a rocking curve the 20 value is set to a known Bragg angle of the 

sample (1 e the detector is fixed) and the crystal is then tilted (rocked) within the 

diffraction plane over a small angular range while a scan is performed over the 

specified 0 values The resulting 0 vs intensity curve is known as a rocking curve
t

The width of the rocking curve is an indication of the range of orientation present in 

the irradiated area of the crystal, as each sub gram of the crystal will come into 

orientation as the crystal is rotated The FWHM of a rocking curve of the epilayer 

peak is a measurement of the quality of the layer It is compared to the width of a high 

quality single crystal (e g Si) which gives an indication of the instrument broadening 

which is a function of the slits and step size used

Having performed a rocking curve on a single Bragg peak, the detected offset 

between the 0 and 20 angles due to the tilt of the lattice planes found from the rocking 

curve peak position can be used when scanning over the full 20 range with a 20-co 

scan This differs from the Bragg-Brentano geometry in which the sample and 

detector move together as a locked couple at fixed 0-20 angles

An in-plane sample rotation is performed by a <|> scan A fixed Bragg angle is selected 

and the sample is rotated by up to 360° Depending on the symmetry of the crystal, 

diffraction peaks will be detected at fixed intervals as the sample rotates Therefore 

this geometry is often used to confirm epitaxial growth [45,128]
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2.3 Micro-Raman Spectroscopy

An Indian physicist named C V Raman first reported the Raman effect in the 1920’s 

[129] It is based on the inelastic scattering of monochromatic radiation When a 

photon interacts with a molecule, the vast majority of the light is scattered elastically
7

However a small percentage of the light undergoes an energy exchange with the 

molecule such that the scattered photon is of higher or lower energy than the incident 

photon, (see fig 2 5) The difference in energy is made up of a change in the 

rotational and vibrational energy of the molecule by absorbing or emitting a phonon 

and gives information on its energy levels

Rayleigh
Scattering

AE=E-Eo=0

Stokes 
Scattering 

AE=E-E0= -h v^

Anti-Stokes
Scattering

AE=E-E0=hvvib

Fig 2 5 Schematics o f  Rayleigh, Stokes and Anti-Stokes scattering

High intensity Rayleigh scattering occurs when an atom is excited by a photon, 

E0=hv0 to a virtual energy level The atom can be returned to the ground state by 

emitting a photon of the same energy, E=hv0 If  instead, the atom is returned to an 

excited vibrational level, the energy difference is emitted as a photon of lower energy, 

E=h (Vo-Vvib) This results in the emission of light of a longer wavelength and is known
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as Stokes Scattering I f  an atom is situated for example on the first excited vibrational 

level and absorbs a photon of energy, E0 =hv0, it gets excited to a virtual energy level, 

which is higher in energy than the case for Rayleigh or Stokes scattering When the 

atom relaxes it is returned to the vibrational ground state by emitting a photon of 

energy, E=h (v0+vY1b) This light is of shorter wavelength and is called Anti-Stokes 

Scattering [130] Conservation of energy and momentum requires that the energy 

gamed by absorbing a phonon (anti-Stokes shifted), or energy lost by emitting a 

phonon (Stokes shifted), is balanced by the phonon frequency and wave vector of the 

vibration

where hcos and hcol are the scattered and incident photon energies respectively and 

hcOj is the energy of the phonon vibration, and K ; are the wave vectors of the 

scattered and incident photons respectively, and qy is the wave vector for the phonon 

vibration [131] The Maxwell-Boltzmann distribution law states that the population 

ratio of the v-1  and v=0 vibrational levels is given by

where AE is the energy difference between the two states, k is Boltzmann’s constant 

and T is the absolute temperature [132] In accordance with this law the population of 

molecules at v=0 is in general much greater than that at v=l, thus the Stokes lines are 

stronger than the anti-Stokes lines

hcos = ho)l ± hcOj (2 5)

(2 6)

Pv = 1 -A E/kT

Pv=o (2 7)
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Not all molecular vibrations are Raman active, therefore infrared (IR) spectroscopic 

data is usually also taken in conjunction with Raman data A vibration is IR active if 

the dipole moment is changed during the vibration and Raman active if the 

polanzability is changed during a vibration According to classical theory, Raman 

scattering can be explained as follows [132], the electric field strength, E, of an 

electromagnetic wave (in this case the laser beam) fluctuates with time, t, given by

E = E0 Q oslnvtf (2 8)

where E0 is the vibrational amplitude and v0 is the frequency of the laser light If  this 

light irradiates a diatomic molecule, an electric dipole moment P  is induced

P - a E -  aE0 cos 2nv^t (2 9) 

a is a proportionality constant called the polanzability If  the molecule is vibrating 

with a frequency vm, the nuclear displacement q is written

q = q0 cos27tvmt (2 10)

where qo is the vibrational amplitude of the molecule For small amplitudes of 

vibration, a is a linear function of q Therefore

q +  , (2 11)
V s ?  A,

where ao is the polanzability at the equilibrium position, and (d a / d q ) 0 is the rate of

change of a with respect to the change in q, evaluated at the equilibrium position 

Combining the above equations to first order
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P  = a E 0 cos 2 7rv0t

P  = a 0E0 cos 2nv0t +

/ > = a0£'0cos2 *̂v0i +

g£ 0 cos 2;rv0/

V 5 ?  7 0
2 cos yi cos i? = cos(̂ 4 + B) + cos(̂ 4 -  5)

#0£q cos2;rv0rcos2;rv/?Ji (2 12)

P  =  a 0^ 0 C O S  l7TV0t  +  i q0E0[eos{2^(v0 + vm)/} + cos{2^(v0 - v j i } ]
V5?/,

The first term represents an oscillating dipole that radiates light of frequency vo, l e 

Rayleigh scattering, while the second term corresponds to the Raman scattering of 

frequency (v0+ vm) and (vo - vm), anti-Stokes and Stokes scattering respectively It is 

clear that if (d a ! d q \  is zero, the second term equals zero and the vibration is not 

Raman active This confirms what was already stated above to be Raman-active, the 

rate of change of polarizability a with the vibration must not be zero 

In this work the micro-Raman spectroscopy measurements were performed by a Jobin 

Yvon LabRam HR800 (aRS system in backscattering geometry using both a 488 nm 

Ar+ laser and a 325 nm HeCd UV laser excitation at room temperature A lOOx (or 

40x for the UV laser) objective was used to focus the laser source to a diameter of 

about 1 Jim on the sample surface The Raman signal from the sample was collected 

by the same objective and detected by a liquid nitrogen cooled charge coupled device 

(CCD) detector A confocal hole of 100 p.m and a grating of 1800 g/mm were chosen 

during the experiments Before measurement the equipment was calibrated carefully 

with a strain free Si Raman peak position Each spectrum was obtained with 3 

accumulation times to surpass noise effects
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The distance between two points of the same phase in successive waves of 

electromagnetic radiation is called the wavelength, X The frequency, v, is the number

Q
of waves contained in the distance light travels in one second v = —, where c is theX
velocity of light A related parameter, which is most commonly used in vibrational

~ ~ v ~spectroscopy, is the wavenumber v , defined by v = — The units of v are therefore
c

cm 1 which defines the number of waves of electromagnetic radiation of wavelength 

X, which exist in a unit length, in this case 1 cm Measuring the energy of the photons 

emitted during Stokes or anti-Stokes scattering as already described creates the 

Raman spectrum The energy is related to the wavenumber by

E = h v  = h — = h cv  (2 13)X
Vibrational transitions which are observed in infrared (IR) or Raman spectra appear in 

the 102 cm ^lO4 cm 1 region of the electromagnetic spectrum Lasers of different 

wavelengths can be used to excite the samples In order that vibrational modes are 

always recorded at the same spectral position, the frequency of the modes are always 

measured relative to the frequency of the laser light and the units are most correctly 

denoted relative cm1 (Reml) However, Raman spectra are commonly labelled by 

simply cm 1 In our system, the Raman peak positions were found to an accuracy of 

0 04 cm 1 by fitting the original experimental spectrum with a Gauss/Lorentz function 

using the software provided by the equipment manufacturer During the visible laser 

micro-Raman measurement, the laser plasma line position was used as an internal 

reference to ensure the measurement accuracy [133]
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The intensity of the laser light decreases as it passes through the sample due to 

absorption of the light by the material The total scattered light intensity, Is, integrated 

from the surface of the sample to a depth d, is given by [134]

d
I s = 10D \e~2axdx = —— (l -  e~2ad ) (2 14)

J 2 ao

where Io, D and a are the incident light intensity, the Raman scattering cross section 

and the absorption coefficient of the probed material at the wavelength of the laser 

source, respectively The total scattered light intensity integrated from the depth d to 

infinity, Id, is given by

I d = I sD \e ~ 2axdx = ^ e ~ 2ad (2 15)
d

It is often assumed [133,135] that the penetration depth dp is given by the depth that 

satisfies the relationship

— ^ -  = 0 1 (2 16)
h  + I d

Therefore, the penetration depth is given by

j  -  InO 1 2 3
(2i?)

The absorption coefficients for some common materials can be found in references 

[135,136]

2.4 X-ray Microanalysis
When an electron beam interacts with matter, the following products may occur as 

shown in fig 2 6 backscattered electrons, secondary electrons, x-rays,
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cathodoluminescence and Auger electrons. Backscattered and secondary electrons are 

used for imaging in the scanning electron microscope (SEM). Auger electrons occur 

when the energy emitted by an electron transition is absorbed by another electron, 

which is raised to a higher-energy state in the conduction band. This energy is then 

dissipated by emission of phonons. Auger effects are not examined in this work.

Incident Beam

Fig. 2.6 Signals produced when an electron beam is incident on a sample

Whenever an electron beam interacts with a material, x-rays characteristic of the 

material are produced. According to the Bohr model of the atom, electrons are 

arranged in distinct energy bands or shells. The principal quantum number, n, is used 

to label a shell in which all the electrons have approximately the same energy. The 

n=l shell is the energy level closest to the nucleus. In the standard nomenclature used 

in x-ray spectroscopy the n=l, n=2, n=3 shells are referred to as the K, L, M shells, 

etc [137]. The electrons in the K shell are therefore closest to the nucleus and require 

the most energy to remove them from the atom (i.e. they have the highest ionisation 

energy).
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An electron beam incident on a material can interact with the electrons of the 

material’s atoms, causing the ejection of the electron from its shell in the atom The 

resulting atom is then in an excited state and there are several ways in which it can 

relax to the ground state depending on the shell from which the electron has been 

ejected from For example if a vacancy has been created in the K shell, an M shell 

electron can fall down to fill the K shell vacancy, or an L shell electron can fill the 

vacancy in the K shell and the resulting vacancy created in the L shell can be filled by 

an M shell electron The rearrangement of electrons results in the emission of quanta 

of energy in the form of x-rays, which returns the atom to its lowest energy state

K, L, and M shells have distinct energies for each atomic number, Z Therefore 

whenever an electron transitions occurs in an atom, the energy of the x-ray quantum 

created can be related back to the element of origin The relationship of x-ray energy 

to the element of origin is given by Moseley’s law [138],

Em = Ci (Z-C2) (2 18)

where Ci and C2 are different constants for each series Thus for lighter atoms 

populated only up to the L shell only one transition is possible and the resulting 

spectrum will consist of a single peak at one energy value For heavier elements, 

many shells are populated and many different re-arrangements of energy are possible 

to return the atom to the ground state Therefore the spectrum of heavier elements will 

contain several lines There is an accepted nomenclature for the naming of the various 

lines that may appear in an x-ray spectrum X-rays produced from electrons falling to 

the K shell are referred to as K lines and x-rays produced from electrons falling to the 

L shell are called L lines I f  the electron falling into the K shell comes from the L
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shell the L line is called Ka; if the electron falling into the K shell comes from the M 

shell the line is called the Kp line (see fig.2.7).

Fig. 2.7 Schematic diagram showing naming scheme o f  emitted x-rays

The nomenclature scheme does not strictly follow a predictable pattern as already 

illustrated but all possible transitions in all the elements of the periodic table have 

been identified and the families of lines named [138].

When an electron beam hits a sample, the x-rays produced have energies 

characteristic of the atom emitting them. The x-ray monitoring is carried out with 

energy dispersive spectrometers. Thus different elements present in the material can 

be catalogued according to the energy of the x-rays they emit. This gives an elemental 

microanalysis of the sample. The composition of CuCl thin films on Si was 

investigated using a LEO Stereoscan 440 scanning electron microscope and Princeton 

Gamma Tech energy dispersive x-ray (EDX) analyser with a silicon (Li) detector. The 

Li window which covers the Si detector will absorb low energy x-rays, therefore light
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elements such as hydrogen cannot be detected using this technique An accelerating 

voltage of 15keV and probe current of 800pA was found to be suitable for a 

qualitative comparison of the CuCl composition as a function of time and heat 

treatment

2.5 Luminescence
Luminescence is the general term to describe the emission of electromagnetic 

radiation from a solid when it is supplied with some form of energy The interaction 

of light with semiconductors is an important and powerful means of their 

characterisation It is non-contacting and non-destructive In semiconductors light is 

emitted as the result of electronic transitions between quantum mechanical states 

separated by energy levels of less than leV to about 4eV Energy and momentum 

must be conserved during the electronic transitions When the maximum of the 

valence band and the minimum of the conduction band occur at the same value of the 

wave vector k, transitions are direct (fig 2 8 (a)), and the material is known as a direct 

gap semiconductor, for example GaN, GaAs and CuCl
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Conduction
band Conduction

band

hv = Ef -E, w
hv = Ef -Ej -Eph

Valence
band Valence

k k band

( a ) (b)

Fig 2 8 Energy transitions in (a) direct and (b) indirect gap semiconductors between initial 

states E, and final states Ef For indirect transitions (b) the participation o f  a phonon, Eph, is 

required [139]

I f  the band extrema do not occur at the same wave vector k, transitions are indirect 

and energy-momentum conservation requires that a phonon be emitted to complete 

the transition as shown in fig 2 8 (b)

When an electron is promoted from the valence band into the conduction band, the 

electron and hole become free A free hole and a free electron as a pair of opposite 

charges experience a Coulombic attraction and hence the electron can orbit about the 

hole as if this were a hydrogen-like atom [140] This excited state is referred to as a 

free exciton The Coulombic interaction between the electron-hole pair, modified by 

the dielectric constant of the semiconductor, brings their energy levels closer together 

than the width of the band gap An exciton can move through the crystal, but because 

it is a bound electron-hole pair, both electron and hole move together so it does not 

contribute to the conductivity of the semiconductor In general excitomc levels are
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only observable at low-temperatures at which kT is smaller than the excitomc binding 

energy where k is Boltzmann’s constant However in a few wide-bandgap materials 

such as ZnO and CuCl, a very strong exciton binding energy (~190meV for CuCl 

[90]) means that excitomc transitions are observed even at room temperature, where 

kT -  26meV Fig 2 9 below illustrates some of the common radiative transitions 

which can occur m a semiconductor resulting in light emission [139]

Photon
hv >Ec A W I +

Ev-

Ep;~
Ed

Eex~Q
e A- c r  Ea“ 0

D  0 ----------------------u
(a) (b) (c) (d) (e)

Fig 2 9 Schematic diagram o f  radiative transitions between the conduction band (Ec), the 

valence band (Ev) and exciton (Eex), donor (ED) and acceptor (EA) energy levels m a 

semiconductor

For the example given in fig 2 9, the sample is excited with an optical source such as 

a laser, with energy hv >Eg} generating electron-hole pairs which recombine by one of 

several mechanisms Process (a) is an interband transition resulting from the 

recombination of electrons in the conduction band to holes in the valence band 

Band-to-band recombination dominates at room temperature in typical 

semiconductors If  the material is sufficiently pure, free excitons form and recombine 

by emitting photons as shown in process (b) of fig 2 9 In a direct band-gap
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semiconductor, the energy of the photon emitted when the exciton collapses 

radiatively is [141]

hv -  Eg -  Ex (2 19)

where Ex is the excitomc binding energy Transitions which start or finish on

localised impurity states, e g donors just below the conduction band, or acceptors just 

above the valence band are illustrated in fig 2 9 (c) and (d) A free hole can couple 

with a neutral donor to form a positively charged excitomc ion known as a bound 

exciton The electron bound to the donor travels in a wide orbit about the donor as 

shown in fig 2 10 below

Fig 2 10 Illustration o f  an exciton bound to donor, D [140] EbX is the binding energy o f  a 

bound exciton

The associated hole, then also travels about this donor by moving in the electrostatic 

field of the “fixed” dipole, determined by the instantaneous position of the electron 

[140] Similarly an electron can couple with a neutral acceptor also forming a bound 

exciton In the presence of impurities, free and bound excitons can occur 

simultaneously in the same material The emission of the bound exciton is
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characterised by a narrow spectral width at a lower photon energy than that of the free 

exciton, therefore it is possible to distinguish between them In fig 2 9 (e) a donor- 

acceptor (D-A) recombination process is shown, where an electron on a neutral donor 

recombines with a hole on a neutral acceptor The emission has an energy modified by 

the Coulombic interaction between donors and acceptors [141],

hv = Es - ( E A+ E D) + ̂ ~  (2 20)
Es£*r

where q is the magnitude of the electronic charge, s s is the dielectric constant of the 

semiconductor, e0 is the permittivity in vacuum and r  is the distance between the 

donor and acceptor

Two free holes and two free electrons can couple to form an excitomc complex 

known as a biexciton A schematic diagram is shown in fig 2 11

Fig 2 11 Excitomc com plex (biexciton) consisting o f  two electrons associated with two holes 

[140] Exc is the binding energy o f  the excitom c complex

The biexciton has a lower energy than two free excitons, since each carrier sees the 

coulombic attraction of two opposite charges Similar to the free exciton, Coulomb
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forces from donor or acceptor impurities attract free biexcitons to form bound 

biexcitons

2.6 Photolummescence
Photoluminescence (PL) is the term used to describe the emission of light by a 

material illuminated by photons For semiconductors it is customary to use photons 

with energy greater than the band gap and this results in high densities of free 

electron-hole pairs whose recombination results m luminescence, albeit with less than 

100% efficiency in most cases The recombination pathway for the electron-hole pairs 

is strongly influenced by the nature and degree of imperfection in the material, and 

this provides a powerful means of studying such imperfections as well as the intrinsic 

properties of the semiconductor itself As a result, PL is one of the most widely used 

techniques in semiconductor characterization Low temperature measurements are 

necessary to obtain the fullest spectroscopic information by minimising thermally 

activated non-radiative recombination processes and thermal line broadening The 

thermal distribution of carriers excited into a band contributes a width of 

approximately kTf2 to an emission line originating from that band This makes it 

necessary to cool the sample to reduce the width [141]

In this work, a UV Ar ion Innova laser with a second harmonic generation beta 

barium borate (BBO) crystal producing a 244nm line (E ~ 5 leV) was used to excite 

photoluminescence, which was captured with a TRIAX 190 Jobin Yvon-Horiba 

spectrometer (resolution 0 3 nm) with liquid nitrogen cooled CCD detector The 

maximum excitation power was -  10W/cm2 Temperature dependent measurements 

were performed from room temperature to 10K

45



L O Reilly Growth and Characterisation ofWide-bandzap r-CuCl on near lattice-matched Si

2.7 Cathodoluminescence
Electron beam excitation can also be used to generate luminescence 

Cathodoluminescence (CL) is the name given to visible or near-visible radiation 

produced by a specimen under the irradiation of an electron beam [142] Light 

emission from a sample excited by an electron beam gives a good indication of 

whether it will be possible for light to be emitted by injection of an electron current 

and is therefore a good early indicator of the possibility of producing a light emitting 

device As it does not require an ohmic contact or Schottky barrier to operate, the 

semiconductor samples can be examined without elaborate and time consuming 

preparation

Room temperature cathodoluminescence studies were performed using a LEO 

Stereoscan 440 scanning electron microscope with a special CL mirror and 

monochromator Samples were typically excited with an electron beam of 5-10keV 

and probe current of 15nA A parabolic mirror with a 1 mm diameter hole in the top 

allows the electron beam to pass through it The electrons incident on the sample 

excite luminescence and while some of the photons will escape back up the hole, the 

collection efficiency of the mirror is quite high, -75% [143] The focal length of the 

mirror is 1mm and therefore precision is required when mounting the sample The 

photons collected are transferred via highly reflecting mirrors to the Gatan MonoCL 

monochromator equipped with a 1200 lines/mm grating where the luminescence 

spectra can be captured The spectral resolution was approximately 1 nm

The spatial resolution of the CL is determined by a combination of a number of 

factors the electron beam diameter and the size of the generation volume which is
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related to the beam penetration depth in the material and the minority carrier diffusion 

length

The incident electron undergoes a successive series of elastic and inelastic scattering 

events in the semiconductor As a result of these scattering events, the original 

trajectories of the electrons are randomised, with the range of the electron penetration 

being a function of the electron-beam energy Eb [139]

Re = ( k l p ) E °  (2 21)

where p is the density of the material and k and a depend on the atomic number of 

the material and electron-beam energy Kanaya and Okayama [144] derived a general 

equation for the electron-beam penetration depth (measured in (im) which was found 

to agree well with experimental results across a wide range of atomic numbers,

Re = (0 0276A / pZ°  889) E \67 (2 22)

where Eb is in keV, A is the atomic weight in g/mol, p is in g/cm3 and Z  is the atomic 

number The excitation volume of the electrons in the sample can be controlled by 

changing the energy of the electron beam In this way depth profiling may be used to 

investigate any changes in the optical quality of the crystal as a function of distance 

from the substrate A Monte Carlo simulation program available for downloading 

[145] was used to simulate the movement of electrons through a 500nm CuCl sample 

on a Si substrate using the density of 1 90gcm 1 for an evaporated CuCl thin film, 

measured as described for calibration of the thickness monitor m the vacuum 

chamber
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Fig. 2.12 Monte Carlo simulation for electron trajectories into a CuCl sample with an 

accelerating voltage = 5keV

As can be seen in fig. 2.12 an electron energy E = 5 keV will excite a large volume of 

a 500nm CuCl thin film. The blue part of the excitation volume represents the range 

of primary electrons in the material, while the red lines represent the backscattered 

electrons. The general shape of the excitation volume depends on the atomic number 

of the material, varying from a nearly pear-shaped volume for a low atomic number 

material, to a spherical shape for 15<Z< 40, to hemispherical for larger atomic 

numbers [139].

2.8 Electroluminescence
Electroluminescence (EL) is the phenomenon in which electrical energy is converted 

directly to luminous energy. A demonstration electroluminescent device (ELD) based
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on a single-insulating-layer thin film electroluminescent (TFEL) device structure 

consisting of a CuCl active layer grown on a silicon substrate was developed to 

investigate the EL characteristics of a CuCl thin film on Si. This will be discussed 

later in section 5.3 A schematic diagram of a general alternating current thin film 

electroluminescent (ACTFEL) test device structure is shown in fig.2.13.

Transparent electrode
Insulator
Luminescent Layer
Substrate
Reflecting Electrode 

Fig. 2.13 Schematic of a typical ACTFEL device

The reflecting electrode typically has a layer thickness of 300-500nm. The main 

requirement is that it has a low resistivity. In addition, it must be resistant to 

electromigration under high electric fields. Aluminium is often used as the reflecting 

electrode because it has a good conductivity and resistance to ion migration, as well as 

being reasonably simple to deposit [146].

It is quite common in standard devices for the active layer to be sandwiched between 

two insulating layers which limit the current transport across the device [146]. 

However, in this case the research interest lies in the integration of CuCl with Si, and 

therefore a single insulating layer is used and the active CuCl layer is grown directly 

on the Si substrate. The most important requirements for the insulating layers are (1) 

a high dielectric constant, (2) a high electric field strength, (3) a uniform thickness, 

and (4) the layer must be pinhole free. To optimise device performance, it is necessary
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to maximise the electric field across the active layer, and minimise the field across the 

insulator To maximise the active layer electric field, the insulator should have a high 

dielectric constant and sufficient electric field strength to avoid breakdown The 

insulator should be processed to be as thin as possible without comprising device 

reliability In general, as the insulator thickness decreases, device reliability gets 

worse because pinholes in the films cause localised high field regions resulting in 

premature dielectric breakdown In our case the insulator also had the function of 

encapsulating CuCl to protect it from the ambient A commercially available 

polysilsesquioxane (PSSQ) based solution made by the Emulsitone® Inc (USA) was 

chosen as the insulator

The most common transparent electrode used is indium tin oxide (ITO) The optical 

and electronic properties of ITO films are highly dependent on the deposition 

parameters and the starting composition of evaporation material used ITO is 

optically transparent but has a high conductivity resulting from shallow donors that lie 

only a few meV below the conduction band [146] At room temperature, these donors 

are thermally activated into the conduction band and lead to high conductivity It has a 

resistivity of approximately 10 f2cm and transmission >80% for typical electrode 

thicknesses of 300-500nm ZnO A1 [147,148] has also been used as a transparent 

electrode However, deposition of ITO is difficult without the availability of an e- 

beam evaporator, or dedicated sputtering system, and to develop the knowledge 

necessary for preparation of ZnO contacts requires a lot of time Therefore, as a first 

test for our ELD, semi-transparent evaporated A1 or Au contacts were used for the top 

electrode
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The device physics of a standard ELD can be divided into four main topics, namely 

(1) tunnel emission of electrons from interface states, (2) acceleration of electrons to 

high energies, (3) impact excitation or impact ionisation of the luminescent centre, 

and (4) de-excitation of the excited electron by radiative (photon generation) or non* 

radiative recombination [146] These processes are illustrated in figure 2 14, (non- 

radiative recombination is omitted)

Fig 2 1 4  M echanisms occurring m an ACTFEL device (1) tunnel em ission o f  electrons from 

interface states, (2) acceleration o f  electrons to high energies, (3) impact excitation o f  the 

luminescent centre, and (4) radiative de-excitation o f the excited state electron [146]

In general there are two mechanisms responsible for carrier injection in an ACTFEL 

device, thermionic emission and field emission or tunnelling While a pure tunnelling 

mechanism is expected to be temperature independent, there is a slight temperature 

dependence on the ACTFEL device current It is generally accepted therefore, that the 

electrons trapped at the electroluminescent layer/insulator interface are the carrier 

source, and that a thermally assisted tunnelling mechanism is responsible for their 

injection [146] Commercial ACTFEL devices are driven at 60Hz with a trapezoidal 

waveform As the voltage pulse rises, the energy bands begin to bend under the

E

Electroluminescent
Layer

+

Substrate
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influence of the induced electric field Eventually a threshold voltage is reached when 

the energy bands are bent enough so that electrons tunnel into the electroluminescent 

layer conduction band from interface states Once the electrons are tunnel injected 

into the electroluminescent layer conduction band, they are accelerated under the 

influence of the electric field The following equation can be used to calculate the 

electric field in the electroluminescent layer [146],

Et L = . S' , Vm (2 23)
EL £ F I ” i

where s  is the dielectric constant, d  is the layer thickness, and the subscripts i and EL 

represent the insulator and the electroluminescent layer respectively

If  dopants or impurities are present in the electroluminescent material, these can act as 

luminescent centres After the electrons accelerate to high enough energy, they can 

interact with a luminescent centre and promote one of its ground state electrons The 

electron can either be promoted into a higher atomic state of the luminescent centre or 

into the conduction band of the host material

In the case of our y-CuCl ELD, however, light emission occurs through hot-electrong, 

impact excitation of electron-hole pairs The subsequent light emission is therefore 

intrinsic to CuCl and not dependent on the presence of impurities The most common 

radiative transitions which can occur in a semiconductor resulting in light emission 

from electron-hole recombination have already been discussed in section 2 5 Non- 

radiative relaxation occurs by phonon generation which produces heat from lattice 

vibrations Local lattice imperfections such as point defects(interstitials, vacancies),

g Hot electrons can be obtained either by raising the temperature of the whole system, or as in this case, 
by applying an electric field which will raise only the effective temperature of the electrons
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line defects (dislocations), and volume defects (grain boundaries) all act as non- 

radiative recombination centres which are deleterious to the radiative efficiency of the 

EL device

The details of oury-CuCl/Si ELD device structure will be discussed in section 5 3 

The electroluminescence measurements of the test devices were evaluated using a 

SOFIE spectrophotometer with a photomultiplier tube (spectral range of 200-900 nm) 

The ELD device was driven by an a c sinusoidal waveform with a frequency of 1 kHz 

and a peak-to-peak voltage of 100V

2.9 UV-Visible spectroscopy
One of the most direct and perhaps simplest methods for probing the band structure of 

semiconductors is to measure the absorption spectrum In the absorption process, a 

photon of known energy excites an electron from a lower- to a higher-energy state 

Therefore by placing a semiconductor sample at the output of a monochromator and 

studying the changes in the transmitted radiation, one can discover the possible 

transitions being made by the electron Absorption is expressed in terms of a 

c o e f f ic ie n t  a { h v )  w h ic h  is  d e f in e d  a s  th e  r e la t iv e  r a te  o f  d e c r e a s e  in  l ig h t  in te n s i ty

L (h v ) along its propagation path [149]

The fundamental absorption refers to the band-to-band or to exciton transitions i e to 

the excitation of an electron from the valence band to the conduction band The 

fundamental absorption, easily identified by the rapid rise in absorption, can m 

principle be used to determine the energy gap of the semiconductor However,

a  = —;—  ---------L(hv} dx
1 (2 24)
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b e c a u s e  th e  t r a n s i t io n s  a re  s u b je c t  to  c e r ta in  s e le c t io n  ru le s , th e  e s t im a tio n  o f  th e  
e n e rg y  g a p  f ro m  th e  so  c a l le d  a b s o r p t io n  e d g e  is n o t  a  s tr a ig h tfo r w a rd  p ro c e s s  A n  
a n a ly s is  to  d e te rm in e  th e  e n e rg y  g a p  is  n o t  p u r s u e d  in  th is  w o rk  a s  th e  p re s e n c e  o f  
e x c i to n ic  p e a k s  c lo s e  to  th e  b a n d  g a p  e d g e  fu r th e r  c o m p lic a te s  th e  s i tu a t io n  T h e  
p re s e n c e  o f  e x c i to n s  u s u a l ly  a p p e a rs  a s  n a r ro w  p e a k s  in  th e  a b s o r p t io n  e d g e  o f  d ire c t-  
g a p  s e m ic o n d u c to r s  A s  a l r e a d y  m e n tio n e d  a b o v e  ( s e c t io n  2 6 ), in  d ire c t  g a p  m a te r ia ls  
th e  f re e  e x c i to n  o c c u r s  w h e n  th e  p h o to n  e n e rg y  is hv = E -E x A t  A: =  0 ,  th is  is a
v e ry  p ro n o u n c e d  t r a n s i t io n  w h ic h  b ro a d e n s  w ith  in c re a s in g  te m p e r a tu re  T h e re fo re  in  
th e  c a s e  o f  C u C l, w e  e x p e c t  to  se e  w h a t  a re  te r m e d  th e  Z\ 2 a n d  Z 3 f re e  e x c i to n s  in  a  
lo w  te m p e r a tu re  a b s o r p t io n  s p e c t r a  b u t  a t  ro o m  te m p e r a tu re  o n e  b ro a d  p e a k  o c c u rs  
w h ic h  is  a  c o m b in a t io n  o f  th e  tw o  fre e  e x c i to n s  A b s o rp t io n  a n d  t r a n s m is s io n  s p e c tra  
w e re  r e c o rd e d  o n  a  P e rk in  E lm e r  L a m b d a  4 0  U V /V IS  s p e c tro m e te r  a t  ro o m  
te m p e r a tu re  in  th e  w a v e le n g th  ra n g e  o f  2 0 0 -9 0 0 n m  w ith  a  r e s o lu t io n  o f  ln m  O n e  
l im ita t io n  o f  th is  te c h n iq u e  is th a t  th e  s e m ic o n d u c to r  f i lm  m u s t  b e  g ro w n  o n  an  
o p tic a l ly  t r a n s p a r e n t  s u b s tra te  C u C l th in  f i lm s  o n  S i s u b s tr a te s  th e re fo re  c a n n o t  b e  
a n a ly s e d  w ith  th is  m e th o d  In s te a d  f i lm s  a re  g ro w n  o n  s ta n d a rd  m ic ro s c o p e  g la s s  
s l id e s  o r  q u a r tz  s u b s tra te s  T h e  a b s o r p t io n  a n d  tr a n s m is s io n  o f  th e  u n c o a te d  s u b s tra te  
is f ir s t  m e a s u re d , fo l lo w e d  b y  th e  th in  f i lm  o n  th e  s u b s tra te  A  s u b tra c t io n  is  th e n  
a u to m a t ic a l ly  p e r fo rm e d  b y  th e  s o f tw a re , so  th a t  th e  U V -V is  s p e c tra  r e p o r te d  h e re  a re  
s o le ly  o f  C u C l w i th o u t  in te r f e re n c e  f ro m  th e  su b s tra te

2.10 Resistivity
T h e  re s is t iv i ty  p  o f  a  s e m ic o n d u c to r  is an  im p o r ta n t  c h a ra c te r is t ic  in  th e  
s e m ic o n d u c to r  in d u s try  b e c a u s e  it c o n tr ib u te s  to  th e  d e v ic e  s e r ie s  re s is ta n c e ,

L O Reilly_______Growth and Characterisation ofWide-bandsap y-CuCl on near lattice-matched Si
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c a p a c i ta n c e  a n d  th re s h o ld  v o l ta g e s . In  th is  w o rk  is  it u se d  a s  a n  in d ic a t io n  o f  th e  
d o p in g  le v e l o f  C u C l b y  c o m p a r in g  th e  r e s is t iv i ty  o f  n o m in a l ly  u n d o p e d  C u C l th in  
f i lm s , to  th o s e  w h ic h  h a v e  b e e n  in te n t io n a l ly  d o p e d . R e s is t iv i ty  d e p e n d s  o n  th e  f re e  
e le c tr o n  a n d  h o le  d e n s i t ie s  n a n d  p , a n d  th e  e le c tr o n  a n d  h o le  m o b il i t ie s  a n d  ¡ip 
a c c o rd in g  to  th e  r e la t io n s h ip  [1 5 0 ]

P  — 7   s (2-25)q\nMn+PMp)
w h e re  q is  th e  e le c tr o n ic  c h a rg e . T h e re fo re , i f  th e  c a r r ie r  d e n s i ty  is in c re a s e d  d u e  to  
d o p in g , a  c o r re s p o n d in g  d ro p  in  th e  v a lu e  o f  p  c a n  b e  m e a s u re d . H o w e v e r , th e  c a r r ie r  
d e n s i t ie s  a n d  m o b il i t ie s  a re  g e n e ra l ly  n o t  k n o w n  a n d  th e re fo re  a n  a l te rn a t iv e  
m e a s u re m e n t  te c h n iq u e  is u se d . T h e  re s is t iv i ty  o f  C u C l th in  f i lm s  is  m e a s u re d  u s in g  
tw o  c o m p le m e n ta ry  te c h n iq u e s :  th e  fo u r -p o in t  p ro b e  a n d  v a n  d e r  P a u w  re s is t iv i ty  
m e th o d s . T o  a v o id  c o m p l ic a t io n s  c r e a te d  b y  p a ra l le l  c o n d u c t io n  p a th s , th e  s a m p le s  fo r  
r e s is t iv i ty  m e a s u re m e n ts  w e re  g ro w n  o n  in s u la t in g  g la s s  su b s tra te s  ( r a th e r  th a n  
s e m ic o n d u c t in g  s i l ic o n ) .

T h e  r e s is ta n c e  o f  th e  s e m ic o n d u c to r  is  th e  ra t io  o f  th e  v o l ta g e  to  th e  v a lu e  o f  th e  
o u tp u t  c u r re n t  o f  th e  p o w e r  s u p p ly . W h e n  a  s im p le  m e a s u re m e n t  o f  e le c tr ic a l  
re s is ta n c e  o f  a  s a m p le  is  p e r fo rm e d  u s in g  tw o  w ire s , th e  to ta l  r e s is ta n c e  R t b e tw e e n  
th e  tw o  p ro b e s  is g iv e n  b y  [1 5 0 ]

Rt — — — 2 R P +  2R c +  2 R sp +  R s (2 .2 6 )

w h e re  R p is  th e  p ro b e  r e s is ta n c e , Rc th e  c o n ta c t  re s is ta n c e  a t e a c h  
p ro b e /s e m ic o n d u c to r  c o n ta c t , R sp th e  sp re a d in g  r e s is ta n c e  u n d e r  e a c h  p ro b e , a n d  R s is 
th e  r e s is ta n c e  o f  th e  s e m ic o n d u c to r . T h e  c o n ta c t  r e s is ta n c e  a r is e s  f ro m  th e  m e c h a n ic a l
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m e ta l  p ro b e  c o n ta c t in g  th e  s e m ic o n d u c to r , w h ile  th e  s p re a d in g  r e s is ta n c e  a r is e s  f ro m  
th e  r e s is ta n c e  e n c o u n te re d  b y  th e  c u r re n t  w h e n  it f lo w s  f ro m  th e  sm a ll m e ta l  p ro b e  
in to  th e  s e m ic o n d u c to r  a n d  v ic e -v e r s a  In  g e n e ra l  th e s e  c o n ta c t  a n d  s p re a d in g  
re s is ta n c e s  a re  v e ry  sm a ll  c o m p a re d  to  th e  r e s is ta n c e  o f  th e  s a m p le  a n d  c a n  b e  
ig n o re d  H o w e v e r  in  th e  c a s e  o f  a  s e m ic o n d u c to r  th e y  c a n  e a s i ly  o b s c u re  th e  d e s ire d  
d a ta  T h is  d if f ic u l ty  is o v e rc o m e  b y  th e  u s e  o f  a  fo u r-  p o in t  p ro b e

L O’Reilly_______Growth and Characterisation of Wide-bandsap y-CuCl on near lattice-matched Si

Fig 2 15 S ch em a tic  D ia g ra m  o f  a  c o lh n e a r  fo u r-p o in t p ro b e

T h e  p r in c ip le  u n d e r  w h ic h  th e  fo u r -p o in t  p ro b e  o p e ra te s  is th a t  a  c o n s ta n t  c u r re n t  
f lo w s  th e  le n g th  o f  th e  w a f e r  th ro u g h  p ro b e s  la b e l le d  1 a n d  4  in  f ig  2 15 I f  th e  
s a m p le  sh o w s  r e s is ta n c e  to  th e  f lo w  o f  c u r re n t  th e re  w ill  b e  a  d ro p  in  p o te n tia l  
b e tw e e n  p ro b e s  2 a n d  3 a s  th e  c u r re n t  f lo w s  a c ro s s  th e  s a m p le  T h u s , s in c e  th e re  is n o  
p o te n t ia l  d ro p  a c ro s s  th e  c o n ta c t  r e s is ta n c e  a s s o c ia te d  w i th  p ro b e s  2  a n d  3 , th e  
p a ra s i t ic  re s is ta n c e s  Rc, R p a n d  R sp a re  n e g lig ib le  a n d  o n ly  th e  r e s is ta n c e  a s s o c ia te d  
w ith  th e  s e m ic o n d u c to r , R s, b e tw e e n  p ro b e s  2 a n d  3 is m e a s u r e d  I f  w e  c o n s id e r  th e  
c u r re n t  I, e n te r in g  th ro u g h  p ro b e  1 a n d  le a v in g  th ro u g h  p ro b e  4  a s  s e e n  in  f ig  2 15, 
th e n  th e  p o te n t ia l  V  a t  a  d is ta n c e  r f ro m  a n  e le c tr o d e  c a r ry in g  a  c u r re n t  I in  a  m a te r ia l  
o f  r e s is t iv i ty  p  is  g iv e n  b y  th e  re la t io n s h ip  [1 5 0 ]
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v = pi
2nr (2  2 7 )

I f  a  s e m i- in f in i te  m e d iu m  is  a s s u m e d  (l e  w id th  o f  th e  w a f e r  > > 3 s , w h e re  s is th e  
p ro b e  s e p a ra t io n ) , th e  v o l ta g e  V 0, m e a s u re d  w ith  r e s p e c t  to  z e ro  re fe re n c e  p o te n t ia l  is,

K = PL
2 n

1 1

Vri r4y
(2  2 8 )

w h e re  r\ a n d  r4  a re  th e  d is ta n c e s  f ro m  p ro b e s  1 a n d  4 , re s p e c t iv e ly  T h e  m in u s  s ig n  
a c c o u n ts  fo r  c u r r e n t  le a v in g  th ro u g h  p ro b e  4  T h e  v o lta g e  a t  p ro b e  2 is

£ i2 n
1 1 A (2  2 9 )

fo r  p ro b e  s p a c in g s  Si, S2 a n d  S3 A t  p ro b e  3 th e  v o lta g e  is g iv e n  b y

2 n
1 (2  3 0 )

T h e  to ta l  m e a s u re d  v o l ta g e  V -  V2 -  V3 b e c o m e s

V = —  
2 n
p l (  1 1 (2  3 1 )

S j S 2 +  S 3 S x +  S 2

F o r  m o s t  f o u r -p o in t  p ro b e s , th e  p ro b e  s p a c in g s  a re  e q u a l  T h is  is  th e  c a s e  fo r  th e  
ty p ic a l  f o u r -p o in t  p ro b e  w ith  c o l l in e a r  p ro b e s  b y  V e e c o  in s tru m e n ts  u se d  m  th e s e  
e x p e r im e n ts  T h e re fo re  th e  a b o v e  e q u a t io n  re d u c e s  to

piV = 2ns (2 3 2 )

w h ic h  c a n  b e  e x p re s s e d  in  te r m s  o f  th e  r e s is t iv i ty  p  a s ,

p  =  2ns (2  3 3 )

p  is  u s u a l ly  e x p re s s e d  in  te r m s  o f  O h m -c m , w ith  V  m e a s u re d  in  v o lts ,  I in  a m p e re s , 
a n d  s in  cm  In  re a l i ty , s e m ic o n d u c to r  w a fe rs  a re  n o t  s e m i- in f in i te  in  e i th e r  th e  la te ra l
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o r  th e  v e r t ic a l  d im e n s io n s , th e re fo re  a  c o r re c t io n  m u s t  b e  a p p lie d  to  e q u a t io n  2  33  
a b o v e  F o r  an  a r b i tr a r i ly  sh a p e d  sa m p le , th e  r e s is t iv i ty  is g iv e n  b y

p -  2nsFr V7 , (2  3 4 )

w h e r e  F  is  a  c o r re c t io n  fa c to r  w h ic h  d e p e n d s  o n  th e  s a m p le  g e o m e try  a n d  is a  p ro d u c t  
o f  th re e  in d e p e n d e n t  c o r r e c t io n  fa c to rs  F = T h e s e  c o r re c t  fo r  s a m p le
th ic k n e s s ,  la te ra l  s a m p le  d im e n s io n s  a n d  th e  p la c e m e n t  o f  th e  p ro b e s  r e la t iv e  to  th e  
s a m p le  e d g e  T h e y  a re  v a lid  o n ly  in  th e  re g im e  w h e re  th e  s a m p le  th ic k n e s s  is s m a lle r  
th a n  th e  p ro b e  s p a c in g  A s  th e  ty p ic a l  th ic k n e s s  o f  th e  C u C l th in  f i lm s  s tu d ie d  is 
~ 5 0 0 n m , w h ile  th e  p ro b e  sp a c in g  is  1 m m , th e s e  c o r re c t io n s  a re  s u f f ic ie n t  fo r  th e  
s a m p le s  s tu d ie d  F i c o r re c ts  fo r  th e  th ic k n e s s  a c c o rd in g  to  [1 5 0 ]

1 2 1 n { [ s m h ( r /1s ) ] / [ s i n h ( i / 2 1y)]}  ̂ ^
fo r  a  n o n -c o n d u c tm g  b o tto m  w a fe r  su r fa c e  b o u n d a ry , w h e re  t is  th e  la y e r  th ic k n e s s  
F o r  th in  s a m p le s  w ith  t < s i 2 th is  e q u a t io n  re d u c e s  to

(2 36)
C o m b in in g  e q u a t io n  2  3 4  a n d  2  3 6  r e s u l ts  in  a n  e x p re s s io n  fo r  th e  r e s is t iv i ty

7ltP V "\=  4  5 3 2 1
kI ; 1 kI ) F A  (2  3 7 )In (2 )

F 2 c o r re c ts  fo r  th e  la te ra l  s a m p le  d im e n s io n s  a c c o rd in g  to  [1 5 0 ]
F  _ _ _ _ _ _ _ _ l n ( 2 ) _ _ _ _ _ _ _ _ _ _

2 ln (2 )  +  In {(£> /  s f  + 3]/[(Z) /  s f  -  3 ^

w h e re  D is  th e  s a m p le  w id th  o f  a  r e c ta n g u la r  s a m p le  In  o rd e r  fo r  th e  c o r re c t io n  f a c to r
F 2 to  b e  e q u a l  to  u n ity , th e  s a m p le  m u s t  s a t is fy  D>  4 0 ^  T h e  ty p ic a l  w id th  o f  th e
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samples used in this work ~2 5mm, therefore a correction must be applied 
Substituting into equation 2 38 for s = 1mm, results in a value of F2= 0 986 
The third correction factor, F3, accounts for the proximity of the boundary to the 
probes It is dependent on whether the boundary is conducting or non-conducting 
[150] However when the normalised distance d  from the boundary to the probes is 
greater than three to four probes spacings (d>4mm  in our case which is easily 
satisfied), this correction factor reduces to unity Applying corrections F2 and F3, 
calculated for samples used in this study, the expression for p therefore becomes

(  ^p - A  469i — (2 39)j
Equation 2 39 is used for calculating the resistivity of the CuCl thin films on glass 
substrates Current was measured to a precision of 0 InA and voltage to 0 lmV 
Slight variations in the measurements caused by fluctuations in the current and 
voltage readings and small changes in resistivity at different points on the sample 
were accounted for by taking 10 measurements on each sample, then averaging the 
results The standard deviation from the average measurement was used as an 
indication of the error in the measurement and the uniformity of the sample

Another method of measuring the resistivity of a semiconductor is by using the van 
der Pauw technique [151] A schematic of a rectangular van der Pauw configuration is 
shown in fig 2 16
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y  43
R b  =  V14/l23

Ra = V43/I12

F ig  2 16 R e c ta n g u la r  s a m p le  u sed  fo r  v a n  d e r  P a u w  re s is tiv ity  m e asu re m en t

With a constant current flowing, the potential between pairs of electrodes is measured 

as shown above The sheet resistivity ps is given by [152],

where Ra= V43/I12, Rb= V14/I23 and f  ( R a / R b )  is a correction factor equal to unity for 
symmetrical structures for which Ra=Rb [152] A table of correction factors to account 
for different probe geometries is presented by Ramadan et al [153] For greater 
accuracy the current should be reversed and measurements repeated and averaged If 
the thickness of the sample is known the resistivity p can then be calculated from 

p=psi, where / is the thickness of the film

2.11 Conductivity Type
The conductivity type of a semiconductor can be determined by thermal electromotive 
force (also know as the hot probe method), rectification and the Hall effect 
Rectification technique and Hall effect measurements are used in this work The Hall 
effect will be discussed in detail in the next section In the rectification method, the 
sign of the conductivity is determined by the polarity of a rectified ac signal at a point 
contact to the semiconductor When two probes are used, one should be rectifying and
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th e  o th e r  sh o u ld  b e  O h m ic  C u r re n t  f lo w s  th ro u g h  a  r e c t i fy in g  c o n ta c t  to  « - ty p e  
m a te r ia l  i f  th e  m e ta l  is p o s i t iv e  a n d  to  p - ty p e  m a te r ia l  i f  i t  is  n e g a t iv e  It is  d i f f ic u l t  to  
im p le m e n t  re c t i fy in g  a n d  O h m ic  c o n ta c ts  w ith  tw o -p o in t  c o n ta c ts  A  s ta n d a rd  fo u r-  
p o in t  p ro b e  h o w e v e r , c a n  b e  a d a p te d  fo r  u se  a s  a  re c t i fy in g  p ro b e  a s  sh o w n  in fig  
2 17 b e lo w  [1 5 4 ]

V
r

+
i

F ig  2 17  R e c tify in g  p ro b e  fo r c o n d u c tiv ity  ty p e  m e a su re m e n ts

A  fu n c t io n  g e n e ra to r  is  u se d  to  c r e a te  an  ac  v o l ta g e  w h ic h  is  a p p l ie d  b e tw e e n  p ro b e s  1 
a n d  2 T h e  r e s u l t in g  p o te n t ia l  is  m e a s u re d  b e tw e e n  p ro b e s  4  a n d  2 T h e  v o lta g e  d ro p  
V 42 is  sm a ll a n d  n e g a t iv e  w h e n  th e  ac  v o l ta g e  a t  p ro b e  2 is p o s i t iv e  b e c a u s e  th e  m e ta l-  
s e m ic o n d u c to r  ju n c t io n  is fo rw a rd  b ia s e d  B u t  fo r  a  n e g a t iv e  v o l ta g e  a t  p ro b e  2 , th e  
ju n c t io n  is re v e rs e  b ia s e d  a n d  th e re fo re  V 42 is  la rg e  a n d  p o s i t iv e  T h e  la rg e  p o s it iv e  
a n d  s m a ll  n e g a t iv e  V 42 r e s u l t  in  a  d c  c o m p o n e n t  w ith  th e  p o la r i ty  o f  th e  
s e m ic o n d u c to r -m e ta l  ju n c t io n  n e c e s s a ry  to  r e v e r s e  b ia s  th e  ju n c t io n  F o r  « - ty p e  
s e m ic o n d u c to r s  V ^ O ,  a n d  fo r  p - ty p e  s e m ic o n d u c to r s  V 42O  F o r  th is  w o rk , th e  ac  
s ig n a l w a s  a  s in e  w a v e , g e n e ra te d  a t  a  f r e q u e n c y  o f  1 M H z  a n d  a  p e a k - to - p e a k  v o lta g e  
~22 V
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2.12 Hall Effect Measurements
The Hall Effect was discovered by E H Hall in 1879 [155] The key feature of Hall 
measurements is the ability to determine carrier types, carrier densities and mobilities 
with a relatively simple measurement Intrinsic, lightly doped or compensated 
semiconductors normally have two types of carriers In such a case, the quantitative 
interpretation of the Hall coefficient is more difficult, since both types of carriers 
contribute to the Hall field For the same electric field, the Hall voltage of p-camers 
will be opposite m sign to that of the n-camers The Hall theory predicts the Hall 
coefficient R as [156]

with b - f i n!fip , where ¡ip and jin are the mobilities of holes and electrons, and p

and n are the carrier densities of holes and electrons, respectively q is the magnitude 
of the electronic charge and r is a scattering factor whose value lies between 1 and 2 

depending on the scattering mechanism m the semiconductor For lattice scattering 

r = 3;r/18 = l 18, for ionized impurity scattering r = 315;r/512 = l 93 and for neutral 
impurity scattering r - 1 [156] The scattering factor is also a function of magnetic 
field and temperature In the high magnetic field limit r—>1 The high fields necessary 
for r to approach unity (~ 10 Tesla) cannot be achieved in our laboratory As r is 
usually not known it is frequently assumed to be 1 This assumption is made for the 
Hall measurements described in this report

A static magnetic field has no effect on charges unless they are in motion When the 
charges flow, a magnetic field directed perpendicular to the direction of flow produces 
a mutually perpendicular force on the charges When this happens, electrons and holes

R _ r ( p - b 2ri) 
q(p + bnf (2 41)
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will be separated by opposite forces resulting in an electric field Eh which depends on

the cross product of the magnetic field intensity, H , and the current density 7  
Eh= R J x H  (2 42)

where R is the Hall coefficient If we consider a bar of semiconductor with 

dimensions x, y  and thickness z with J  directed along x and H  along z, then Eh will 

be along y  as shown in fig 2 18

Eh =Vh!y
\

/ ©  ©  0  ©  0  ©  /
i i

T ^  Ty e I =
r / O  O  0  O  0 V H ®

X<---------------------------->
z

s

F ig  2 18 S am p le  fo r s tu d y in g  H a ll e ffec t

Then R can be determined experimentally as

R = h L ? - J ^ L  (243)JH IH
where Vh is the Hall voltage appearing between the two surfaces perpendicular to y 

and I  = Jyz In general the Hall voltage is not a linear function of magnetic field 

applied, l e the Hall coefficient is not generally a constant, but a function of the 
applied magnetic field If it is assumed that all carriers have the same drift velocity, 
then it is simple to calculate the Hall voltage which depends on whether there are one 
or two types of carrier present If we assume that one type of carrier dominates (such
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an assumption is valid for metals and degenerately doped semiconductors), then the 
magnetic force on the carriers is

K  = e {v x H )  (2 44) 

where v is the drift velocity of the carriers It is compensated by the Hall force field

Fh=eE„ (2 45)

Assuming the directions of the various vectors as described result in the following 

expression for the electric field Eh,

Eh ~ v x H  (2 46)

The current density J is the charge q multiplied by the number of carriers traversing 
unit area m unit time, which is equivalent to the carrier density, n, multiplied by the 

drift velocity, J = qriv 
Substituting into equation (2 43) gives

R = I i -  = J0JL = l _  (2 4 7 )JH qnvH nq
It is clear that the sign of the Hall coefficient depends upon the sign of q Therefore in 
a p-type sample, R would be positive, while in an n-type sample it would be negative 
For a fixed magnetic field and input current, the Hall voltage is proportional to 1 fn or 
its resistivity When one carrier dominates the conductivity of the material 
is <j = nq/2 H, where juH is the Hall mobility of the carriers Substituting for n in

equation (2 47) gives an expression for fiH in terms of the Hall coefficient,

juH ~ Rcr (2 48)
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Therefore the mobility can be measured experimentally R is expressed ini
cm3Coulomb x, thus juH is expressed in units of cm2V ls 1 The Hall mobility is 

related to the drift mobility by the scattering factor r juH = r/u0

If the carrier concentration can be recorded as a function of temperature it is possible 
to extract additional information The hole concentration o f a p-type semiconductor of 
doping concentration NA, compensated with donors of concentration No is given by 
[157]

p(p + Np) — nt _ Nv ~̂FAikT (2 49)
(■NA - ND - P ~ nt j P) g

where Nv is the effective density o f states in the valence band, g is the degeneracy 
factor for acceptors (usually taken as 4), and E a is  the energy level of acceptors above 
the valence band with the top of the valence band being the reference energy For 
certain conditions equation 2 49 can be simplified [156]

1 At low temperatures where p  <s: ND9 p <k (Na - N d) and « = w,2 / p » 0

a  ( N a ~ N d ) K  e-EA I  a  p  5 0)
gND

2 When N d  is  negligibly small,

p * ^ NA~ Ng D)N*e~EA'2kT (2 5 ] )

3 At higher temperatures where py>nti

P  ~  N a - N d (2 52)

According to equations (2 50) and (2 51) above7 the slope of a log (p) vs 1/T plot 
gives an activation energy of either Ea or Ea/2 depending on whether there is an
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appreciable donor concentration in the material or not At higher temperatures (room 
temperature and above), the net majority carrier concentration is obtained

Electrical measurements were carried out using a commercial HL5500PC Hall Effect 
apparatus from ACCENT The Hall voltages are obtained in the Van der Pauw 

configuration at typical current values of 0 1-1 0 juA Eight different measurements 

are taken and averaged to determine a single Hall voltage in order to minimise noise 
effects

2.13 Electrical contacts
In order to achieve high quality electrical measurements good metal contacts are 
required The choice of metal depends on whether a Schottky or Ohmic contact is 
desired If we assume that there are no localised states on the surface of the 
semiconductor, with no mterfacial layer and a perfect contact between the metal and 
the semiconductor, the behaviour of the metal-semiconductor contact can be predicted 

according to Schottky-Mott theory [158] by comparing the metal work functionh <£>m 
to the semiconductor work function <£s In fig 2 19 (a) the metal work function (Dm is 
less than the semiconductor work function <£s and the case of Om ><I>S is shown in fig 

2 19 (b) With this model, the barrier height <Db after contact is given by

<Z>B=®M- Z  (2 53)

where % is the electron affinity of the semiconductor, defined as the potential 
difference between the bottom of the conduction band and the vacuum level

h The w ork function is the potential difference between the Ferm i level and the vacuum  level, and is 
com posed o f  bulk and surface contributions
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F ig  2 19  F o rm a tio n  o f  a  b a rr ie r  b e tw ee n  a  m e ta l an d  a  s e m ic o n d u c to r  T h e  u p p e r p a rt  o f  the  

f ig u re  sh o w s th e  en erg y  b a n d s  b e fo re  co n ta c t, an d  th e  e n e rg y  b a n d s  a fte r  c o n ta c t a re  sh o w n  in 

th e  lo w er p a rt o f  th e  f ig u re

According to this Schottky-Mott theory, the barrier height therefore depends only on 
the metal work function and on the semiconductor electron affinity It is independent 
of the semiconductor doping concentration In principle it should be relatively simple 
to vary the barrier height by merely using metals of the appropriate work function in 
o r d e r  to  im p le m e n t  th e  a c c u m u la t io n  o r  d e p le t io n  c o n ta c t  ty p e ,  s o  c a l l e d  b e c a u s e  th e  

majority carriers are accumulated or depleted compared to their concentration before 
the energy bands come into contact

For this work ohmic contacts to CuCl were desirable for Hall effect measurements 
An accumulation-type contact is the preferred ohmic contact because electrons in the 
metal and in the semiconductor encounter the least barrier to their flow into or out of 
the semiconductor In practice it is very difficult to alter the barrier height by using
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metals of different work functions The relative constancy of the barrier height with 
work function of metals is known as Fermi level pinning, due to the fact that the 
Fermi level in the semiconductor is pinned at some energy m the band gap to create a 
depletion-type contact The Fermi level pinning in GaAs has been widely investigated 
and it was found that the same pinning energies are observed for some metals e g Au, 
Ag and Cu, on n-type and p-type GaAs crystals [159] The measured barriers for most 
metals lie within a narrow range of about 0 3eV, being largest for the electronegative 
metals on n-type crystals Many definitions exist for an Ohmic contact as discussed by 
Look [160] who states that in the particular case of Hall effect measurements an 
ohmic contact is best defined as a source o f carriers with an internal resistance, which 
is totally negligible compared with the semiconductor resistance or a source of 
carriers with non-negligible internal resistance, but one which obeys Ohm’s law for 
current densities of interest As barrier height engineering is an impractical means of 
implementing ohmic contacts another approach is required Although the barrier 
height is independent of doping concentration, the barrier width does depend on the 
doping concentration [161] with the space-charge region width being proportional to 

Nd 1/2 For low levels of doping (No ^ 1017cm 3) the current flows as a result of 
thermionic emission, with electrons thermally excited over the barrier In the 
intermediate doping range ( 1017< ND < 1019 cm 3) thermionic-field emission occurs 
where the carriers are thermally excited to an energy where the barrier is sufficiently 
narrow for tunnelling to take place At high doping levels (ND > 10 19 cm 3) with 
narrow space-charge region widths, the barrier is sufficiently narrow at or near the 
bottom of the conduction band for the electrons to tunnel directly, known as field 
emission [150] Practical considerations are that the contacts must be able to supply 
the necessary device current, and the voltage drop across the contact should be small
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compared to the voltage drop across the active device region An Ohmic contact 
should not degrade the device to any significant extent and it should not inject 
minority carriers Additionally, it should be possible to make such contacts in a 
reproducible manner
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C h a p t e r  3

Structural Properties of CuCl

3.1 X-Ray Diffraction Results
Following deposition of CuCl on substrates of glass, Si (100) and Si (111), x-ray 
diffraction (XRD) measurements were performed to monitor the crystallinity of the 
deposited CuCl thin films These XRD scans were then compared to the International 
Centre for Diffraction Data (ICDD) powder diffraction files as provided by the 
manufacturer and to the XRD trace of the starting CuCl powder which was 
compressed into a pellet and measured

The positions of the main CuCl peaks and their relative intensities as measured by 
powder diffraction are listed in table 3 1

20 Intensity (%) h k I
28 522 100 1 1 1

33 027 8 2 0 0

47 437 55 2 2 0

56 290 30 3 1 1

T a b le  3 1 E x p ec ted  ra tio s  o f  d if fe re n t C u C l p e ak s  fro m  P o w d e r  d if f ra c tio n  files  [1 6 2 ]

Our CuCl starting material (Merck 97%) was compressed into a pellet and the 
diffraction pattern measured using the Bragg-Brentano geometry (section 2 2)



Çhager 3 Structurai Properties oj' CuCj

2e(deg)

Fig. 3.1 X -ray  0 -2 0  d if f ra c tio n  p a tte rn  o f  co m p re s se d  C u C l p o w d e r

From fig. 3.1 it is clear that as expected the CuCl (111) reflection is the most intense. 
The intensities of the CuCl (200), (220) and (311) reflections are 4.4%, 52.2% and 
18.5% respectively with respect to the CuCl (111) intensity. Comparing these figures 
to the standard powder diffraction values given in table 3.1 it seems that although the 
intensity of the CuCl (220) reflection is within a few percent of the expected value, 
the CuCl (311) and (200) reflections are considerably smaller than those given for the 
standard CuCl powder. This information is used as a baseline when considering the 
growth of CuCl on substrates of different orientation.
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2 0  (d e g )

F ig . 3 .2  X -ray  0 -2 0  d iff ra c tio n  p a tte rn  o f  c o m p re sse d  C u C l p o w d e rs  sh o w in g  lo w  in te n sity  

reg io n

F o c u s s in g  o n  th e  lo w  in te n s i ty  re g io n  o f  th e  sp e c tru m  (f ig . 3 .2 )  r e v e a ls  a  sm a ll  w e a k  
p e a k  a t 2 0  «  16°. A s  a lr e a d y  m e n tio n e d , w h e n  e x p o s e d  to  lig h t a n d  m o is t  a ir , h y d ra te d  
o x y h a lid e s  o f  C u ^  a re  fo rm e d , th e  s o -c a l le d  “ g re e n  p h a s e ” o f  C u C l [4 9 ]. T h is  C u C l 
p o w d e r  o f  9 7 %  p u r i ty  is  s u p p lie d  in  a  s e a le d  c o n ta in e r  b u t it is  n o t  s to re d  u n d e r  
v a c u u m , th e re fo re  it is  r e a s o n a b le  to  a s s u m e  th a t  th is  re a c t io n  h a s  o c c u r re d  in  th e  
s ta r t in g  m a te r ia l ,  a t  le a s t  o n  a  s m a ll  sc a le . T h e  o x id is e d  C u  io n s  a re  re p o r te d  to  fo rm  
c o m p o u n d s  o f  C u C l2 a n d  C u (O H )C l [1 6 3 ] . In  th is  c a s e  e x a m in a t io n  o f  th e  p o w d e r  
d if f r a c t io n  f i le s  [1 6 2 ] in d ic a te s  th a t  th e  r e f le c t io n  is d u e  to  (0 0 1 )  o r ie n te d  c r y s ta ls  o f  
C u (O H )C l.

A  th in  f ilm  o f  C u C l (~  5 0 0 n m ) w a s  d e p o s i te d  o n  a  g la s s  s u b s tra te  a t  ro o m  te m p e r a tu re  
u s in g  th e  d e s c r ib e d  v a c u u m  d e p o s i t io n  te c h n iq u e  a n d  X R D  w a s  u s e d  to  e x a m in e  th e  
c r y s ta l l in i ty .  In d e x in g  o f  th e  in te rp la n a r  s p a c in g s  u s in g  th e  B ra g g  e q u a t io n  fo r  th e
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2
cubic unit cell, h2 + k 2 + 12 = - ^ - s i n 2  <9 (where h,k,l are the Miller indices, a is the/I2
lattice constant, X is the incident radiation wavelength and 6 is the Bragg angle) 
confirmed that the CuCl was in the cubic zincblende form as expected at room 
temperature. The diffraction pattern is shown in fig. 3.3 below.

2 6  (d e g )

F ig . 3 .3  X  -ray  0 -2 0  d if f ra c tio n  p a tte rn  o f  e v ap o ra te d  C u C l th in  film  on  a  g la ss  su b s tra te .

Glass is an amorphous substrate and therefore should have no influence on the crystal 
orientation of a thin film grown upon it. The evaporated CuCl film on glass is strongly 
oriented in the < 1 1 1> direction, which confirms that this is the preferred growth 
direction of the CuCl. CuCl (220) and (311) reflections are still present but their 
percentage intensity is much reduced compared to the diffraction pattern of CuCl 
powder. For this sample we see no evidence of a CuCl (200) peak. It is also 
interesting to note that despite the presence of a small Cu(OH)Cl peak in the starting 
powder, it does not appear in the evaporated sample. This may be due to the resistive 
heating of the CuCl under vacuum during the deposition process, as it has been
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r e p o r te d  th a t  d ih a l id e s  w ill  d e c o m p o s e  in to  m o n o h a l id e s  d u r in g  h e a t in g  u n d e r  
v a c u u m  a n d  th u s  h e lp s  to  p u r ify  th e  s ta r t in g  m a te r ia l  [4 9 ].

( I l l )  S il ic o n  w a fe r s  c u t  o f f  o r ie n ta t io n  b y  2 -4 °  to w a rd s  th e  (1 1 0 )  p la n e  ( to  a id  
e p i ta x ia l  g ro w th )  a re  a ls o  u se d  a s  s u b s tra te s  fo r  C u C l d e p o s i t io n . T h e  X R D  p a t te rn  fo r  
a  ty p ic a l  s a m p le  o f  C u C l o n  S i (1 1 1 )  is s h o w n  in  f ig . 3 .4

1200- 
10 0 0- 

8 0 0 -
d
3 ,  6 0 0 - >*
c  4 0 0 - 0 c

200- 
0-

20 30 40 50 60
2 0  (d e g )

F ig . 3 .4  X -ra y  0 -2 0  d if f ra c tio n  p a tte rn  o f  ev ap o ra te d  C u C l th in  film  o n  a  Si (1 1 1 ) su b s tra te . 

T h e  d if f ra c tio n  p a tte rn  o f  a  Si (1 1 1 ) su b s tra te  is sh o w n  fo r  co m p ariso n .

T h e  o n ly  p e a k  c le a r ly  s e e n  in  th e  B r a g g -B re n ta n o  g e o m e try  fo r  C u C l g ro w n  o n  a  S i 
(1 1 1 )  s u b s tra te  is a n  in te n se  C u C l (1 1 1 )  r e f le c t io n  a t 2 0  » 2 8 .5 0 ° . D u e  to  th e  sm a ll 
d if f e r e n c e  in  th e  la t t ic e  c o n s ta n ts  o f  C u C l a n d  S i, th e  B ra g g  p e a k s  a p p e a r  a t s im ila r  2 0  
v a lu e s  in  th e  X R D  sp e c tra . T h e  tr a c e  o f  o u r  S i (1 1 1 )  s u b s tra te  in  th e  B r a g g -B re n ta n o  
g e o m e try  is s h o w n  fo r  c o m p a r is o n . A  s i l ic o n  (1 1 1 )  re f le c t io n  sh o u ld  a p p e a r  a t  2 0  =  
2 8 .4 4 ° , h o w e v e r  in  th is  c a s e  d u e  to  th e  s l ig h t  c u t t in g  o f f -o r ie n ta t io n  f ro m  th e  < 1 1 1> 
d ir e c t io n  o f  th e  s i l ic o n , it is  o n ly  p o s s ib le  to  se e  a  d i f f ra c t io n  p e a k  fro m  th e  S i

CuCl
1 —'---- m— ---—---------- ---- -

CuCl on Si (111)
(111)

|

Si (111) Substrate

, . v .

i  ' r

74
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substrate if a tilt is applied This suggests that the CuCl does not grow in perfect 
alignment with the Si substrate as it would then also be necessary to tilt the sample in 
order to see the CuCl (111) reflection As no tilt was applied for this measurement, 
the peak seen in fig 3 4 can be confidently assigned as a CuCl (111) reflection

A 20-omega (co) geometry can be used to see the Si (111) peak as shown below

2  Theta (deg)

F ig  3 5 X -ray  20 -0) d if f ra c tio n  p a tte rn  o f  a  S i (1 1 1 ) su b s tra te

In the 20-co geometry the diffraction peak of interest is first analysed by performing a 
rocking curve The detected offset between the 0 and 20 angles due to the tilt of the 
lattice planes found from the rocking curve peak position can be used when scanning 
over the full 20 range with a 20-co scan An intense Si (111) reflection is detected in 
this way, but it is then impossible to separate the relatively weak CuCl (111) 
reflection from the dominating Si (111) reflection so no information is gained 
regarding the growth of the CuCl thin film

A rocking curve is used to further investigate the growth of CuCl on Si (111)
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9 (deg)

Fig 3 6 R o ck in g  C u rv e  o f  Si (111) a n d  C u C l o n  S i (111)

A rocking curve of the Si (111) substrate is compared to the rocking curve of CuCl on 
Si (111) If the Si sample were cut perfectly along the <111> direction the peak of the 

rocking curve would be expected to appear at 0 »14 22° as the Bragg peak occurs at 
20 »28 44° In this case the rocking curve peak is centred at0»12O 5° This confirms 

that the (111) wafers are cut slightly off-orientation by ~ 2° For the CuCl thin film 
sample, a broadening is seen at the base of the Si rocking curve peak This is most 
likely due to the presence of CuCl (111) grains that are growing close to, but not 
commensurately with the single crystal Si substrate

Glancing angle (GA) XRD is used to determine whether there are any other 
polycrystalline peaks near the surface of the CuCl thin film
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0  (d e g )

F ig . 3 .7  G la n c in g  A n g le  d if f ra c tio n  p a tte rn  (0  =  5°) o f  e v ap o ra te d  C u C l th in  film  o n  a  Si 

( 1 1 1 ) su b s tra te .

A slightly less intense CuCl (111) peak appears in the glancing angle diffraction 

pattern as compared to the 0-20 scan. A small signal from CuCl (110) planes and a 

very weak CuCl (311) reflection is also evident suggesting that there may be some 
relaxation of the CuCl lattice near the surface as the influence of the (111) oriented Si 
substrate is reduced.

The penetration depth tp, (measured perpendicular to the surface) at which the 
intensity of the outgoing reflected x-ray beam has dropped to e'1 that of the incident 
beam due to absorption, was calculated using the kinematical approximation given by 
[164]

1
‘ p  =

n(X) 1
sin fa + sin <pf j

where fi(A-) is the wavelength -dependent linear absorption coefficient, <[>,■ is the 

incidence angle, <f>/ is the exit angle, and <j)c is the critical angle of total reflection
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measured from the wafer surface As the CuCl is polycrystalline the kinematical 
approach is valid, for a perfect low-absorption single crystal it would be necessary to 
use dynamical theory The attenuation length is defined as the depth into the material 
measured along the surface normal where the intensity of x-rays falls to 1/e of its 
value at the surface The attenuation length (L) of x-rays through a crystal varies 
according to the density of the compound and the energy of the x-rays A free 
software program that calculates the x-ray attenuation length as a function of energy, 
for a given set of material parameters is available to download [165] An example of a 
calculation performed for CuCl with a density of 4 14 gem 3 is shown in fig 3 8

Photon energy (eV)

F ig  3 8  A tte n u a tio n  len g th  o f  x -ray s  in  C u C l as  a  fu n c tio n  o f  e n e rg y  T he  en e rg y  o f  C u K a 

ra d ia tio n  is in d ic a ted  b y  th e  a rro w

jj, (X) = 1/ L (X) Therefore the penetration depth of the x-rays into the CuCl sample 

can be calculated for the various diffraction peaks at a given glancing angle
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Bragg
Angle

G.A.= 5° G.A.= 4° G.A.= 3° G.A.= 2° G.A.= 1° G.A.=0.5°

CuCl
{hM)

tp(nm) tp(nm) tp (jam) tp (urn) tp (nm) tp (nm) tp (urn)

( 1 1 1 ) 5.70 2.60 2.14 1.66 1.15 0.593 0.302
(200) 6.58 2.65 2.18 1.68 1.16 0.596 0.303
(220) 9.18 2.75 2.25 1.72 1.17 0.601 0.304
(311) 10.59 2.78 2.27 1.74 1.18 0.602 0.304
T a b le  3 .2  P e n e tra tio n  d e p th s  o f  x -ra y s  in  C u C l fo r v a rio u s  g la n c in g  an g les  (G .A .). (T h e  

p e n e tra tio n  d e p th s  a t th e  B ra g g  an g le s  a re  sh o w n  fo r c o m p ariso n )

It is possible to see these low intensity peaks more clearly in the glancing angle scan 
as the x-rays do not penetrate as far into the substrate resulting in a relatively larger 
contribution from the surface layers.

CuCl was grown on (100) silicon using exactly the same procedure as for the other 
substrates. The XRD pattern for a typical sample is shown in fig. 3.9.

20 (deg)

F ig . 3 .9  X -ray  0 -2 0  d if f ra c tio n  p a tte rn  o f  ev ap o ra te d  C u C l th in  film  o n  a  Si (1 0 0 )  su b s tra te .
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In this Bragg-Brentano geometry there is evidence of CuCl (111) and (220) crystal 
planes indicating that the CuCl thin film is polycrystalline in nature The large 
truncated peak at around 69° is the (400) reflection o f the Si (100) substrate The peak 

at 61 7° is attributed to a Si (400) reflection from Cu Kp x-rays that have not been 

entirely filtered out An unfiltered Cu Kp x-ray would be 17% of the intensity of a Cu 

Kai x-ray [166] In this case the intensity of the Si (400) reflection at 61 7° is just 
0 1% of the intensity of the main Cu K« Si (400) reflection This explains why there is 
no evidence of Cu Kp x-ray peaks for any o f the CuCl reflections, as any peak present 
would be lost in the background noise level We also see a relatively large peak at 20 

«33 00° The corresponding interplanar spacing coincides with a CuCl (200) 
reflection and a (200) reflection of Si The Si (200) reflection is forbidden due to its 
vanishing structure factors [167], however multiple diffraction can occur from the 
planes of a single crystal resulting in a final diffracted beam, which may appear to 
correspond to a forbidden reflection [168] We found that the intensity ratio of the 
CuCl (111) to (200) peaks varied dramatically depending on the rotation of the 
sample with respect to the x-rays, an example of which is shown in fig 3 10
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20000- 

^  15000-33,
■f 10000-
C£

50 0 0 -

0

28 30 32 34
20 (deg)

F ig . 3 .1 0  X -ray 0-20 diffraction pattern o f  evaporated CuCl th in  film  on a Si (100) substrate 

as a function o f  phi (<j>) rotation.

By rotating the substrate by -37 degrees the CuCl (200)/(l 11) intensity ratio changed 

from 0.78 to 18.6. The <J) dependence o f the Si (200) multiple diffraction peaks was 

investigated by fixing the 0 and 20 angular positions to that of the theoretical Si (200) 
peak at 33.0° and rotating a Si (100) substrate by 360°.

60000 - 

50000- 

g* 4 00 00 -

J  30000 -
c/5 
c£  20000- 

10000- 
0-

-250 -200 -150 -100 -50 0 50
Phi (deg)

F ig . 3 .11  <|) scan o f  Si (200) R eflection

— <)> = 0°
4 = -37° CuCl/Si I

CuCl
(111)

(200) I

/V J V.
T V
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Two sets of multiple diffraction peaks occur centred around 0° and -180° consistent 
with the expected twofold symmetry o f a Si (100) oriented substrate. Depending on 
the precise rotational angle of the substrate, a Si (200) reflection of varying intensity 
will appear in the diffraction pattern acquired in Bragg-Brentano geometry explaining 
the difference in the CuCl (200)/(l 11) intensity ratio shown in fig. 3.10. Evidently the 
Si (200) multiple diffraction peak can be eliminated from the spectra of CuCl on Si by 

careful choice of the <|> rotational angle. However this would also result in the removal 
of any peaks resulting from lattice planes aligned in the same direction, such as the 
intense Si (400) reflection at -69°, but also the CuCl (200) reflection at -33°. Fig.
3.12 below shows the <|> scan of a CuCl on Si (100) substrate with the 20 angle fixed at 
33.00°, resulting in multiple reflections, superimposed on the very intense diffraction 

pattern of a (|) scan of the Si (400) reflection with 20 angle fixed at 69.14°.

15000

=? 10000
>%1'</>
c<D~  5000

0

Fig. 3.12 <|> scan  o f  th e  Si (4 0 0 ) re f le c tio n  an d  th e  C u C l/S i (2 0 0 ) re f le c tio n

Therefore, it is very difficult to confidently separate the CuCl and Si contributions to 

the diffraction peak occurring at 33°. At best we can suggest that the peak at 20 »33°

<j> (deg)
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results from a combination of a CuCl (200) reflection indicating that there may be 
some epitaxial growth in the <100> direction on (100) Si, and a multiple diffraction 
peak from the Si substrate.

A glancing angle of 5°, which limits the penetration depth of the x-rays into the 
sample, was used to investigate the surface layers of the CuCl thin film. As can be 
seen in fig. 3.13 the surface layer of the CuCl thin film on a Si (100) substrate is a 
mixture of crystalline orientations.

2 0  (d eg )

Fig. 3.13 G la n c in g  A n g le  d if f ra c tio n  p a tte rn  (0 =  5°) o f  e v ap o ra te d  C u C l th in  film  o n  a  Si 

(1 0 0 )  su b s tra te . In se t: L o w  in te n s ity  re g io n  sh o w in g  w e ak  C u C l (2 0 0 )  re f le c tio n

The main reflection is CuCl (111) but CuCl (220) and (311) reflections are now 
clearly visible and much more intense than in the Bragg geometry (fig.3.9). The x-ray 
penetration depths calculated at the Bragg angle of the main CuCl reflections and at a 
glancing angle of 5° (table 3.2) is shown schematically below.
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(111) (200) (220) (311)

Cl<DQ

lOjum Bragg Geometry

( 1 1 1 ) (200) (220) (311)

'CuCl 500nm

Bulk Si Substrate 500|um

Glancing angle ~5 degrees

F ig  3 14 A  sc h e m a tic  d ia g ra m  co m p a rin g  th e  x -ray  p e n e tra tio n  d e p th  a t th e  B rag g  an g le  o f  

th e  m a in  C u C l re f le c tio n s  an d  a t a  g la n c in g  an g le  o f  fiv e  d e g re e s

At a glancing angle of 5°, the x-ray penetration depth is reduced by a factor of ~ 3 at
/the angle corresponding to the (220) and (311) crystalline planes, respectively As 

there is a much smaller volume of the bulk Si being probed, the relative contribution 
of CuCl (220) and (311) crystalline planes to the total diffraction pattern is much 
increased

There is only a very small CuCl (200) reflection which is shown in the inset of fig 
3 13 Comparing the glancing angle scan to the diffraction pattern of compressed 
CuCl powder (fig 3 1) we see a close similarity between the relaxed surface layers of 
the CuCl thin film on Si (100) and that of the starting CuCl powder As only 
polycrystallme grains contribute to the diffraction pattern in the glancing angle scan, 
this is consistent with a CuCl growth process, which tends to relax to a polycrystallme 
(111) preferential orientation as the growth proceeds away from the (100) Si surface 
The GAXRD scan of CuCl on Si (111) was dominated by a CuCl (111) diffraction
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peak and revealed only very weak signals from CuCl (220) and (311) crystals (fig 
3 7) It thus appears that less structural relaxation occurs near the surface for CuCl on 
Si (111) as compared to Si (100), as the film is growing in its preferred orientation

The crystallite size can be estimated from the broadening of the diffraction peak using 
the Scherrer formula [169]

Z = (0 9)A/(A0*cos#o) 

where L is the crystallite size (in nm), X is the wavelength of the x-rays, A0 is the 

adjusted FWHM of the diffraction peak (in radians) and 60 is the diffraction angle A

geometrical correction factor of 0 9 is introduced to account for particle shapes Any 
additional instrumental broadening arising from the slit width and penetration depth is 

accounted by A0, given by A6 = (FWHM2sample -  FWHM2sxmdard)xn The crystallite size

of the standard sample should be large enough to eliminate all particle-size 
broadening, thus a measurement of the instrumental broadening is obtained A single 
crystal Si (111) wafer analysed under the same experimental conditions was used for 
this purpose The average crystallite size estimated by applying this formula was 
58nm, 55nm and 73nm for the CuCl (111) oriented crystallites on glass, Si (111) and 
Si (100) substrates, respectively

3.2 Micro-Raman Spectroscopy Results

Micro-Raman spectroscopy is used to gain information on the vibrational modes of 
CuCl thin films on silicon substrates The measurements were performed by a Jobm 

Yvon LabRam HR800 juRS system m backscattering geometry using a 488 nm Ar+
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laser excitation at room temperature. A lOOx objective was used to focus the laser 

source to a diameter of about 1 jam on the sample surface. The Raman signal from the 

sample was collected by the same objective and detected by a liquid nitrogen cooled 

charge coupled device (CCD) detector. A confocal hole of 300 jum and a grating o f  

1800 g/mm were chosen for the experiments. Before measurement the equipment was 
calibrated carefully with a strain free silicon Raman peak position. For a 500nm CuCl 
thin film, the penetration depth of the laser light is at least as far as the silicon 
substrate. The zincblende structure contains two atoms in the primitive cell. Group 
theory predicts that there is only one triply degenerate fundamental optic mode, which 
is both Raman and infrared active. This mode is split into a transverse (TO) and 
longitudinal (LO) phonon mode [170,171].

The spectrum of CuCl on Si (100) is compared to that of a bare Si wafer below.

W avenumber (cm'1)

F ig . 3 .1 5  M ic ro -R a m a n  sp e c tra  o f  C u C l th in  film  o n  a  Si (1 0 0 ) su b s tra te  co m p a re d  to  th e  

sp e c tru m  o f  a  Si (1 0 0 )  su b s tra te
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The degenerate S1-S1 mode at a Raman shift of ~ 520 relative wavenumbers (520
Rem \  or conventionally, 520cm !) is seen for both the Si substrate and for the CuCI
thin film on Si confirming that the laser penetrates into the Si substrate The Si peak is
considerably weaker for the CuCl sample, which indicates that CuCl has absorbed
some of the laser light before it reaches the substrate The Raman peak positions were
extracted by performing a baseline correction and applying a Gauss/Lorentz band-
fitting function provided by the manufacturer The accuracy is approximately 0 04 cm 
i

Five main peaks are identified in the spectrum of CuCl on (100) Si at 148 03cm \  
216 23cm J, 292 38cm *, 341 68cm 1 and 521 17cm 1 A broad band is also present 
centred at 411 34 cm 1 The peak at 521 17cm1 is the main Si-Si mode of the 
underlying Si substrate Much of the Raman data for CuCl available in the literature is 
measured at low temperatures (2-40K) and on bulk CuCl single crystals The LO 
phonon of CuCl is reported to appear at a phonon frequency of -  205cm 209cm \
and the TO phonon in the range of 140cm M 80cm 1 [172,173,174] It is therefore 
reasonable to assign the peak at -148cm 1 to a TO CuCl mode and the peak at 
~216cm 1 (although slightly blue-shifted compared to literature values) to a LO CuCl 
mode The slight difference in position of the modes is probably due to the 
broadening of Raman features at room temperature compared to low -temperature 
measurements The polycrystalline nature of our CuCl thin films as determined by X- 
ray diffraction also leads itself to the broadening of peaks in the Raman spectrum The 
peak at 292 3 cm a lth o u g h  close to a Si mode at ~302cm \  is probably not 
attributable to Si, because the intensity of this peak is much greater for the CuCl film 
on Si than for the Si substrate, while the main Si mode at -520cm 1 is seen to decrease
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in intensity due to the absorption of some of the laser light by CuCl. The peaks at 
292.3cm'1and 338.4cm'1 have not been definitely identified. They may result from a 
Si-Cl or Si-Cu vibration, one possibility being a trichlorosilyl (C^Si) vibration which 
would appear at ~ 282cm'1 [58]. For comparison, the Raman spectra of CuCl on a Si 
( 1 1 1 ) substrate were also measured.

Wavenumber (cm'1)

Fig. 3.16 M ic ro -R a m a n  s p e c tra  o f  C u C l o n  S i (1 0 0 ) an d  Si (111) su b s tra te s

The spectra are similar for CuCl on (100) and (111) silicon although for these samples 
the CuCl TO and LO peaks are better defined for CuCl on (100) substrate.

3.3 Effect of Heat Treatment on CuCl

The melting point of CuCl is 430°C while that of silicon is 1414°C; therefore heating 
of CuCl to temperatures above its melting point can be carried out while Si remains in 
the solid phase. As discussed above, vacuum deposition of CuCl on Si at room 
temperature results in a polycrystalline thin film. In an attempt to improve the 
crystalline structure of CuCl on Si and encourage epitaxial growth, CuCl was
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d e p o s i te d  o n  a  (1 0 0 )  S i s u b s tra te  a t  ro o m  te m p e r a tu re ,  a n d  th e n  a n n e a le d  in  n i t ro g e n  
g a s  in  th e  te m p e r a tu re  ra n g e  o f  5 0 °C  - 4 3 0 ° C . F ig . 3 .1 7  s h o w s  th e  X R D  p a t te rn s  
ta k e n  im m e d ia te ly  a f te r  e v a p o ra t io n  a n d  a g a in  a f te r  so lid  p h a s e  re -g ro w th .

6000

5000

=j 4000

&  3000 </) 
c  <1) 2000 

1000 

0

Fig. 3.17 X -ray  d if f ra c tio n  p a tte rn s  o f  C u C l d e p o s ited  o n  (1 0 0 ) S ilico n  (a) A s d e p o s ited  (b) 

A fte r  h e a tin g  ab o v e  th e  m e ltin g  p o in t o f  C u C l fo r 5 m in u te s  an d  c o o lin g  s lo w ly  to  ro o m  

tem p e ra tu re .

A  d ra s t ic  c h a n g e  in  th e  X R D  p a t te rn  o f  C u C l o n  S i o c c u rs  fo l lo w in g  th e  re -g ro w th . 
T h e  c h a ra c te r is t ic  C u C l c u b ic  z in c b le n d e  d i f f ra c t io n  p a t te rn  h a s  v a n is h e d  a n d  se v e ra l  
n e w  p e a k s  h a v e  b e e n  in tro d u c e d  in to  th e  sp e c tru m . T h e s e  a re  a t t r ib u te d  to  C u  m e ta l  
a n d  r j -C u 3S i, w h ic h  a re  fo rm e d  b y  a  re a c t io n  b e tw e e n  C u C l a n d  S i. T h e  c o m p le te
r e a c t io n  ta k in g  p la c e  is S i +  4 C u C l - »  S iC U  +  4 C u . H o w e v e r  s tu d ie s  o n  th e  re a c t io n
m e c h a n is m s  o f  S i a n d  C u C l [175,176,177] h a v e  r e p o r te d  th a t  th e  r e a c t io n  ta k e s  p la c e  
th ro u g h  a  s e r ie s  o f  s im u l ta n e o u s  a n d  s u c c e s s iv e  re a c tio n s ,

7Si + 12CuCl -> 3SiCl4 + 4Cu3Si 
31Cu3Si + 12CuCl —> 3SiCU+ 7Cui5Si4 

9CuisSi4 + 20CuCl —> 5SiCU + 31CusSi
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Cu5Si + 4CuCl SiCl4+ 9Cu 

In such a scheme Cu and SiCl4 are the final products of the reaction, while Cu3Si, 
Cu5Si and Cui5Si4 are unstable intermediate products. A detailed identification of the 
XRD peaks is shown below.

2 0  (d e g )

F ig . 3 .1 8  X R D  p a tte rn  o f  C u C l d e p o s ite d  o n  (1 0 0 )  S ilico n  a f te r  h e a tin g  ab o v e  th e  m e ltin g  

p o in t o f  C u C l a n d  c o o lin g  s lo w ly  to  ro o m  te m p e ra tu re .

There is no definite evidence of Cu5Si or CuisSi4 in our XRD pattern but it seems 

reasonable to attribute the peaks around 44.5° to the orthorhombic rj-CusSi compound 
as the peak positions are in close agreement with the values found in the powder 
diffraction files [162]. SiCl4 forms in the gaseous state, so is not evident in the XRD 
pattern. The small, unidentified peaks around 43° and 46° are probably copper oxide 
peaks (CuOx), as we know that Cu metal is present and it has a very strong affinity for 
oxygen.

The reaction observed between Si and CuCl can be predicted by examining the 
thermodynamics of the balanced reaction equation. By examining the heats of
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formation of reactants and products it is found that a reaction will only take place if 

the total value of the Gibbs Free Energy of Formation ( A G f )  of the products is more 

negative (and therefore more stable) than the total A G f  of the reactants [178]

Si(s) + 4CuCl(s) -> SiCUfe) + 4Cu(s)
The AGf values of Si, CuCl, S1CI4 and Cu are 0, -119 9, -617 0 and OkJmol \  

respectively
=> AGf (L H S) = -479 6 kJmol1 

AGf (R H S) = -617 OkJmol1 
Using the above values from [179], it is calculated that the products of S1CI4 gas and 
Cu are more stable than Si and CuCl and this explains why the reaction occurs upon 
heating of a CuCl thin film on a Si substrate A series of experiments were performed 
to determine the temperature at which this reaction occurs It was found that a reaction 
occurs between Si and CuCl on heating above 250°C resulting in the formation of 
metallic Cu, which was evident in the XRD pattern shown in fig 3 19

20 (deg)
F ig  3 19 X R D  fo r C u C l o n  Si sam p le s  an n e a le d  a t 2 00 °C , 2 50 °C  an d  300°C
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We see no Cu peaks in the samples annealed at 200°C; however Cu peaks were 
evident in XRD for samples annealed at or above 250°C. These Cu peaks increase in 
intensity as the annealing temperature and/or annealing time is increased. Solid phase 

re-growth of y-CuCl on silicon substrates will therefore not be possible in a nitrogen 

atmosphere and annealing above 200°C results in a decomposition of the CuCl film. 
Sasai et al. [180] detected metallic Cu peaks in the X-ray diffraction pattern of CuCl 
nanocrystal-doped glass films annealed at 250°C, indicating that a decomposition of 
CuCl may also occur without reaction with Si.

Energy dispersive x-ray microanalysis was used to confirm the above conclusion. For 
an unannealed sample, the characteristic x-ray lines of Cu and Cl are clearly identified 
in the typical spectrum shown in fig. 3.20.

F ig  3 .2 0  E D X  s p e c tru m  o f  a  C u C l th in  film  o n  S i. (A c c e le ra tin g  v o lta g e =  15keV , P ro b e  
C u rre n t =  6 0 0 p A )
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T h e re  is a ls o  e v id e n c e  o f  a  S i K a x - ra y  s ig n a l  f ro m  th e  S i su b s tra te . T w o  s m a ll  p e a k s  
o c c u r  in d ic a t in g  th e  p re s e n c e  o f  c a rb o n  a n d  o x y g e n . T h e  c a rb o n  is  m o s t  l ik e ly  d u e  to  
s u r fa c e  c o n ta m in a t io n  o f  th e  sa m p le . O x y g e n  m a y  a ls o  c o m e  fro m  a  s u r fa c e  
c o n ta m in a t io n  o r  it is  p o s s ib le  th a t  a  sm a ll a m o u n t  o f  w a te r  h a s  a lr e a d y  b e e n  a b s o r b e d  
b y  th e  sa m p le . X - ra y  m ic ro a n a ly s is  w a s  th e n  p e r fo rm e d  o n  a  s im ila r  s a m p le  th a t  h a d  
b e e n  a n n e a le d  a t 3 5 0 °C  fo r  10 s e c o n d s  in  n i t ro g e n  g a s .

CU Si

!u No Cl signal
0 i;

JiL rci _________, f Cui —1—L 
0.0 2.0 4.0 6.0 8.0 

X-ray energy (keV)
10.0 11.!

Fig. 3.21 ED X  sp ec tru m  o f  a  C u C l th in  film  o n  S i a f te r  an n ea l to  3 50 °C  (A c c e le ra tin g  
v o lta g e=  15 keV , P ro b e  C u rre n t =  6 0 0 p A )

A s  e x p e c te d  th e re  is  n o  c h a ra c te r is t ic  C l x - ra y  s ig n a l fo r  th is  s a m p le  a s  th e  C l h a s  
e s c a p e d  in  th e  fo rm  o f  SiCL* g a s  fo rm e d  b y  th e  re a c t io n  o f  S i a n d  C u C l. T h e  C u  s ig n a l 
r e m a in s  re a s o n a b ly  s tro n g , b u t  th e  S i s ig n a l is re la t iv e ly  la rg e r  th a n  b e fo re , m o s t  
l ik e ly  d u e  to  th e  c re a t io n  o f  p in h o le s  in  th e  f ilm  d u r in g  th e  re a c t io n . T h e re  is  a  
n o t ic e a b le  in c re a s e  in  th e  o x y g e n  s ig n a l . T h is  is  c o n s is te n t  w ith  th e  a s s u m e d  p re s e n c e  
o f  C u O x p e a k s  in  th e  X R D  p a tte rn .

M ic ro -R a m a n  s p e c tro s c o p y  w a s  u se d  to  e x a m in e  th e  c h a n g e s  in  C u C l th in  f i lm s  a s  a  
fu n c t io n  o f  a n n e a l  te m p e r a tu re .
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Fig. 3 .2 2  M ic ro -R a m a n  S p e c tra  o f  C u C l on  p -S i (1 0 0 ) as d e p o s ite d  an d  an n ea le d  a t v a rio u s  

te m p e ra tu re s

As the annealing temperature is increased we see a narrowing of the CuCl TO and LO 
modes. The reduced FWHM indicates an improving CuCl crystallinity. However we 
have seen from other techniques that the CuCl film is being degraded at higher 
temperature (~250°C) due to a reaction with Si so this is unlikely. As the annealing 
temperature is increased, the peak at ~ 294cm'1 shifts to higher wavenumbers. For the 
sample annealed at 415°C this peak appears at ~ 303cm’1 and is therefore most likely 
due to the Si-Si mode occurring at this position and not from the CuCl. The broad 
peak at ~ 338cm'1 vanishes completely for the samples annealed at 300°C and above 
and a new broad band centred at ~ 420cm'1 appears. The reaction of CuCl and Si 
results in the release of SiCU gas. The disappearance of the modes at 294cm'1 and 
338cm'1 indicates that these vibrations may result from a Si-Cl bond at the interface, 
which is broken by annealing above 250°C. The CuCl on Si sample annealed to 415°C 
is compared to the spectrum of a single-crystal Cu metal sample in fig. 3.23 below.
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Wavenumbers (cm'1)

Fig. 3.23 M ic ro -R a m a n  S p e c tra  o f  C u C l o n  p -S i (1 0 0 ) an n ea le d  to  415°C , co m p ared  to  a  

sp ec tra  o f  C u  m e ta l

The CuCl TO and LO modes occur in the same position as the modes of a Cu sample. 
It is clearly seen that the sharpening of the CuCl modes after anneal is in fact due to 
the presence of Cu in the sample. The broad band appearing at -  420cm'1 may also be 
attributed to a Cu vibrational mode. Thus the micro-Raman data are consistent with 
the XRD and EDX results.

3.4 Degradation of CuCl
One challenge associated with the use of CuCl is that it is sensitive to moist air. Under 
the influence of light and moisture, hydrated oxyhalides of Cu++ are formed. This 
reaction can be easily recognised by a colour change in CuCl associated with the 
presence of the greenish colour Cu++ ions. In fig. 3.2 a small peak in the diffraction 
pattern of CuCl powder at a Bragg angle of ~ 16° was attributed to the presence of 
Cu(OH)Cl formed by the reaction of CuCl with moist air. If a CuCl thin film (on glass
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or Si substrate) is exposed to normal laboratory air conditions it is observed that the 
film changes from transparent to a greenish colour and a complete change occurs in 
the XRD pattern. The XRD diffraction pattern of a CuCl thin film on glass was 
measured immediately after deposition and again two weeks later. The resulting XRD 
spectrum is shown if fig. 3.24. It can be clearly seen that a complete recrystallisation 
of the CuCl thin film has taken place. The spectrum is dominated by an intense peak 

at 20 «16.28°, which is attributed to the (100) reflection of Cu(OH)Cl formed by the 

reaction o f CuCl with moist air. This is consistent with reports by other authors [163].

12000-
10000-

~  800 0- 3 
CDr; 6ooo- 
0)Jj 4000 - 

2000- 
0-

10 20 30 40 50 60
2 Theta (deg)

Fig. 3.24 X R D  p a tte rn  o f  C u C l o n  a  g la ss  su b s tra te  as d e p o s ite d  (A S D ) an d  a fte r  b e in g  

e x p o sed  to  a ir  fo r tw o  w e ek s

Suitable storage conditions are therefore necessary to prolong the lifetime of 
uncapped CuCl samples and a protective layer is needed to prevent this reaction. The 
rate of degradation of the film was not constant on all samples or substrates, but 
appears to occur most rapidly for samples deposited on glass. The surface structure of 
the sample also changes. The appearance of a series of small fractal growths on the 
sample coincides with the appearance of the Cu(OH)Cl peak in the XRD scan.
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0 5mm

F ig  3 2 5  O p tica l m ic ro g ra p h  o f  C u C l th in  film  o n  g la ss  o n e  d ay  a fte r e v ap o ra tio n  

(m a g n if ic a tio n  x  50 )

In one case the water intake seems to have been accelerated by the presence of 
pinholes in the sample and large fractal growth spread across the entire sample within 
a few days of evaporation

F ig  3 26  O p tica l m ic ro g ra p h  o f  C u C l th in  film  o n  g lass  tw o  d a y s  a fte r  ev a p o ra tio n  

(m a g n ific a tio n  x  50 )
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An EDX spectrum was taken of a ~ 500nm CuCl thin film on Si after exposure to air 
for one month and a large signal due to the presence of oxygen can be clearly 

detected.

Fig. 3.27 E D X  sp ec tru m  o f  a  C u C l th in  film  o n  Si a f te r  ex p o su re  to  a ir  fo r o n e  m o n th  

(A cc e le ra tin g  v o lta g e=  15 keV , P ro b e  C u rre n t =  8 0 0 p A )

If compared to the EDX spectrum of a typical fresh sample (fig. 3.20) it is seen that 
the relative intensity of the oxygen peak compared to the Cu and Cl signals is much 
increased. It is also worth noting that unlike the spectrum of the overheated sample 
(fig. 3.21) the Cl signal remains strong after exposure to air. This is consistent with 
the conclusion that the peak seen in XRD after reaction with moist air is due to the 
presence of Cu(OH)Cl.

On a temporary basis, this problem is avoided by storing the samples in a vacuum 
desiccator using silica gel desiccant. This prolongs the sample lifetime sufficiently to 
take the desired measurements. The long-term solution is to deposit a capping layer
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over the CuCl creating a hermetic seal This is essential for demonstrating the 
feasibility of CuCl as a working light-emitting device material

3.5 CuCl Capping Layer
There are a number of requirements for a CuCl capping layer which include,

>  It must create a barrier between CuCl and the air to prevent the intake of 
moisture

> It must be transparent in the region of light emission of CuCl (~ 387nm)
> It should not react with CuCl
> It must be an insulator
> The deposition/curing temperature has to be below 250°C to prevent a reaction 

between CuCl and Si
> Ideally it should be depositable as a thin film (<500nm)

Three main insulators were investigated in our laboratory by Francis Olabanji Lucas, 
(1) S1O2 deposited by plasma enhanced chemical vapour deposition (PECVD), (2) 
Organic polysilsesquioxane (PSSQ) spin-on glass-based dielectric and (3) Cyclo 
olefin copolymer (COC) -based dielectric Fourier Transform Infra-Red (FTIR) and 
UV-Visible analysis has shown that both PSSQ and COC spin-coated (or dip coated) 
liquid glass layers are an effective means of sealing the CuCl system for at least one 
month PECVD S1O2, slowed the degradation rate but did not eliminate oxidation 
Details of this encapsulation study can be found in reference [181]
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Optical Properties of CuCl

4.1 UV-Visible Spectroscopy
The optical properties of the polycrystalline CuCl thin films on glass were 
investigated by using UV- Visible (UV-VIS) spectroscopy The spectra were first 
recorded for a standard glass substrate, which was then subtracted from the result for 
the CuCl thin film deposited on glass, m order to show only the contribution resulting 
from the CuCl There was no difference in the spectra of films grown from CuCl 
powders of 97% and 99 999% purity, respectively In fig 4 1, the room temperature 
UV-VIS absorption spectrum of a CuCl thin film on a glass substrate is shown

Wavelength (nm)

F ig  4 1 U V -V IS  a b so rp tio n  sp ec tru m  o f  C u C l o n  g la ss

The spectrum is dominated by a strong absorption peak at ~ 372nm (3 34eV) followed 
by a rather flat absorption from 400-900nm As can be clearly seen in the inset, the
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mam peak results from the contribution of both high and low energy excitomc bands, 
historically called the Z\ 2 and Z 3 excitons, respectively The Z\ 2 and Z 3  excitons 

originate from the coupling of the lowest conduction band state r 6 to both the 

uppermost valence band holes in r 8 (Zj 2) and T7 (Z3), respectively [79,90] The 

energy values of 3 34eV (X ~ 372nm) for the Z\ 2 exciton, and a small shoulder at
3 27eV (X ~ 380nm) corresponding to the Z 3  exciton, are in close agreement with 

values reported by other authors for room temperature CuCl absorption measurements 
[79,84] These peak assignments were also confirmed experimentally by performing a 
low temperature reflectance measurement1 with a resolution ~ 0 ImeV, shown in fig
4 2 below Details of the experimental set-up of the reflectivity system can be found 
in references [182,183]

Wavelength (nm)

F ig  4 2 R e flec ta n ce  o f  C u C l o n  Si (1 0 0 ) a t 2 0 K

In the reflectance spectrum we see a clear separation of the Z\ 2 and Z 3 exciton peaks 
To a good approximation, the transverse energies are at the maxima of the reflectance 
anomalies, and the longitudinal energies at the minima The transverse energies of the
1 The reflectance m easurem ent was perform ed by Jam es Fryar in the School o f  Physical Sciences in 
D ublin C ity University
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Z \t2 and Z3 excitons are 3.2726eV (379.85nm) and 3.2024eV (388.19nm), 
respectively. The oscillations occurring on the low energy side of the Zi^ exciton 
peak, labeled as Fabry-Perot fringes on the plot are due to multiple reflections from 
the CuCl thin film which has non-uniform thickness. These results are consistent with 
published data on single crystal CuCl [184] although the single crystal CuCl spectra 
have no Fabry-Perot fringes.

The optical transmittance versus wavelength spectrum of a CuCl thin film on glass in 
the range of 250nm -  900nm is shown in fig. 4.3.

Wavelength (nm)

Fig. 4.3 T ra n sm is s io n  sp e c tru m  o f  C u C l o n  g la ss

The transmission of CuCl is greater than 80% in the wavelength range of 400nm -  
900nm, and as high as 99.0% at the peak of the interference fringe at 446nm. The 
interference fringe pattern in the transmission spectrum indicates that the film surface 
was highly reflecting and there was not much scattering or absorption loss in the film 
[185]. Beyond the absorption edge in the UV region, transmittance was reduced to 
approximately zero.
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To assess the rate of optical degradation of the uncapped CuCl thin film, UV-VIS 
spectra were recorded over a period of one month from the day of vacuum deposition. 
In fig. 4.4 four spectra which illustrate the trend seen are plotted.

Wavelength (nm)

Fig. 4.4 U V -V IS  a b so rp tio n  s p e c tra  o f  C u C l o n  g la ss  as a  fu n c tio n  o f  tim e

Initially, a sharp Zi,2 and the broad shoulder of the Z3 exciton peaks are clearly seen. 
After approximately one week (162 hours), the intensity of the main Zi32 absorption 
peak has nearly halved while the intensity of the Z 3 exciton peak is only slightly 
reduced relative to the background absorption level at 450nm. This is clearly 
illustrated in fig. 4.5 below in which the intensity ratio of the Z\y2 to Z 3 exciton 
absorption peaks is plotted as a function of time on a log scale. Following exposure to 
atmospheric conditions for approximately two weeks (337 hours) the absorption 
intensities of both the Z12 and Z 3 exciton peaks have dramatically decreased 
indicating that the optical quality of the CuCl thin film has been severely 
compromised by exposure to the atmosphere. Eventually the only evidence remaining 
of the CuCl excitonic behaviour is a slight increase in the absorption at the energy of 
the exciton peaks.
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Log (Time) hrs

Fig. 4.5 Intensity ratio of the Zi>2 and Z3 CuCl absorption peaks as a function of time

By examining the intensity ratio of the Zi j2 and Z3 exciton peaks, we see that initially 
the Zij2 absorption peak is more than twice as intense as the Z3 absorption peak but 
after approximately one day the intensity ratio begins to fall indicating that the Z ^  
exciton degrades at a faster rate than the Z3 exciton on exposure to atmospheric 
conditions. After approximately one week has passed, the intensity ratio begins to 
level out and then remains approximately constant for the remainder of the time 
studied.

The transmission spectra of the CuCl on glass thin films were also monitored over the 
same period of time as the absorption spectra. A significant drop in the transmission is 
detected from 89% at 500nm for the fresh film to 68% at 500nm for the same film two 
days later. The interference fringes have also vanished by this time indicating that the 
quality of the film surface is poorer due to degradation. It is interesting to note that the 
minimum transmission value of 27% at 500nm was recorded after 162 hours (-one
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week). After this point the transmission began to slowly increase again to a value of 
41% at 500nm after 434 hours (-18 days).

Wavelength (nm)

Fig. 4.6 U V -V IS  tra n sm is s io n  sp ec tru m  o f  C u C l o n  g la ss  as  a  fu n c tio n  o f  tim e

It is known that the degradation of CuCl is a process involving the formation of a 
number of compounds such as CuCh and Cu(OH)Cl [163]. A degradation study of 
CuCl performed in our laboratory by Gomathi Natarajan using Fourier transform 
infra-red spectroscopy (FTIR) showed that the first indication of CuCl oxidation is the 
presence of a new peak in the FTIR spectrum which is attributed to an OH bond. 
Therefore, one possible explanation for this behaviour is that the formation of 
Cu(OH)Cl proceeds first, followed by the formation of the CuCl2 and therefore the 
ratio of each compound in the probed volume varies with time leading to a change in 
the transmission properties of the film. A more detailed study of this phenomenon was 
not pursued as it was not directly related to the key aims of this research.
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4.2 Photoluminescence1
We have optically characterised the CuCl on Si thin films using power and 
temperature dependent photoluminescence The XRD results presented in chapter 3 
show that the crystalline orientation of the CuCl thin film is somewhat dependent on 
the orientation of the Si substrate Therefore in order to assess if this difference in 
microstructure impacts on the optical properties of CuCl, PL measurements were 
performed on CuCl samples deposited on both Si (111) and Si (100) substrates 
Samples which are directly compared were prepared in the same evaporation run In 
fig 4 7, the room temperature PL emission of a 500nm CuCl thin film, deposited from 
CuCl powder of 97% purity is shown for Si (100) and Si (111) oriented substrates, 
respectively

Wavelength (nm)

Fig 4 7 R o o m  te m p e ra tu re  P L  s p e c tra  o f  C u C l (97%) o n  S i (100) an d  Si (111) su b s tra te s

J Photolum inescence m easurem ents w ere perform ed in the Sem iconductor Photonics G roup at Trinity 
College, Dublin The w ork was started by Dr M iguel M artinez-Rosas but m ainly perform ed by D r 
Am rban M itra Further details can be found in reference [189]
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The main peak at 386.4nm is assigned to the Z3 free exciton emission in agreement 
with reports by other authors [87,90]. There is no significant difference in the room 
temperature PL of CuCl deposited on Si substrates of (111) and (100) surface 
orientations, respectively. Another feature of the PL spectra is a broad band centred at 
~ 520nm. To investigate the source of this emission, the PL spectrum of a bare Si 
substrate was also measured under the same excitation conditions and compared to the 
PL spectra of CuCl (fig. 4.8)

Wavelength (nm)

F ig . 4 .8  R o om  te m p e ra tu re  P L  sp e c tra  o f  C u C l (9 7 % ) on  Si (1 1 1 ) an d  u n c o a te d  Si (1 1 1 ) 

su b s tra te , re sp ec tiv e ly .

A broad peak from the Si substrate is found at ~ 420nm. By comparing the two plots 
in fig.4.8, we see that this is clearly a different emission to that of the CuCl film, 
detected at ~520nm. The source of this broad CuCl band was further investigated 
using cathodoluminescence and will be discussed in the next section.

PL spectra for a CuCl on Si (111) sample, deposited from CuCl powder of 97% 
purity, measured in the temperature range of 10K to 240K are shown in fig. 4.9.
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Fig. 4.9 PL  sp e c tra  o f  C u C l (9 7 % ) on  S i (1 1 1 ) as  a  fu n c tio n  o f  tem p e ra tu re . (A n  in te n sity  

o ffse t h a s  b e e n  a p p lie d  fo r c la rity .)

The spectrum is dominated by one main peak which occurs at ~ 3.23eV (385.8 nm) at 
10K. This is the Z3 free exciton peak. As expected due to thermal broadening, the 
intensity of the peak decreases as the temperature is increased and the FWHM of the 
Z 3 peak increases from a minimum value of 2.17 nm at 10K to 3.40 nm at 180K. This 
line-width broadening as a function of increasing temperature is due to the interaction 
between the excitons and the optical and acoustic phonons [189].

The temperature dependent PL spectra of a CuCl on Si (100) sample, deposited from 
CuCl powder of 97% purity, are shown in fig. 4.10.
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Wavelength (nm)

F ig . 4 .10  PL s p e c tra  o f  C u C l (97%) o n  S i (100) as a  fu n c tio n  o f  tem p e ra tu re

The behaviour of the Z3 exciton is similar to the sample grown on Si (111). However 
in this case, two peaks are evident in the spectrum taken at 10K. This is clearly seen in 
fig. 4.11 below.

370 380 390
Wavelength (nm)

400 410

F ig . 4 .11 PL sp e c tra  o f  C u C l (97%) o n  Si (100) a t 10K
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The main peak which occurs at ~ 3 208eV (387 51 nm) is the Z3 free exciton peak On 
the low energy side of the free exciton peak a second peak occurs at ~ 3 184eV 
(390 43 nm) This is attributed to an emission from an exciton bound to an impurity 
[90,186], which has been called the Ii bound exciton The impurity has previously 
been identified as a neutral acceptor, possibly a Cu vacancy [187] At 50K only the Z 3 

exciton peak is visible and has shifted slightly to an energy of ~3 221eV The 
disappearance of the Ii bound exciton at 50K is considered to be due to the thermal 
dissociation of the bound state as the binding energy of the bound exciton has been 
reported to be ~22meV [90] At 240K we see a broad Z 3  exciton peak centred at 
~3 238eV The observed shift in position of the Z 3 exciton with increasing 
temperature agrees quite well with the values reported by other authors [88]

Although exciton states represent the lowest-energy states for electron-hole pairs, 
excitons are formed easily only in the purest materials and at low temperatures In less 
pure or less perfect crystals, local fields tend to break up the exciton into free carriers 
[188] The presence o f excitomc emissions m the CuCl thin films indicates that the 
crystals are at least of a reasonable quality In an attempt to further improve the films, 
CuCl samples were also grown from high purity (99 999%) CuCl powder This 
powder was shipped under Argon in a sealed quartz ampoule and stored in a vacuum 
desiccator after breaking the ampoule In this way the degradation of the powder due 
to Cu oxidation forming CuCb and Cu(OH)Cl was minimised

A PL spectrum measured at 10K for a CuCl on Si (100) sample, grown from CuCl 
powder of 99 999% purity, is shown in fig 4 10 A similar spectrum was obtained for 
CuCl on Si (111) as shown in the inset Four peaks are evident in the spectrum The
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peak which occurs at ~ 3.212 eV (A ~ 387nm) is the Z3 free exciton peak. Due to the 

large binding energy of the free exciton (~ 190 meV), this peak was also clearly 

evident in room temperature PL measurements at an energy E = 3.236 eV (>. ~ 
384nm) shown in fig.4.13.

Energy (eV)
3.25 3.20 3.15 3.10 3.05

Wavelength (nm)

Fig. 4.12 P h o to lu m in e sc e n c e  sp e c tru m  o f  C u C l o n  Si (1 0 0 ) a t 10K . In se t P L  sp e c tru m  o f  

C u C l o n  Si (1 1 1 )

On the low energy side of the free exciton, the Ij bound exciton peak occurs at ~ 

3.189 eV (A ~ 389.8nm). The energies for the free and bound exciton peaks agree 

exactly with previous reported measurements for CuCl bulk crystal at 8 K [87] and 

thin films on AI2O3 [90]. A third peak, which appears at 3.166eV (A, -  392.7nm) is 

identified as a free biexciton M. The free biexciton results from exciton-exciton 
collisions resulting in the formation of an excitonic molecule (so called biexciton). It 
is known that emission from both the transverse, Mj, and longitudinal, Ml, bi-
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excitons occur at 3.171 and 3.165 eV, respectively [186]. However as the 
experimental resolution was 0.3nm, we were unable to resolve two peaks. It should be 
noted that high energy excitation such as at 244 nm (5.09 eV) enhances the bi- 
excitonic features in the spectrum. At 3.141 eV (X ~ 395.8 nm) a fourth peak labelled 

Ni is evident, and likely originates from a biexciton bound to an impurity. Similar to 
the Ii bound exciton, the most probable candidate for the impurity is considered to be 
a neutral acceptor [90]. These peak assignments were further confirmed by 
performing power dependent PL measurements, undertaken at 10K [189]

Energy (eV)

3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9

Wavelength (nm)

F ig . 4 .1 3  R o o m  tem p e ra tu re  P L  sp ec tra  o f  C uC I o n  S i (1 0 0 ). In se t P L  sp ec tru m  o f  C u C l on  

Si (1 1 1 )

The room temperature spectra (shown above) are dominated by the Z3 free exciton 
peak. The FWHM determined by fitting with a Gaussian curve was 10.37nm (87meV) 
for CuCl on Si (100) and 10.64nm (93meV) for CuCl on Si (111). This compares well
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to the value of 86meV reported for room temperature PL emission in ZnO [190], 
indicating the high optical quality of the CuCl thin films. It is slightly broader than 
typical values reported for room temperature UV emission in GaN e.g. 70meV for 
GaNon Si (111) [191].

A small shoulder appearing on the high energy side of the Z3 peak at 1 OK is identified 
as the Zj 2 free exciton peak. In a spectrum taken at 240K the two peaks are clearly 
defined at 3.238 eV (Z3) and 3.318 eV (Zi52) as shown in fig. 4.14.

W a v e le n g th  (nm )

F ig . 4 .1 4  PL  sp e c tru m  o f  5 0 0 n m  C u C l film  o n  Si (1 0 0 ) a t 2 4 0  K  sh o w in g  Z i>2 e x c ito n  p eak .

It is considered that the bound biexciton PL results from the optical transition from 
the bound biexciton state to the bound exciton state. Therefore the binding energy of 

the bound biexciton ( Ebx) can be estimated from the measured PL energies according

to Ebbx = Ex - E bX, where Ex and Ebx are free exciton and bound exciton energies. 

This scheme, developed by Nakayama et al. [90] is illustrated in fig. 4.13. Based on
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this principle, it is also possible to estimate the binding energies of the free biexciton 

( E ^ )  and the bound biexciton {Ebbxx) from the following equations [90,92,109]

where Ex (3 203 eV), E ^  (3 159 eV), EbX(3 181 eV) and Ebxx{3 134 eV) are free

exciton, biexciton, bound exciton and bound biexciton energies respectively taken 
from the PL spectrum at 10 K, as shown in fig 4 12

A°,M
(B o u n d  B iex c ito n )

(B o u n d  E x c ito n )

(F ree  B iex c ito n )

(F ree  E x c ito n )

G ro u n d  S ta te

F ig  4 15 N a k a y a m a  e n e rg y  sch em e  [86] fo r c a lc u la tio n  o f  ex c ito n ic  b in d in g  e n e rg ie s  o f  free 

s ta te s  ( r ig h t-h a n d  s id e) an d  b o u n d  s ta te s  ( le f t-h a n d  s id e )  M , X  an d  A 0 d e n o te  th e  free  

b ie x c ito n , Z 3 free ex c ito n  an d  n e u tra l a c cep to r, re sp e c tiv e ly

The estimated binding energies are 22+2 meV for the bound exciton, 44±2 meV for 

the free biexciton and 47±2 meV for the bound biexciton [189] Values for the bound 

exciton and bound biexciton are in exact agreement with previously reported values
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for vacuum deposited CuCl thin film on AI2O3 [90]. However the free biexciton 
binding energy for the CuCl on Si system is found to be approximately 10 meV 
higher than that reported for the CuCl thin film on AI2O3. The extracted values are 
also in good agreement with the earlier literature reports for single crystal CuCl [192].

We have also studied the temperature dependence of the PL spectra of CuCl thin films 
on Si substrates grown from CuCl powder of 99.999% purity over the temperature 
range 10 K to room temperature. Again similar behavior is observed for both the Si 
(100) and Si (111) substrates.

Wavelength (nm)

Fig. 4.16 PL sp e c tra  o f  C u C l (99 .999% ) on  Si (100) as a  fu n c tio n  o f  tem p e ra tu re . (A n  

in te n s ity  o ffse t h as b e en  a p p lie d  fo r  c la rity .)

F ig . 4 .1 6  sh o w s  th e  te m p e r a tu re  d e p e n d e n c e  o f  th e  P L  s p e c tr a  fo r  h ig h  p u r i ty  C u C l 
th in  f i lm s  o n  S i (1 0 0 ) . F o r  th is  s a m p le , th e  p e a k  in te n s i t ie s  o f  th e  f re e  b ie x c ito n  (M ) 
a n d  b o u n d  b i-e x c i to n  (N j)  d e c re a s e  m o re  ra p id ly  w ith  in c re a s in g  te m p e r a tu re  in

115



L. O’Reilly Growth and Characterisation of Wide-bandzap y-CuCl on near lattice-matched Si

comparison to the free exciton ( Z 3)  and bound exciton (Ij). At temperatures above 80 

K only the free exciton (Z3) peak is evident. A broad feature centred at ~ 413 nm 

appears at approximately 128K, reaches a maximum intensity at 117K and disappears 

again below 100K as shown in fig. 4.17.

1400-

d

&(/) 7 0 0 -
c<1>
c

0-

Fig. 4.17 Temperature dependent PL spectra o f  CuCl (99.999% ) on Si (100) showing the 

appearance o f  a metastable state

Such a metastable transition has not been previously reported and may be due to the 

thermal dissociation of the bound states. The thermal stability of the films was 

investigated by Dr. Anirban Mitra through analysis of the temperature dependence of 

the peak intensities. The temperature dependence of the Z 3, free exciton, and M, free 

bi-exciton, peak intensities are presented in reference [189]. In the higher temperature 

region the PL intensity decreases exponentially mainly due to thermally activated 

non-radiative recombination mechanisms. The temperature dependence of the PL 

intensity can be expressed by the Arrhenius equation:

i r k = W  = 0K)/[\ + Aexp(-E,/kT)]

M etastable state

100K
117K

128K

140K
350 400

Wavelength (nm)
450
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where A is a constant, Et i s  the thermal activation energy, k is the Boltzmann constant, 

and T is the ambient temperature m Kelvin The thermal activation energies for the 

free exciton and free bi-exciton are determined to be 120+10 meV and 24 3+0 5 meV, 

respectively The free exciton thermal activation energy in our CuCl on silicon system 

is found to be less than previously reported for single crystal CuCl (150 meV) and 

evaporated thm film CuCl (250 meV) [87] It is also noted that the thermal activation 

energies for both free exciton and bi-exciton are less than their binding energies

We have clearly seen a difference in the optical properties depending on the purity of 

the powder which was used to deposit the CuCl film Although the film grown from 

97% CuCl powder was of reasonable quality, in order to realise the formation of 

biexcitons, the crystal quality needs to be high enough to avoid excessive scattering 

by impurities and crystalline defects before association of excitons [193] As 

biexcitons are evident in PL measurements on films grown from CuCl powder of 

99 999% purity, this indicates that they were higher quality thin films The optical 

properties of the CuCl films on Si substrates are similar to those previously reported 

for single ciystal CuCl and thin films on other substrates Therefore we can conclude 

that the optical quality of CuCl thm films on Si substrates is not compromised in 

comparison with single crystal CuCl

4.3 Cathodoluminescence
The optical properties of CuCl thin films grown on p-Si (100) and p-Si (111) 

substrates were further investigated by using cathodoluminescence (CL) Fig 4 18 

shows a room temperature CL spectrum of CuCl on p-Si (100) excited with an 

electron beam of lOkeV and probe current of 15nA
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Fig. 4.18 CL spectrum o f  a 500nm CuCl film on p-Si (100)

The main features of the CL spectrum include a strong emission at ~387nm (3.2 leV), 

and a broad blue-green emission band centred at ~511nm (2.43eV).The emission at 

3.2leV agrees reasonably well with the values reported in the literature for the Z3 free 

exciton emission [87,90]. As for the PL, room temperature excitonic emission is 

possible due to the large binding energy of the free exciton (~ 190 meV) in CuCl. The 

narrower red emission band at -772 nm is simply the 2nd order of the excitonic peak 

due to the diffraction grating. Therefore the CL data will normally be displayed over a 

range of 300 nm -  700 nm to avoid the reproduction of 2nd order artefacts.

When performing the CL measurements it is possible to vary both the accelerating 

voltage and the probe current of the beam. Both parameters were investigated to find 

the optimum values for investigating the CL properties of CuCl thin films on Si.
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Wavelength (nm)

Fig 419 CL spectra o f  a 500nm CuCl film  on Si as a function o f  higher accelerating voltage

The optimum accelerating energy depends on the thickness and density of the film 

being investigated as discussed in section 2 7 A selection of accelerating voltages has 

been chosen in fig 4 19 above to illustrate the general trend in CL intensity The 

interaction of the primary electron beam with the sample occurs in an excitation 

volume which is related to the density of the sample under investigation and the 

accelerating voltage For low density samples the beam penetration is approximately 

pear shaped It was shown in the Monte Carlo simulation in fig 2 9 that with an 

accelerating voltage of 5 0 keV the electron beam excited the CuCl to a penetration 

depth of -  400nm A strong CuCl excitomc peak was detected at this value A 

schematic diagram showing the excitation volume of the electron beam for 500nm 

CuCl thin film on a Si substrate is shown in fig 4 20 below for accelerating voltages 

of 5 keV, 12 5 keV and 2 keV, respectively
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F ig . 4 .2 0  S ch em a tic  d ia g ra m  sh o w in g  th e  p e n e tra tio n  d e p th  o f  th e  e le c tro n  b e am  in  C u C l as a  

fu n c tio n  o f  ac ce le ra tin g  v o lta g e

Increasing the accelerating voltage above 5 keV resulted in a decrease in the excitonic 

peak intensity, as an increasingly larger fraction of the electrons were penetrating into 

the Si substrate and therefore not of use in exciting the CuCl thin film as illustrated 

above.

The effect of decreasing the accelerating voltage below 5 keV was also investigated. 

The resulting CL spectra are shown in fig. 4.21. Decreasing the accelerating voltage 

also resulted in a decrease in the excitonic peak intensity from 5 keV to 3.5 keV due 

to the slight decrease in the volume of CuCl being excited by the electron beam.

1 2 0
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Wavelength (nm)

F ig . 4 .21  C L  sp ec tra  o f  a  5 0 0 n m  C u C l film  o n  Si as a  fu n c tio n  o f  lo w er ac c e le ra tin g  v o lta g e

A further decrease in the accelerating voltage to 2 keV caused a dramatic decrease in 

the excitonic emission intensity as only a very small portion of the CuCl thin film (to 

a depth of ~ lOOnm as indicated by the Monte Carlo simulation package) is being 

excited, as shown schematically in fig 4.20.

The probe current of the electron beam was varied in the range of InA to 15nA.

Probe Current (nA)

F ig . 4 .22  C u C l Z 3 free  e x c ito n  C L  in te n s ity  as  a  fu n c tio n  o f  P ro b e  C u rre n t w ith  an  

a c c e le ra tin g  v o lta g e  o f  5 k e V
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It can clearly be seen in figure 4.22, that as the probe current is increased the intensity 

of the CL emission also increases. This is true for both the main free exciton emission 

and the broad band centred at ~ 500 nm. In fig. 4.22 the value of the CL intensity at 

each probe current has been corrected by subtracting the background count level at 

300 nm. For probe currents ranging in value from 2.5nA to 15nA an approximately 

linear relationship exists for the change in the CL intensity of the CuCl Z3 free exciton 

as a function of probe current. The probe current was not further increased beyond 15 

nA because at this relatively high value some sample damage is likely due to surface 

charging as CuCl is a poor semiconductor in its undoped state.

In the CL data plotted in fig.4.18, the purity of the evaporated CuCl powder was 97%. 

To investigate the source of the broad defect band, a sample prepared with CuCl 

powder of 99.999% was also examined and compared to that of the CuCl 97%.

Wavelength (nm)

Fig. 4.23 C L  sp ec tra  o f  C u C l o n  Si (a) C u C l p o w d e r  p u rity  =  97% (b ) C u C l p o w d e r  p u r ity  =  

99.999%
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Comparing spectra labeled (a) and (b) of fig.4.23 it is noted that the broad band 

feature was common to samples with starting CuCl powders of both 97% and 

99.999% purity, respectively, suggesting that they are perhaps intrinsic features. It is 

however seen in the inset that the relative intensity of the Z3 excitonic emission to the 

intensity of the broad band is greater for the high purity sample. An obvious candidate 

which could be producing the broad defect band is the presence of small amounts of 

oxidised CuCl (either in the form of Cu(OH)Cl or possibly CuCh) which we know to 

be present. The CL emission of a 500nm CuCl film on Si grown from powder of 

99.999% purity was measured over a period of -  1.5 months. A selection of plots 

showing the trend is shown below.

Wavelength (nm)

Fig. 4.24 C L  sp ec tra  o f  a  5 0 0 n m  C u C l film  o n  S i as a  fu n c tio n  o f  t im e  sin ce  d e p o s itio n

A reduction in the intensity of the Z 3 free exciton emission is evident 4 days after the 

film has been deposited. After this time the intensity of the excitonic emission 

continues to slowly decrease. 43 days after deposition a weak exciton peak is still 

present in the CL spectra. This indicates that a slower degradation may occur for CuCl 

deposited on Si than for CuCl deposited on glass as the UV-Vis absorption spectra
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showed the complete removal of the excitonic peak 18 days after deposition (fig 4 4) 

However, it is also likely that CL is a more efficient way of probing the luminescence 

as the electrons will penetrate through the upper layers of degraded material to excite 

the underlying CuCl

To analyse the change in the broad band as a function of time, the ratio of the 

intensity of the Z3 exciton to that of the broadband (corrected for the background 

count level) is plotted as a function of time (fig 4 25)
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F ig  4  2 5  In te n s ity  ra tio  o f  Z 3 free ex c ito n  to  b ro ad  b a n d  e m iss io n  as a  fu n c tio n  o f  tim e  s ince  

d e p o s itio n

Initially the intensity of the excitonic peak is decreasing much more quickly than the 

intensity of the defect band and a sharp drop is seen in the Z 3 to broad band peak

intensity ratio (Int Z3/Int broad band) This can also be seen by examining the inset
)

of fig 4 24 However, after approximately 9 days the Int Z f̂lwX broad band begins to 

slowly level out We do not see any increase in the intensity of the broad band as a

Days since deposition
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function of time and therefore it seems unlikely that it can be assigned to one of the 

compounds associated with the degradation of CuCl

In an attempt to further understand the exact nature of this defect and determine its 

origin, CL was also investigated as a function of CuCl thickness Fig 4 26 shows an 

example of CL spectra for a lOOOnm and lOOnm CuCl film on Si (100), respectively, 

both samples were prepared from CuCl powder of 97% purity The broadening of the 

free exciton peak of the lOOnm film relative to that of the lOOOnm film is due to using 

a wider slit to acquire the spectra m order to have a comparable intensity of the Z3 
peak despite the smaller excitation volume

350 40 0  45 0  500  55 0  600  650

Wavelength (nm)

F ig  4  2 6  C L  sp ec tra  o f  C u C l o n  S i (1 0 0 ) (a) T h ic k n e s s  ~ 1 0 0 0 n m  (b) T h ic k n e ss  ~  lOOnm  T h e  

sp e c tru m  o f  a  Si s u b s tra te  is sh o w n  fo r  c o m p a riso n

It is clearly seen that the intensity ratio of the Z 3 excitomc emission to the broad 

defect band emission (Int Z3/Int broad band) decreases dramatically with film 

thickness from -23 0 for the lOOnm film to -7  2 for the lOOOnm film This suggests 

that this blue-green emission originates in the bulk of the CuCl crystal, not at the

1 8 0 0 0 0 -

0-
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CuCl/Si interface It could therefore be related to grain boundaries as we know from 

the XRD measurements that the CuCl thin film is poly crystalline Further evidence 

supporting this explanation was uncovered in studies of CuCl powder dissolved in 

PMMA (polymethyl-methacrylate) matrices and deposited on a silicon substrate using 

a spin-on technique followed by curing at 100°C for 30 minutesk An example CL 

spectrum of one such sample excited with an electron beam of 7keV and probe 

current of 15nA is shown in fig 4 27 below

Wavelength (nm)

Fig 4 27 C L  sp ec tru m  o f  C u C l d is so lv ed  in  P M M A  g la ss  m a tric e s  o n  Si

Although a strong free exciton peak at 389nm is still present, this spectrum is 

dominated by a broad band centred at 522nm The nature of the deposition method 

results m microcrystallites of CuCl dispersed throughout the PMMA matrices There 

is therefore a greater volume of grain boundaries compared to a thin film of CuCl 

deposited on Si by the vacuum deposition technique

k These sam ples were prepared by Sandra Jouan during a M asters research project at D ublin C ity 
University
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Similar to the studies on the PL properties, CL was also performed on CuCI thin films 

grown on both p-Si (100) and p-Si (111) substrates in order to determine whether the 

difference in crystallmity observed by XRD will have any impact on the CL emission 

An example is shown in fig 4 28 below for the lOOnm thin film with low broad band 

intensity

Wavelength (nm)

F ig  4 2 8  C L  s p e c tra  o f  lO O nm  C u C l th in  film  o n  S i (1 0 0 ) an d  S i (1 1 1 ) re sp e c tiv e ly

The CL intensity of the CuCl thin film on the Si (111) substrate is slightly less than 

that of the Si (100) substrate but there is no significant difference between the spectra 

This is consistent with the PL spectra which do not appear to be significantly 

dependent on the substrate orientation Any variations in the CL emission caused by a 

microstructural difference from growth on substrates of different orientations would 

be more likely to be detected at low temperature Temperature dependent 

measurements were not possible with this CL system In addition to being a potential 

cause of the broad blue-green emission band, the grain boundaries of the 

microcrystallites would also be expected to act as sources of non-radiative de- 

excitation As the CL intensity is strong in all samples, it indicates that the
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recombination length of the electron-hole pair is shorter than the distance between 

grain boundaries This distance is estimated at ~ 70nm from the Scherrer crystal size 

calculation extracted from the XRD data (section 3 1)
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Chapter 5

Electrical Properties and Doping of CuCl

5.1 Electrical characteristics of Undoped CuCl
The resistivity of CuCl thin films on glass was measured using a conventional four- 

point probe instrument from Veeco as described in section 2 10 All measurements 

were performed on the same day as the evaporation to avoid degradation effects 

Evaporations were performed at rates varying from 0 1 - 2  5nm/sec using CuCl 

powders of both 97% and 99 999% purity

Evaporation rate (nm/sec)

F ig  5 1 R e s is tiv ity  o f  a  C u C l th in  film  o n  g la ss  as  a  fu n c tio n  o f  e v a p o ra tio n  ra te

The resistivity data for each point shown if fig 5 1 comprises of average 

measurements of ten positions on the sample using the four-point probe For each 

point, a typical error value of ± 20£2cm is calculated from the standard deviation of 

the ten measurements Error bars are not shown, as in this scatter plot representation it
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obscured the data. The thickness of each sample was measured by atomic force 

microscopy (AFM) in order to ensure an accurate calculation of the resistivity. There 

is no clear correlation between the evaporation rate and the resistivity of the resulting 

sample. All other evaporation conditions were the same. There is a large spread in the 

calculated resistivity of the CuCl films particularly in the case of the high purity films. 

An average resistivity value of 249 ± 46£2cm and 295 ± 130i2cm was measured for 

CuCl of nominally 97% and 99.999% purity, respectively.

To determine the conductivity type of the thin films the rectification technique 

(section 2.11) is used whereby the sign of the conductivity is determined by the 

polarity of a rectified ac signal at a point contact to the semiconductor [154]. For the 

samples grown from CuCl powder of 97% purity, a small positive voltage was 

measured indicating that the conductivity of the samples was weakly n-type. The main 

impurities in this powder (as listed by the supplier) include SO4 (< 0.5%) and Fe (< 

0.01%), which may cause a doping effect. Applying the rectification technique to the 

samples grown from CuCl powder of 99.999% purity resulted in a very small voltage 

which fluctuated from negative to positive, indicating a highly resistive or 

compensated material. All the electrical measurements described in the rest of this 

chapter were performed on samples with a typical thickness of ~ 500nm, evaporated 

from CuCl powder of 99.999% purity onto a glass substrate using a standard 

evaporation rate of 0.5nm/sec.

5.2 Metal contacts on undoped CuCl
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The choice of metal used to make electrical contacts on a semiconductor depends on 

the conductivity type and work function of the semiconductor (section 2 13) For an 

n-type semiconductor an Ohmic contact is made when the work function of the metal 

is less than the work function of the semiconductor, (j>m < <|>s and for a p-type 

semiconductor the metal work function should be greater than that of the 

semiconductor, > <|)s According to this Schottky-Mott theory [158], the barrier 

height therefore depends only on the metal work function and on the semiconductor 

electron affinity This describes an ideal semiconductor-metal contact However, in 

reality the situation can be much more complicated For example, the Fermi level 

pinning in GaAs has been widely investigated and it was found that the same pinning 

energies are observed for many metals e g Au, Ag and Cu, on n-type and p-type 

GaAs [159] An Ohmic metal contact to n-type GaAs is commonly attained by using 

an AuGe-Ni-Au alloy deposited by evaporation, followed by thermal anneal [194] 

During the alloying process, Ge diffuses into the GaAs creating a highly conductive 

n+- type layer below the contact Ni improves the contact adherence Au enhances the 

out-diffiision of Ga, resulting in Ge substituting Ga sites, producing a highly doped 

n+- GaAs layer [194] This enables electron tunnelling through the surface barrier 

resulting in an Ohmic contact

The main aim in investigating metal contacts on CuCl was to enable electrical 

characterisation using techniques such as the Hall effect which requires Ohmic 

contacts The values of the work functions of some metals commonly used to make 

electrical contacts are listed in table 5 1
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Metal Work Function (eV)
A1 4.28

Au 5.1

Cu 4.65

Ga 4.2

In 4.12

Ti 4.33

Ni 5.15

Table 5.1 Work function values for some common metals [195]

As there are no reported values of the work function of CuCl and the conductivity 

type could not be determined using the rectification technique, I tried a number of 

metals of varying work functions, namely Au, Cu and A1 (work functions of 5.1 eV, 

4.65 eV and 4.28 eV, respectively) as a first test in an attempt to make Ohmic contacts 

to CuCl. Metal contacts with thickness of -  150 - 200nm were deposited by thermal 

evaporation onto the CuCl film. Fig. 5.2 below shows the current-voltage (IV) 

characteristics of evaporated Au and Cu contacts on a nominally undoped CuCl film 

on glass.

Fig. 5.2. IV  cu rv e  o f  u n d o p e d  C u C l w ith  A u  an d  C u  co n tac ts
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In both cases, approximately linear IV characteristics are measured in the range of 

±30V However, the current flowing through the sample is very low with a maximum 

value of ~5nA for Au contacts and ~7nA for Cu contacts An improvement in the 

current flow by a factor of 10 was achieved by using A1 contacts (fig 5 3), but 

considerable variation in IV characteristics was detected both within the same sample, 

and from different samples

Fig 5 3 IV  cu rv e  o f  u n d o p e d  C u C l w ith  A1 co n tac ts , tw o  p o s itio n s  o n  th e  sam e  sam p le

At best, the IV curve of A1 contacts was approximately linear in the range of ± 10V 

but this was not consistently reproducible The optical micrograph below illustrates 

what seem to be numerous grain boundaries on the surface of the A1 contact

1 5mm

Fig 5 4 O p tic a l m ic ro g ra p h  o f  e v ap o ra te d  A l c o n ta c t o n  C u C l sh o w in g  g ram  b o u n d a rie s

100-

' >

\
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The A1 evaporated on CuCl has a rough appearance and is a dull rusty brown colour 

while the A1 on glass is silver and shiny as expected This suggests that a reaction 

occurs between CuCl and A1 It is known that A1 reacts vigorously with chlorine to 

form aluminium trichloride (AICI3) [48] The following reaction can occur between 

CuCl and A1

Al(s) + 3CuCl(s) -> A1CI3(s) + 3Cu(s)

Heats of formation can be used to predict if a reaction is likely to occur [178] In this 

case, the large Gibbs energy of formation value for AICI3 of -628 8kJ [179] means 

that it is thermodynamically favourable to break the CuCl bond to form AICI3 It 

appears likely that a reaction between the A1 contact and CuCl film is the cause of the 

unpredictable IV behaviour of the A1 contacts Similar reactions are expected to occur 

between CuCl and Ti and Ni contacts forming T1CI4 and N1CI2, respectively 

Conversely, the chlorides of Au (AuCl and [AuCl3]2) are both unstable compounds 

which decompose below 300°C [48] The formation energies of these compounds are 

therefore low compared to that of CuCl [179], so no reaction occurs with CuCl To 

investigate whether the combination of a reactive metal, followed by a stable metal 

contact such as Cu or Au may allow for the enhanced current injection observed by 

using Al, while making a more reliable contact, combinations of reactive and stable 

contacts were examined Some example IV plots are shown below
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Fig. 5.5  IV  cu rv e  o f  u n d o p e d  C u C l w ith  m e ta l co n ta c ts  o f  A l-C u , T i-A u  an d  N i-A u

Al-Cu, and Ti-Au evaporated contacts both resulted in approximately linear IV 

characteristics, however the current flowing through the CuCl sample was again very 

low with a maximum of ~6nA for an input voltage of 30V which does not represent 

any improvement compared to the deposited Au and Cu contacts. The Ni-Au contacts 

were not very linear and again the current flow was very low, ~10nA. We then 

attempted to improve the IV characteristics by annealing in the temperature range of 

50-300°C for 5-30minutes in a N2 or Ar ambient. No significant changes were 

detected following heat treatment and the IV curves were very similar to those shown 

above.

Gain eutectic paste has been successfully used to make electrical contacts to wide 

bandgap semiconductors such as ZnO [128]. A Gain eutectic paste was formed by 

dissolving indium powder in gallium by heating at 200°C in the ratio of 21 weight % 

indium to form a Gain mixture with a eutectic temperature of ~15°C [196]. The paste
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was applied to the evaporated CuCl film in an inexact Van der Pauw contact 

geometry, and IV measurements performed as before.

Fig. 5.6 IV  cu rv e  o f  u n d o p ed  C u C l w ith  G a in  co n tac ts

In some cases a promising result was obtained with approximately linear IV 

characteristics in the range of ±20V and a maximum current of ~280nA as shown by 

the blue curve in fig.5.6. However this result was not easy to reproduce and a more 

common result is represented by the red curve in the same figure. Placement of the 

contacts was not precise, often resulting in an asymmetry in the IV characteristics 

from different sets of contacts in the Van der Pauw geometry. Also, it was observed 

from a colour change of the Gain contact from silver to brown that a chemical 

reaction took place with the CuCl. Similar to A1 metal, examining the 

thermodynamics of the reaction, we found that due to the large Gibbs free energy of 

formation of GaCh it was more energetically favourable to break the CuCl bond and 

form a Ga-Cl compound.

Hall effect measurements were attempted on the undoped CuCl films using metal 

contacts such as Au, Cu and Gain. In each case it was impossible to extract any Hall
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voltage from the noise fluctuations of the voltmeter on placing the sample in a 

magnetic field of 0.75T. The voltage sensitivity of our Hall measurement system was 

limited to 0.0lmV. Reported CuBr Hall effect measurements in a magnetic field of 

0.32T, detecting p-type conduction with a carrier concentration ~ 1017, quoted Hall 

voltage values as low as 0.2juV for an injection current of 0.1mA [120]. Therefore it 

seems that the very low current flow through the undoped CuCl films inhibits the Hall 

effect measurements using a conventional Hall effect set-up.

5.3 Electrolum inescence

A test electroluminescent device (ELD) based on the growth of y-CuCl on Si was 

designed in our laboratory. The aims in developing this structure were to confirm the 

compatibility of CuCl with Si, to confirm that no deleterious CuCl-Si interaction 

occurs during device fabrication, and to demonstrate UV light emission upon a lattice- 

matched Si substrate. A cross-sectional view of the ELD structure is shown in Fig.

 >  Non-transparent gold contact (100 nm)

—  --------  ------*—l ----------> Insulating capping layer (350 nm)

____________________________ _________ >  Luminescence Layer (CuCl) (500 nm)

 >  Silicon Substrate

----------------- >  Gold electrode (100 nm)

F ig . 5 .7  S ch em a tic  d ia g ra m  o f  th e  e le c tro lu m in e sc e n t d e v ic e  s tru c tu re . “A  n e w  y -C u C l b ased  
e le c tro lu m in e sc e n t d e v ic e  fo r  th e  p ro d u c tio n  o f  u ltra -v io le t lig h t o n  a  s ilic o n  su b s tra te ”
(P a tr ic k  J. M cN a lly , D a v id  C am ero n , L isa  O ’R e illy , G o m a th i N a ta ra jan , O la b a n ji F ran c is  
L u cas, A le c  R ead e r). A p p lic a tio n  N o . : 2 0 0 4 /0 4 4 2 . F ilin g  D a te : 25  Ju n e  2 0 0 4 . In te rn a tio n a l 
A p p lic a tio n  N o . P C T /IE 2 0 0 5 /0 0 0 0 7 2 .
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A gold ohmic contact layer was deposited on the unpolished side of a p-type silicon 

substrate by sputtering followed by a thermal anneal at 300°C in Ar gas The y-CuCl 

was deposited on the polished side of the prepared silicon wafer by thermal 

evaporation, as already discussed To maximise the active layer electric field, the 

insulator should have a high dielectric constant and sufficient electric field strength to 

avoid breakdown [146] In our case the insulator also had the function of 

encapsulating CuCl to protect it from the ambient As mentioned, three insulators 

were investigated in our laboratory by Francis Olabanji Lucas, (1) S1O2 deposited by 

plasma enhanced chemical vapour deposition (PECVD), (2) Organic 

poiysilsesquioxane (PSSQ) spin-on glass-based dielectric and (3) Cyclo olefin 

copolymer (COC) -based dielectric The dielectric constants of the protective layers 

were determined from capacitance-frequency plots at 1MHz to be 2 3, 3 6 and 6 9 for 

COC, PECVD S1O2 and PSSQ, respectively [181] The commercially available PSSQ 

based solution made by the Emulsitone® Inc (USA) was chosen as the insulator for 

the ELD device and was deposited using a dip-coating technique The y-CuCl/Si 

structure was immersed in PSSQ solution at room temperature for approximately 15 

minutes After withdrawing, it was dried in air for five minutes, and then baked in 

vacuo at a temperature of 150°C for 1 hour The thickness of the capping layer was 

estimated to be ~ 350 nm using a stylus profilometer Gold contacts were fabricated 

above this layer by sputtering The electric field in the luminescent layer can be 

calculated according to the following equation [146,197],

where s  is the dielectric constant, d  is the layer thickness, and the subscripts 1 and EL 

represent the insulator and the luminescent layer respectively Using the reported
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value of 7.9 [198] for the low frequency dielectric constant of CuCl, the electric field 

in a 500nm CuCl luminescence layer is calculated as 1.1 - 1.7 MVcm' 1 for applied 

voltages in the range of 100 - 150V. At these extremely high electric fields, the 

injected electrons quickly accelerate to high energies resulting in light emission 

through hot-electron impact excitation of electron-hole pairs. As the Au electrode was 

non-transparent, electroluminescence (EL) emission was observed principally from 

the edges of the electrode; hence the intensity of the spectrum is rather low.

Energy (eV)

Wavelength (nm)

F ig . 5 .8  A  ty p ic a l p lo t o f  e le c tro lu m in e sc e n c e  o u tp u t in te n s ity  as  a  fu n c tio n  o f  w a v e le n g th  a t 

ro o m  tem p e ra tu re . T h e  d a ta  w as p a sse d  th ro u g h  a  S a v itz k y -G o la y  sm o o th in g  filter.

The main feature of the spectrum (figure 5.8) is a broad band centred on 359nm 

(3.46eV). Assuming that the direct bandgap follows the same temperature dependence 

as that reported for the Z3 free exciton [81] the bandgap emission should appear at 

~361nm. Therefore the main band at 359nm is probably due to emission from the 

direct band-to-band transition. Two further peaks can be identified at ~ 380nm 

(3.27eV) and ~ 387nm (3.2leV). It is noted that in some spectra from a second

139



L. O'Reilly Growth and Characterisation ofWide-bandzap v-CuCl on near lattice-matched Si

sample prepared using the same procedure, these peaks were relatively more intense 

compared to the direct bandgap emission as shown by the red curve in fig 5.9.

Energy (eV)
3.8 3.6 3.4 3.2

Wavelength (nm)

Fig. 5 .9  C o m p a riso n  o f  E L  e m iss io n  fro m  sam p le s  A  an d  B , p re p a re d  u s in g  th e  sam e 

p ro ce d u re . T he  d a ta  w a s  p a ssed  th ro u g h  a  S av itz k y -G o la y  sm o o th in g  filte r.

The peak at ~ 387nm agrees with the Z3 excitonic emission also seen in room 

temperature CL measurements as already discussed (section 4.3). The energy 

separation of the peaks of approximately 60meV is consistent with that of the Z\^ and 

Z 3  excitons observed in room-temperature UV-Vis absorption measurements. 

Therefore the emission at ~ 380nm can be tentatively assigned to a Z \2 excitonic 

emission.

5.4 Doping of CuCI
Both n-type and p-type CuCI will be required for development of homojunction light- 

emitting diodes (LEDs). The most efficient solid-state emitters are p-n junctions; 

therefore investigations of the possibility of doping CuCI are of great interest. To the
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best of our knowledge there are no reports on the n-type doping of copper halides 

Group II elements, substituting on the Cu site, should act as electron donors Zn was 

chosen as a dopant for vacuum deposited CuCl as co-evaporation of CuCl and ZnCh 

is possible due to the similar vapour pressures (lOPa at 459°C and 356°C for CuCl 

and ZnCb, respectively [199]) Also, importantly, the ionic radii of the Cu (I) and Zn

(II) ions in tetrahedral coordination are equivalent with a value of 74pm [48] and 

therefore direct substitutions of Cu atoms by Zn should be possible

CuCl powder of 99 999% purity was mixed thoroughly with ZnCl2 powder of 98% 

purity (Merck) in proportions of one - four mole % ZnCl2 as weighed on a micro- 

balance to an accuracy of 0 001 g The CuCl/ZnCh powder mixture was heated in a 

quartz crucible and the evaporation rate, which was controlled by monitoring the 

frequency of a crystal oscillator, was approximately 0 5 nms *, similar to the undoped 

material

The rectification technique was used to determine the conductivity type of the doped 

material [154] Unlike the nominally undoped samples (99 999% purity) in which the 

measured voltage drop is very small and fluctuates from negative to positive, 

measurements on CuCl samples doped by the co-evaporation of ZnCl2 have indicated 

by a stable positive voltage at several positions on the sample, that without exception 

the material is n-type The resistivity of the samples was investigated using a standard 

four point probe and is plotted as a function of mole % ZnCl2 m fig 5 10
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M ole %  Z nC I2

F ig  5 1 0  R e s is tiv ity  o f  C u C l film  as  a  fu n c tio n  o f  m o le  %  Z n C l2

A clear decrease in the resistivity of the CuCl thin film was detected, with values 

decreasing from an average value of 295Qcm for undoped material (99 999% 

powder) to 37Qcm for a sample doped with a nominal 3 mole % ZnCh Increasing the 

doping level to a nominal 4 mole % ZnCh resulted in a similar resistivity value This 

suggests that a saturation level has been reached When performing the four-point 

probe measurements a standard value of 25V DC was applied to the outer probes on 

the sample Although we see only a small drop in resistivity (-18%) from the
i

undoped film to that doped with a nominal 1 mole % ZnCh, there was a distinct 

increase (greater than two orders of magnitude), in the average current measured for 

the same applied voltage
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Mole % ZnCI2

Fig 511 Average current measured for an applied voltage of 25 V as a function of mole % 

ZnCl2

This increase in current continued at higher doping levels as shown in fig 5 11, and 

begins to level out at 3-4 mole % doping in agreement with the resistivity results 

It is clear that the doped films have a considerably greater current-carrying ability 

compared to the undoped CuCl films

5.5 Metal Contacts and Hall Effect

A number of combinations of metal contacts were investigated in an attempt to 

deposit high quality Ohmic contacts on Zn-doped CuCl to enable electrical 

characterisation using the Hall effect Some example IV curves are shown in fig 5 12 

below for evaporated Au contacts and contacts prepared by evaporating first Al, 

followed by Au
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\

F ig  5 1 2  IV  ch a ra c te ris tic s  o f  C u C l d o p ed  w ith  a  n o m in a l 3 m o le  % Z n C l2 w ith  A u  an d  A1 +  

A u  m e ta l co n ta c ts

For the Al-Au contacts, there is a marked increase in the current values (~90nA at 5V) 

compared to the values of undoped CuCl (~12nA at 5 V) This is to be expected due to 

the improved current-carrying ability of the Zn-doped films However the IV curve is 

non-linear and therefore unsuitable for Hall effect measurements

Although the IV characteristics of the Au contacts are roughly linear in the voltage 

range of +3V, it was found that on increasing the voltage input a rectified IV 

behaviour occurred as shown in fig 5 13 below
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Fig. 5 .13  R e c tif ie d  IV  c h a ra c te r is tic s  o f  Z n -d o p e d  C u C l w ith  A u  m e ta l co n tac ts

In reported work on the electrical characterisation of CuBr, IV measurements were 

performed using both Au and Cu electrical contacts in a sandwich type structure 

(Au/CuBr/Au and Cu/CuBr/Cu) [122]. Non-linear IV responses were measured using 

Au electrodes while Cu electrodes resulted in an Ohmic behaviour. They attributed 

this result to the blocking of ionic current by the Au electrodes which is a purely 

electronic conductor while the Cu electrodes conduct both ionic and electronic current 

[122,123]. As Au contacts to undoped CuCl resulted in linear IV characteristics (fig. 

5.2), this implies that doping CuCl with Zn may result in increased ionic current as 

well as an electronic doping effect. However there are other unknown factors 

affecting the contact mechanism such as barrier heights, Fermi level pinning and 

surface states [200].

Ohmic contacts to CuCl doped with a nominal 2-3 mole % Zn in the range of ±5V 

were achieved using Cu-Au co-evaporated metal contacts. A thermal anneal at 150°C 

for 5 minutes in Ar gas improved the uniformity of the contact pairs in the Van der
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Pauw structure. The Cu will allow for ionic conduction but it reacts readily with 

oxygen to form CuOx compounds. Combining it with Au appears to stabilise the 

contact.

F ig . 5 .1 4  L in ea r IV  c h a ra c te ris tic s  o f  C u C l d o p ed  w ith  a  n o m in a l 3 m o le  %  Z n C l2 w ith  C u - 
A u  m e ta l co n ta c ts

The average measured current values at 5V ranged from l-2fiA for a CuCl sample 

doped with a nominal 3 mole % ZnC^. This is a distinct improvement compared to 

the undoped CuCl in which the maximum current was ~10nA for metal contacts with 

a linear IV response. Van der Pauw resistivity and Hall effect measurements were 

carried out on samples with doping levels of l-3mole% ZnC^. In the case of the 

sample with nominally 1 mole % doping, Hall measurements were not possible using 

the HL5500PC Hall Effect apparatus from ACCENT due to contact problems. Results 

were obtained for CuCl samples doped with nominally 2-3 mole %  ZnC^. N-type 

conductivity was detected in -70% of the performed Hall measurements on each 

sample. This peculiar behaviour of observing both types of conductivity for the same 

sample may reflect an electrical instability in the Zn-dopcd CuCl samples. This may 

result from two competing conductivity mechanisms, namely electron conduction
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from the substitution of Cu by Zn and hole conduction due to the presence of Cu 
vacancies which are known to be present in undoped material [113,114] and may also 
be introduced due to excess chlorine from co-evaporation with ZnC^. D.C. Look et 

al. have reported that the seeming electrical instability for p-ZnO can often be traced 
to noisy Hall effect measurements [201]. When using the Van der Pauw method, two 
switching configurations must be used, so that altogether, eight different 
measurements must be taken to determine a single Hall voltage. If contact noise is 
high, as in our case, a noise spike during just one of the eight Van der Pauw 
measurements can greatly affect the final result. This contact noise is another factor 
leading to a variation in the results. Fig. 5.15 shows the spread in carrier concentration 
and mobilities of the n-type samples as a function of mole % ZnC^.

Electron Mobility (cm2/V.s)

Fig. 5.15 E lec tro n  c a rr ie r  c o n c e n tra tio n  vs. m o b ility  ex tra c te d  fro m  ro o m  te m p e ra tu re  H all 

e f fec t m e a su re m e n ts  o f  C u C l sam p le s  d o p ed  w ith  n o m in a lly  2  an d  3 m o le  %  Z n C l2

For these CuCl samples doped with a nominal 2 mole % ZnCl2 the average electron 
carrier concentration w~ 9 x 1014cm'3 and Hall mobility ji~ 45 c m W 1. For the 
sample doped with nominally 3 mole % ZnCb the measured average concentration
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increased by approximately one order of magnitude to n~ 1 x 10I6cm3 and the

average Hall mobility reduced slightly to ¡u~ 29 c m W  (Points in which the

2 11measured mobility was greater than 200cm v s were disregarded in the calculations 

of averages to present a clearer picture of the general trend ) Contact problems 

prevented a temperature dependent Hall effect study

The measured carrier concentrations are rather low compared to typical values of 

1018-102° for other doped semiconductors It is important to note that the doping 

efficiency of the CuCl/ZnCl2 co-evaporation method is very low The maximum net 

donor concentration measured for 3 mole % ZnC^ ~1016 cm3 is much smaller than 

the theoretical maximum Zn concentration of 7x1020 cm3 Therefore the activation 

efficiency could be as small as 0 001% for this doping method, but it is also likely that 

the maximum concentration is not achieved through co-evaporation A higher doping 

efficiency would be expected from radio frequency (RF) sputtering or liquid phase 

epitaxy (LPE) growth techniques This will be pursued in future work

5.6 Impact of Zn-doping on Structural and Optical Properties 

5 61 Structural Properties
A clear improvement in the electrical properties of CuCl was achieved by using the 

CuCl/ZnCh co-evaporation doping method Therefore it was important to assess the 

impact (if any) of Zn-doping on the structural and optical properties of the CuCl films 

both on glass and on Si substrates Immediately following deposition of CuCl on 

substrates of glass, Si (111) and Si (100), respectively, XRD measurements were 

performed to monitor the crystallimty of the deposited CuCl thin films doped with
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ZnCh. These XRD scans were then compared to the diffraction pattern of undoped 

CuCl thin films. Indexing of the interplanar spacing using the Bragg equation for the 

cubic unit cell, confirmed that, consistent with the undoped material, the Zn doped 

CuCl film was in the cubic zincblende form as expected at room temperature.

As glass is an amorphous substrate it should have no influence on the crystal 

orientation of a thin film grown upon it. Fig. 5.16, curve (a) shows a typical XRD 

pattern taken in the Bragg-Brentano geometry of undoped CuCl deposited on a glass 

substrate. In this case the intensity is multiplied by a factor of 5, and an offset applied 

so it can be clearly represented on the same scale as that of the more intense 0-20 

diffraction pattern of a CuCl film doped with a nominal 1 mole % ZnCh, shown in 

fig. 5.16, curve (b).
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Fig. 5.16 X -ray  0 -2 0  d if f ra c tio n  p a tte rn  o f  (a) U n d o p e d  C u C l o n  g la ss  (x  5) a n d  (b )  C u C l 
d o p e d  w ith  a  n o m in a l 1 m o le  %  Z n C l2

The measurements were performed under identical conditions. The evaporated 

undoped CuCl film on glass is polycrystalline with a preferred <111> growth
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direction A small peak identified as a CuCl (220) reflection is also clearly evident 

The CuCl (111) and (220) peaks occur at 20 = 28 532°and 20 ~ 4746° respectively 

corresponding to a lattice constant of 5 414A When compared to curve (b), there is a 

noticeable improvement in the cry stall mity of the CuCl thin film by addition of 1 

mole % ZnCh to the evaporation crucible For higher doping levels, there was also an 

increased (111) intensity although no definite trend emerges as shown in fig 5 17 

below in which the ratio of the intensity of the CuCl (111) crystalline peak for doped 

and undoped CuCl is plotted as a function of mole % ZnCh

Mole % ZnCI2

F ig  5 1 7  T h e  in te n s ity  ra tio  o f  th e  C u C l (1 1 1 ) re f le c tio n  fo r  d o p e d  a n d  u n d o p ed  m a te ria l as a  

fu n c tio n  o f  m o le  %  Z n C l2

For all doping levels the intensity of the CuCl (111) reflection is at least four times 

greater than that of the undoped material and is as much as fifteen times greater in the 

case of doping with 1 mole % ZnCh The diffraction pattern of the Zn-doped CuCl 

film is dominated by an intense (111) CuCl peak at 20 = 28 537°, no other peaks are 

readily identifiable in this geometry although there was some evidence of CuCl (220)
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and (311) reflections when a glancing angle of 2° was used to probe the surface layers 

of the thin film.

A comparison of the rocking curve of the CuCl (111) peak for an undoped sample to 

that of the sample doped with a nominal 1 mole % ZnCl2 is shown in fig. 5.18 below. 

No rocking curve peak is detected in the case of the undoped CuCl film. This 

indicates that the (111) oriented crystallites do not lie in an ordered array; rather they 

are positioned randomly with respect to the surface.

Theta (deg)

F ig . 5 .1 8  R o ck in g  cu rv e  o f  C u C l (1 1 1 ) re f le c tio n  o f  u n d o p e d  C u C l o n  g la ss  co m p a re d  to  
C u C l d o p ed  w ith  a  n o m in a l 1 m o le  %  Z n C l2

An intense rocking curve peak with a FWHM of 0.38° is measured for the Zn-doped 

film. This indicates that the (111) crystallites of the polycrystalline Zn-doped CuCl 

film, are growing in a well aligned geometry. The improvement in the crystalline 

quality of the doped material may be related to the interaction of CuCl with ZnCh in 

the evaporation crucible. CuCl forms eutectics with numerous halides. This has been 

utilised for flux growth using the Bridgeman technique [65,73] to lower the melting
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point of CuCl below the wurtzite- zincblende solid state phase transition at 407°C It 

is possible that the addition of ZnCl2 to the CuCl helps to lower the temperature at 

which the powder evaporates resulting in deposited films with improved crystallinity 

The Scherrer formula [169] was used to estimate the crystallite size from the X-ray 

diffraction data of the undoped and doped CuCl on glass The average crystallite size 

of the undoped CuCl was calculated as ~58nm This increased by approximately 10- 

15nm for the Zn-doped samples No particular trend was established with respect to 

the Zn-doping concentration

Due to the small difference in the lattice constants of y-CuCl and Si, the Bragg peaks 

occur at very similar 20 values in the XRD spectra CuCl thin films grown on Si (100) 

substrates are polyciystalline in nature with no clear epitaxial alignment with the 

substrate (section 3 1) No significant difference was seen in the structural properties 

of the CuCl films doped with Zn and the undoped samples on a Si (100) substrate 

The only peak seen in the Bragg-Brentano geometry for undoped CuCl grown on a Si 

(111) substrate is an intense (111) reflection at 20 «28 50° Rocking curves are 

therefore used to investigate the alignment of the (111) CuCl grains with the 

underlying Si (111) substrate Fig 5 19, curve (a) shows a rocking curve of a CuCl 

thin film on Si (111) substrate (blue line) superimposed on a rocking curve of a Si 

(111) wafer (red line)
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ZJ
J  - (/> c  <D -c

10 11 12 13 14 15 16
Theta (deg)

Fig 5 19 R o ck in g  c u rv e  o f  Si (1 1 1 ) is  co m p a re d  to  (a) R o ck in g  c u rv e  o f  u n d o p e d  C u C l o n  Si 

(1 1 1 ) an d  (b ) R o ck in g  c u rv e  o f  C u C l d o p e d  w ith  a  n o m in a l 3 m o le  %  Z n C l 2 o n  Si (11 1 )

A distinct broadening at the base of the rocking curve is seen in the case of the CuCl 

thin film This suggests that the CuCl film consists of polycrystalline grains of (111) 

orientation, which are not in perfect alignment with the Si substrate as discussed in 

section 3 1 For Zn-doped CuCl samples, doped with a nominal 2 mole % CuCl and 

greater, a separation of the CuCl (111) and Si (111) reflections is seen in the rocking 

curve This is particularly pronounced in the case of samples doped with a nominal 3- 

4 mole % ZnCl2 A rocking curve of a CuCl film doped with a nominal 3 mole % 

ZnCh grown on Si (111) is shown in fig 5 19, curve (b) A distinct peak due to the 

CuCl epitaxial layer occurs at 14 19°, while a second peak from the Si (111) substrate 

is seen at 11 6° This separation is not only due to the small lattice mismatch between 

the Si and CuCl, but mainly caused by a tilt angle between the substrate layer and the 

epitaxial layer [202,203] The Si (111) substrates used have been cut off-axis by -  2- 

3° in the <110> direction by the manufacturer The CuCl (111) crystal planes do not 

grow parallel to the Si (111) planes, rather the CuCl growth appears to proceed in a
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manner similar to the preferentially oriented (111) growth on the glass substrate (fig 

5 18) Therefore a tilt of -  2 6° exists between the Si substrate and CuCI epilayer The 

measured FWHM of 0 09° for the CuCI (111) rocking curve peak compared to 0 03° 

for the Si (111) peak is indicative of the reasonable crystalline quality of the material

The upward shift in the (111) 20 peak position on both glass and Si substrates 

indicates a decrease in the lattice constant for the doped samples The diffraction 

patterns of CuCI on glass were used to calculate the lattice constant A minimum 

lattice constant of 5 411A was found for a CuCI sample doped with a nominal 4 mole 

% ZnCk A small spread in the average values of the lattice constant was found over 

the doping range investigated using a number of samples at each doping 

concentration

Mole % ZnCI2

F ig  5  2 0  L a ttic e  c o n s ta n t c a lc u la te d  fro m  X -ra y  d if f ra c tio n  o f  d o p ed  C uC I o n  g la ss  as  a 

fu n c tio n  o f  m o le  %  Z n C l2

Although there was some variation in the measured values as indicated by the error 

bars in fig 5 20 there is a clear difference in the lattice constant of the undoped and
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doped CuCl, which tends to further decrease as the Zn doping level increases. The 

electronegativity of Cl is 3.0, while those of Cu and Zn are 1.9 and 1.6, respectively. 

An increased electronegativity difference should result in a tighter bonding structure 

causing a slight decrease in the lattice constant. This is consistent with substitution of 

some Cu sites by Zn and therefore in agreement with the electrical data.

5.6.2 Optical Properties

In fig. 5.21, the room temperature UV-VIS absorption spectrum of undoped CuCl is 

compared to that of Zn-doped CuCl on glass substrates. The sample doped with a 

nominal 2 mole % ZnCh is shown both immediately after deposition and one day 

later.

4
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Fig. 5.21 U V -V IS  a b so rp tio n  sp e c tru m  o f  u n d o p e d  C u C l o n  g la ss , c o m p ared  to  th a t o f  C u C l 

d o p ed  w ith  a  n o m in a l 1 -4  m o le  %  Z n C l2; m e a su re m e n t ta k e n  im m e d ia te ly  a fte r  d e p o s itio n , 

an d  re p e a te d  o n e  d a y  a fte r  d e p o s itio n  o f  th e  C u C l d o p ed  w ith  n o m in a lly  2  m o le  %  Z n C l2.

The main peak results from the contribution of both high and low energy excitonic 

bands, known as the Z\^ and Z3 excitons, respectively. This peak (although slightly

Undoped

Z1’2 f \
1 mole % ZnCI2
2 mole % ZnCI2
2 mole % ZnCI21 day later

I 3 mole % ZnCI2
I 4 mole % ZnCI2

' ^—_

t 1 r
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reduced in intensity compared to the undoped sample) is evident for CuCl samples 

doped with a nominal 1-3 mole % ZnCb measured immediately after deposition The 

main peak at 372 nm (3 34eV) for the Z\ 2 exciton and a slight shoulder at 379 nm 

(3 28eV) corresponding to the Z3 exciton, agree within the resolution of the 

instrument with the energy values of the undoped CuCl thin film and are in close 

agreement with values reported by other authors for room temperature CuCl 

absorption measurements [79,84] However doping of CuCl with nominally 4 mole % 

ZnCb has severely damped the exciton and only a small bump appears at the 

wavelength of the excitomc emission For the sample doped with a nominal 2 mole % 

ZnCb, the excitomc emission has been completely quenched after just one day This 

is explained by the fact that CuCl is sensitive to moist air Under the influence of light 

and moisture, hydrated oxyhalides of Cu"  ̂are formed [49] This reaction can be easily 

recognised by a colour change in CuCl associated with the presence of the greenish 

colour Cu"̂  10ns and appears to be accelerated by the incorporation of Zn into the 

CuCl crystal This is probably because ZnCb is also known to be hygroscopic [204] 

A protective layer is needed to prevent this process as it causes the optical degradation 

of the films We have previously shown that the excitomc emission of the UV/VIS 

spectrum of an undoped CuCl sample is maintained at the same intensity for at least 

three weeks by capping with liquid glass [205] Testing the effectiveness of this 

system to seal the Zn-doped CuCl thin films is currently underway

In fig 5 22 the transmittance spectrum of the undoped CuCl thin film is compared to 

the transmittance spectrum of Zn-doped CuCl The spectrum of the sample doped 

with a nominal 2 mole % ZnCl2 is again shown both measured immediately and one 

day after deposition
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100-
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Fig. 5.22 T ra n sm is s io n  sp ec tru m  o f  u n d o p ed  C u C l o n  g la ss , co m p ared  to  th a t o f  C u C l d o p ed  

w ith  a  n o m in a l 1-4 m o le  %  Z n C l2; m e a su re m e n t ta k e n  im m e d ia te ly  a fte r  d e p o s itio n , an d  

rep e a te d  o n e  d a y  a fte r  d e p o s itio n  o f  th e  C u C l d o p ed  w ith  n o m in a lly  2  m o le  %  Z n C l2.

The slight reduction in the transmission for the freshly prepared Zn-doped sample is 

not unexpected as it has been previously reported that addition of ZnCb to the flux, in 

experiments on the growth of CuCl single crystals from the melt, resulted in crystals 

that were slightly opaque in appearance [65]. By comparing figures 5.21 and 5.22 we 

see that the quenching of the excitonic emission one day after deposition is 

accompanied by a decrease in the transmittance of the Zn-doped films. At higher 

doping levels (nominally 3-4 mole % ZnCh) the transmittance of the films (measured 

within 30 minutes after removing from the vacuum chamber) was less than 60% at all 

wavelengths investigated and below 20% at wavelengths shorter than 450nm. This is 

very similar to the transmittance spectrum shown for the sample doped with a nominal 

2 mole % ZnCl2 one day after deposition indicating that some degradation occurs 

immediately for the higher doping levels investigated. For optoelectronic device 

applications both the electrical conductivity and the optical transmission should be as
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high as possible [206]. Therefore it is important to ensure that the transmissivity is not 

compromised by doping. The drop in transmission as the doping level is increased can 

be overcome by using a suitable capping layer evaporated in situ to seal the Zn-doped 

CuCl from the atmosphere before opening the vacuum chamber. CaF2 has previously 

been used as a confining/protective layer in the growth of CuCl quantum well 

structures [207]. A transparent CaF2 capping layer was evaporated over a Zn-doped 

CuCl film without breaking the vacuum.

Wavelength (nm)

Fig. 5.23 T ra n sm iss io n  sp ec tru m  o f  C u C l d o p ed  w ith  a  n o m in a l 3 m o le  %  Z n C l2, as d e p o s ite d  

u n c ap p ed  an d  w ith  an  in situ C a F 2 c a p p in g  lay e r

The transmission of the CuCl film doped with nominally 3 mole % ZnCl2 and capped 

by evaporating CaF2 is greater than 90% in the range of 400-900nm. This confirms 

that the low transmission of the uncapped sample is due to a fast reaction with the air 

resulting in an opaque film surface. The CaF2 capping layer did not prevent the 

degradation of the film which still occurred within 2-3 days.
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The optical emission of the Zn-doped samples grown on silicon substrates of (111) 

and (100) orientation were investigated using PL1 and CL. The films doped with 

nominally 1-3 mole % ZnCl2 have strong room temperature photoluminescence 

properties as shown in fig 5.24.
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F ig . 5 .2 4  R o o m  te m p e ra tu re  P L  o f  C u C l d o p ed  w ith  1-4 m o le %  Z n C l2 g ro w n  o n  a  Si (1 00 ) 

su b s tra te

For the Zn-doped films deposited on a Si (100) substrate, there appears to be a 

decrease in the intensity of the Z3 free exciton emission as the doping concentration is 

increased. In agreement with the UV-VIS data, the excitonic emission has been 

quenched for the sample doped with a nominal 4 mole % ZnCl2. For the samples 

deposited under the same conditions on a Si (111) substrate, the room temperature PL 

intensity is approximately the same for samples with a doping level of 1-3 mole %  

ZnCh as shown if fig. 5.25. Again no excitonic emission is detected at room 

temperature for the sample nominally doped with 4 mole % ZnCl2

1 The PL m easurem ents on Zn-doped CuCl film s w ere also perform ed by Dr. A nirban M itra in the 
Sem iconductor Photonics Group at Trinity College, Dublin
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Wavelength (nm)

Fig. 5.25 R o o m  tem p e ra tu re  P L  o f  C u C l d o p ed  w ith  1-4 m o le %  Z n C l2 g ro w n  o n  a  S i (111) 

su b s tra te

The FWHM of the room temperature Z3 exciton peak on Si (100) and Si (111) are 

plotted as a function of doping concentration in fig. 5.26.

Mole % ZnCI2

Fig. 5.26 PL  F W H M  at ro o m  te m p e ra tu re  fo r C u C l d o p ed  w ith  1-4 m o le %  Z n C l2 g ro w n  o n  a  

Si (1 1 1 ) an d  Si (1 0 0 ) su b s tra te
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Although the width has increased slightly for samples doped with a nominal 1 mole% 

ZnCb compared to the undoped CuCl, in general the FWHM values of the doped 

films, (up to 3 mole % ZnCb) are equivalent or even slightly smaller than the values 

obtained from measurements on the undoped films This suggests that at these doping 

levels the PL emission is not compromised

The PL characteristics of the Zn-doped films were also investigated at low 

temperature A PL spectrum measured at 10K for a CuCl film doped with a nominal 3 

mole % ZnCb on Si (100) is shown in fig 5 27

W a v e le n g th  (nm )

F ig  5 2 7  P L  sp ec tru m  o f  C u C l d o p e d  w ith  a  n o m in a l 3 m o le  %  Z n C l2 o n  Si (1 0 0 ) a t 10K

Similar to the undoped samples, four peaks are evident in the spectrum The small 

peak which occurs at X ~ 387 9nm (3 204 eV) is the Z3 free exciton peak On the low 

energy side of the free exciton, the peak occurring at X ~ 390 6nm (3 183 eV) is 

attributed to an emission from an exciton bound to an impurity [90,186], which has 

been called the Ii bound exciton In undoped material, this impurity has previously
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been identified as a neutral acceptor, possibly a Cu vacancy [187] A third peak, 

which appears at X ~ 393 3nm (3 161eV) is identified as a free biexciton M At X ~ 

396 5nm (3 135 eV) a fourth peak labelled Ni is evident, and likely originates from a 

biexciton bound to an impurity Similar to the \\ bound exciton, the most probable 

candidate for the impurity is considered to be a neutral acceptor [90] The mam 

differences between this PL spectrum and that of the undoped material at 1 OK is a 

slight shift m the peak position towards lower energies and an increase in the intensity 

of the free and bound biexcitons relative to the free and bound excitons The relatively 

low intensity signal of the Z3 free exciton at 10K is to be expected due to the high 

level of biexcitons being formed For the formation of biexcitons, a very high quality 

film is needed to avoid excess scattering by impurities and crystalline defects before 

association of excitons [193] The continued detection of the excitons and biexcitons 

suggested to be bound to a neutral acceptor indicates that Cu vacancies may remain 

after the addition of ZnCh This is not unexpected as excess chlorine could be 

incorporated into the CuCl crystal structure resulting in a Cu deficiency This would 

introduce some acceptor levels resulting in p-type conduction as mentioned in the 

discussion of the Hall effect measurements

The PL emission at 10K for the full set of Zn-doping levels is shown below For the 

samples doped with a nominal 1% and 4% ZnCb, the intensity is considerably lower 

and was therefore multiplied by a factor of 10 in order to clearly represent it on the 

same scale
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F ig . 5 .2 8  PL  a t 10K  o f  C u C l d o p ed  w ith  a  n o m in a l 1-4 m o le %  Z n C l2 g ro w n  o n  a  Si (1 00 ) 

su b s tra te

In all cases, the Z3 free exciton emission can be detected at 10K but only the CuCl 

sample doped with a nominal 3 mole% ZnCl2 exhibits four excitonic peaks as 

discussed above. Two excitonic peaks -  the free and bound excitons are evident in the 

spectrum of the sample doped with a nominal 4 mole% ZnCl2. The broad band 

centred at ~ 415nm also appeared in some spectra for the undoped CuCl film (fig. 

4.17) and was labelled a metastable state as it vanishes again at higher temperatures, 

in this case above 72K.

Fig. 5.29 shows the room temperature CL spectra of CuCl thin film doped with a 

nominal 1-4 mole % ZnCl2. Importantly, even at the highest Zn-doping level; the light 

emission resulting from the electron beam excitation is not quenched although there is 

a reduction in the intensity. The continued detection of the excitonic emission by CL, 

despite its absence in room temperature LTV-VIS and PL studies at a doping 

concentration of nominally 4 mole %  ZnCl2 probably results from the reduced CL
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sensitivity to surface degradation compared to the other techniques as the electron 

beam will penetrate as far as the Si substrate creating a larger excitation volume

Wavelength (nm)

F ig  5 2 9  C L  sp ec tru m  o f  C u C l d o p ed  w ith  a  n o m in a l 1-4 m o le  %  Z n C l2 o n  Si (1 0 0 ) a t ro o m  

te m p e ra tu re

The main features include a strong emission at X ~ 384 7 nm (3 23 eV) assigned to the 

Z3 free exciton emission in agreement with the PL spectra, and a broad blue-green 

emission band centred at ~ 510 nm (2 43eV) This broad band also occurred in 

nominally undoped samples grown from CuCl powders of both 97% and 99 999% 

purity as discussed in section 4 3 but its exact origin has yet to be confirmed
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We have grown textured polycrystallme closely lattice-matched y-CuCI on Si (111) 

and Si (100) substrates using a simple room-temperature physical vapour deposition 

technique X-ray diffraction studies show that CuCl crystallises with a cubic 

zincblende structure and grows preferentially in the <111> direction On heating 

above 250°C a reaction occurs between Si and CuCl forming S1CI4 gas and metallic 

Cu As most devices operate at temperatures below 100°C, this should not limit 

greatly the potential applications of the CuCl-Si material system CuCl could also be 

of interest for applications where low-temperature processing is required such as 

flexible electronics

CuCl thin films (~ 500nm thick) grown on Si (111) and Si (100) substrates have been 

optically characterised We found no significant differences in the optical properties 

of the CuCl films on the Si (111) and Si (100) oriented substrates, respectively 

Exciton and bi-exciton features have been identified at low temperature using 

photolummescence Photoluminescence and cathodoluminescence reveal a strong 

room temperature Z 3 free exciton emission at ~ 387nm The optical properties of the 

CuCl films on Si substrates are similar to those previously reported for single crystal 

CuCl and thin films on other substrates Therefore we can conclude that the optical 

quality of CuCl thin films on Si substrates is not compromised in comparison with 

single crystal CuCl

Conclusions and Future Work
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CuCl is sensitive to moist air and the degradation of the film has been monitored over 

a number of weeks revealing the presence of oxidised Cu compounds such as 

Cu(OH)Cl The structural changes were examined using x-ray diffraction and x-ray 

microanalysis, and optical degradation detected using UV- Visible absorption and 

transmission measurements and cathodoluminescence To date, work in our laboratory 

has indicated that an organic polysilsesquioxane (PSSQ) spin-on glass or cyclo olefin 

copolymer (COC)-based dielectrics are successful methods of encapsulating CuCl

The application of an electrical potential difference across a metal-msulator- 

semiconductor structured CuCl on Si based electroluminescent device results in UV 

light emission Since the excitomc binding energy in this direct bandgap material is of 

the order of 190 meV at room temperature, the electron-hole recombination and 

subsequent light emission at -  380 nm and ~ 387 nm is mediated by excitomc effects 

This opens up possibilities for UV optoelectronics on lattice-matched silicon 

substrates

Working towards our ultimate goal of developing CuCl p-n homojunction UV light- 

emitting devices on Si substrates, we have grown n-type CuCl thin films with a strong

(111) crystalline orientation by co-evaporation of CuCl and ZnCl2 powders Both 

excitomc and biexcitomc emissions are detected by low temperature 

photoluminescence measurements A strong room temperature Z3 free exciton 

emission occurs at -  385nm for both photoluminescence and cathodoluminescence for 

doping levels up to a nominal 3 mole % ZnCl2 co-evaporation indicating that at these 

doping levels, optical properties are not adversely affected A minimum resistivity of 

34Qcm was recorded using a four-point probe, which represents a reduction in
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resistivity by a factor of -10 compared to the undoped samples The choice of metal 

contacts to CuCl is limited by the reactivity of CuCl with many metals such as Al, Ti, 

Ni and Ga Using Cu-Au evaporated metal contacts, annealed at 150°C for 5 minutes, 

linear IV characteristics have been measured in the range of ±4V for Zn-doped CuCl 

samples This enabled room-temperature Hall effect measurement on samples doped 

with a nominal 2-3 mole % ZnCb The average net donor concentration was measured 

as -9  x 1014cm3 and -1 x 1016cm3 for samples doped with a nominal 2 and 3 mole % 

ZnCb, respectively As the electron carrier concentration increased, the mobility 

decreased For samples nominally doped with 2 and 3 mole % ZnCh, we measured 

average mobilities of 45 cm2v ]s 1 and 29 cm2v \  respectively

This work has proven that y-CuCl on Si is a promising novel material system for 

future wide-band gap photonic devices compatible with current electronic technology 

In the next stage of the project a number of key areas need to be addressed includingr

the growth, doping, electrical characterisation and development of light-emitting 

devices

The simple evaporation growth process used in this work resulted in polycrystalhne 

CuCl films on Si substrates Single crystal CuCl films on Si and GaAs have been 

reported by using a molecular beam epitaxy growth technique [56] Liquid phase 

epitaxy (LPE) can also be used to grow a layer of single crystal semiconductor 

material on a substrate as follows (1) heat a charge composed of a semiconductor 

material and a solvent to melt the charge and form a solution of the semiconductor 

material in the solvent, (2) heat the substrate to a lower temperature than the solution 

where the temperature difference is quite small, (3) bring the substrate into contact
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with the solution, (4) cool the solution and substrate at the same rate to deposit a layer 

of semiconductor material onto the substrate, (5) remove the substrate from contact 

with the solution after a predetermined interval A new LPE growth system has been 

recently acquired by DCU In this work, we have learned that the growth temperature 

must be kept below 250°C to prevent a CuCl-Si reaction Therefore addition of a

second salt to the melt will be used to depress the melting point of CuCl Candidate

growth melts include KC1, SrCl2 and BaCl2 (eg a 60-80% CuCl -  40-20% KC1

solution has a Tm < 200°C)

Our simple test electroluminescence device structure was used to demonstrate UV 

light emission from the CuCl-Si material system However, as the top Au electrode 

was not transparent, the intensity of the output was rather low The efficiency of this 

device could be improved by using a transparent electrode such as mdium tin oxide 

(ITO) or ZnO A1 An improved optical output could allow for further characterisation 

such as time- and voltage-dependent electroluminescent measurements

We have shown that the n-type doping of CuCl is possible by co-evaporation with 

ZnCl2 Hall effect measurements were performed at room temperature, however a 

temperature dependent Hall study was prevented due to problems with the electrical 

contacts Although linear IV characteristics were achieved with Cu-Au contacts, the 

specific contact resistance which is commonly used as an indication of the quality of 

Ohmic contacts [208] was not measured A more detailed study of electrical contacts 

will be pursued in the future

The ability to dope CuCl p-type would enable us to fabricate CuCl p-n 

homojunctions Radio frequency (RF) magnetron sputtering is a plasma based PVD
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technique that is readily integratable into a manufacturing process, is robust and well 

defined, and offers a high degree of process flexibility enabling a significant degree of 

control over material fluxes to the substrate surface and overall film growth kinetics 

Recent work in our research group on the use of substrate biasing in RF sputtering of 

CuCl indicates that the copper content in y-CuCl can be controlled by the substrate 

bias It is well known that the Cu halides tend to develop Cu vacancies [113,120] 

These Cu vacancies are associated with acceptors and the Cu halides tends to be p- 

type By controlling the Cu vacancy content, via substrate biasing, we may be able to 

control the p-type doping of CuCl Additionally, the use of CuCh and Cu powder 

mixtures for novel sputter targets could vary the Cu vacancy density, thus impacting 

on p-type doping

N-type doping of CuCl may also be achieved by RF sputtering using reactive sputter 

procedures From the information gamed by CuCl/ZnCb co-evaporation, the use of Zn 

is one obvious choice with other possibilities including Fe, Co and Ni Finally, a co- 

sputtering chamber configuration could enable uninterrupted and in situ capping of 

the CuCl layers by depositing films with SiNx content in order to eliminate 

air/moisture degradation of the CuCl layer This will facilitate the final aim of 

growing and testing an integrated p-n junction structure
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A p p e n d i x  A

Characterisation of Si-SiGe Heterostructures using Micro- 
Raman Spectroscopy and Synchrotron X-Ray Topography

A 1 Introduction
H e te r o e p i ta x y  o f  G e  o n  S i is  a  r e s e a r c h  to p ic  o f  s ig n i f i c a n t  t e c h n o lo g ic a l  im p o r ta n c e  f o r  
th e  f a b r ic a t io n  o f  n o v e l  e le c t r o m c  a n d  o p to e le c t r o n ic  d e v ic e s  H o w e v e r  in  h e te r o e p i ta x y  
o f  G e  o n  S i, th e  4 %  la t t ic e  m is m a tc h  b e tw e e n  th e  tw o  m a te r ia l s  in t r o d u c e s  d e f e c ts  l ik e  
m is f i t  d i s lo c a t io n s ,  s u r f a c e  r o u g h n e s s ,  a n d  c o m p o s i t io n a l  n o n - h o m o g e n e i ty  th a t  a f f e c t  
d e v ic e  p e r f o r m a n c e  [a] T h e  c o m b in a t io n  o f  a  s u b s t r a te  a n d  a  fu l ly  o r  p a r t i a l ly  r e la x e d  
b u f f e r  l a y e r  c a n  b e  c o n s id e r e d  a s  a  v i r tu a l  s u b s t r a te  C o m p o s i t io n a l ly  g r a d e d  S iG e  la y e r s  
a r e  d e s ig n e d  to  a c c o m m o d a te  th e  la t t ic e  m is m a tc h  b e tw e e n  th e  u n d e r ly in g  S i s u b s t r a te  
a n d  th e  o v e r ly in g  a c t iv e  e p i la y e r s  H ig h  q u a l i ty  s t r a in - r e la x e d  S ij xG e x v i r tu a l  s u b s t r a te s  
o f f e r  a  n e w  d e g r e e  o f  f r e e d o m  in  s t r a in  a n d  b a n d  s t r u c tu r e  e n g in e e r in g  f o r  d e v ic e s  a s  th e y  
c a n  b e  u s e d  to  c r e a te  a  te n s i le  s t r a in  m  S i o v e r la y e r s  [b] A  te n s i l e  s t r a in  in  th e  S i d e v ic e  
r e g io n  le a d s  to  im p r o v e m e n ts  m  e le c t r ic a l  p r o p e r t i e s  s u c h  a s  e n h a n c e d  c a r r ie r  m o b i l i ty  
a n d  i t  is  e x p e c te d  t h a t  w i th m  th e  n e x t  f e w  y e a r s ,  s t r a in  e n g in e e r in g  to  e n h a n c e  C M O S  
o p e r a t in g  s p e e d s  w i l l  b e  a lm o s t  u n iv e r s a l  [c] T h e  a b i l i ty  to  a s s e s s  p a r a m e te r s  s u c h  a s  G e  
c o n te n t  a n d  s t r a in  in  a  f a s t  a n d  e f f ic ie n t  w a y  is  e s s e n t ia l  to  th e  d e v e lo p m e n t  o f  S iG e  
te c h n o lo g y  M ic r o - R a m a n  s p e c t r o s c o p y  ( s e c t io n  2  3 )  h a s  p r o v e n  to  b e  a n  e f f e c t iv e ,  
c o n v e n ie n t  a n d  n o n - d e s t r u c t iv e  m e a s u r e m e n t  m e th o d  f o r  th e  s t r e s s  o f  s e m ic o n d u c to r
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e p i ta x ia l  s t r u c tu r e s  [d] In  th i s  s e c t io n  I w i l l  p r e s e n t  th e  r e s u l t s  o f  a  s tu d y  o f  S i- S iG e  
h e te r o s t r u c tu r e s  u s in g  s y n c h r o t r o n  x - r a y  to p o g r a p h y  ( s e c t io n  A  2 )  a n d  m ic r o - R a m a n

i s p e c t r o s c o p y

T h e  S i- S iG e  e p i t a x ia l ly  g r o w n  s a m p le s  w e r e  p r e p a r e d  in  S o u th a m p to n  U n iv e r s i ty  u s in g  a  
lo w  p r e s s u r e  c h e m ic a l  v a p o u r  d e p o s i t io n  ( L P C V D )  s y s te m  [o ] I t  is  n o m in a l ly  g r a d e d  0 -  
3 0 %  m  g e r m a n iu m  c o m p o s i t io n ,  w i th  g r a d in g  a t  1 5 % /jn m  A  s c h e m a t ic  d ia g r a m  is  s h o w n  
in  f ig  A  1 b e lo w

________ -—
Si cap «50nm

Slo 7oGeo 30 « 300nm -

Slo 7sGeo 25 « 3QQnm ^

Slo eoGeo 20
~300nm ^

Slo esGeo is « 300nm ^

Sio 9oGeo io « 300nm ^

Slo 9ôGeo 05 ^300nau-—

LPCVD - grown 
Si layer

« 300nm

(001) Si substrate « 500 jim

Fig A 1 S ch em atic  d iag ram  o f  S i-S iG e  v irtu a l su b s tra te  h e te ro s tru c tu re  

A 2 White beam Synchrotron X-ray Topography
X - r a y  to p o g r a p h y  ( X R T )  is  a  n o n - d e s t r u c t iv e  im a g in g  te c h n iq u e  b a s e d  o n  th e  d i f f e r e n c e  

in  r e f l e c t in g  p o w e r  b e tw e e n  p e r f e c t  a n d  d i s to r te d  p a r t s  o f  a  c r y s ta l  I t  c a n  p r o v id e  d e ta i le d  
in f o r m a t io n  o n  th e  d e f e c t  d i s t r ib u t io n  in  c r y s ta l s  I t  is  s e n s i t iv e  to  s t r a in  f ie ld s  e x te n d in g
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o v e r  s e v e r a l  m ic r o n s  a n d  is  th e r e f o r e  u s e d  m a in ly  f o r  th e  s tu d y  o f  d i s lo c a t io n s ,  p la n a r  
d e f e c ts ,  s t a c k in g  f a u l t s ,  d o m a in  w a l l s  in  f e r r o m a g n e t ic  m a te r ia l s ,  g r o w th  d e f e c ts  o r  la r g e  
p r e c ip i ta te s  [e .f ,g ]

W h e n  a  s in g le  c r y s ta l  is  im m e r s e d  m  a  w h i te  x - r a y  b e a m , th e  la t t ic e  p la n e s  (hkl) c a n  
s e le c t  a  w a v e le n g th  f r o m  th e  c o n t in u o u s  s p e c t r u m  w h ic h  w i ll  r e s u l t  in  d i f f r a c t io n  m  
a c c o r d a n c e  w i th  B r a g g ’s  l a w  2 d hki s in 0  =  nA , w h e r e  d hki is  th e  in te r p la n a r  s p a c in g  o f  th e  
(hkl) l a t t ic e  p la n e s ,  0  is  h a l f  th e  s c a t te r in g  a n g le  a n d  n  is  a n  in te g e r  In  t h i s  w a y  v a r io u s  
r e f le c t io n s  o c c u r  a t  s p e c i f ic  a n g le s  a n d  th e  r e s u l t in g  L a u e  p a t t e r n  a r e  r e c o r d e d  u s in g  x - r a y  
f i lm s  E a c h  o f  t h e s e  t o p o g r a p h s  c o n ta in s  d e ta i l e d  s a m p le  in f o r m a t io n  L o c a l i s e d  
im p e r f e c t io n s  w i th in  th e  s a m p le  m o d i f y  th e  d i f f r a c t io n  c o n d i t io n  r e s u l t in g  in  a n  in te n s i ty  
v a r ia t io n  w i th m  th e  to p o g r a p h s  I t  is  n o t  th e  d e f e c t  i t s e l f  w h ic h  is  b e in g  im a g e d ,  r a th e r  it 
is  th e  s t r a in s  i n d u c e d  b y  th e  d e f e c t  t h a t  m o d i f y  th e  B r a g g  c o n d i t io n  w i th  r e s p e c t  to  th e  
p e r f e c t  s a m p le  r e g io n s  w h ic h  a r e  e v id e n t  in  th e  to p o g r a p h ic  im a g e

D if f e r e n t  s a m p le  g e o m e tr ie s  s u c h  a s  b a c k - r e f l e c t io n ,  t r a n s m is s io n  a n d  g r a z in g  in c id e n c e  
c a n  b e  u s e d  a s  d e s c r ib e d  b e lo w  to  o b ta in  a  v a r i e ty  o f  in f o r m a t io n  a b o u t  th e  s a m p le  u n d e r  
in v e s t ig a t io n  L a r g e  a r e a  b a c k  r e f l e c t io n  to p o g r a p h y  ( f ig  A  2 )  i s  u s e d  to  e x a m in e  h ig h ly  
a b s o r b in g  s a m p le s  I t  c a n  c h a r a c te r i s e  e p i ta x ia l  la y e r s  o r  e le c t r o n ic  d e v ic e s  o n  s u b s t r a te s  
w i th  d o m in a t in g  d e f e c t  s t r u c tu r e
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Film

X-rays
>

Sample
Lead
Beam-stop

x-rays

<r ■>
L

F ig . A .2  E x p e rim en ta l S e t-up  fo r B a ck -R efle c tio n  T o p o g ra p h y

T h e  ty p ic a l  s p o t  s iz e  o f  a  la r g e  a r e a  to p o g r a p h  is  2 m m  x  2 m m . T h is  g e o m e tr y  h a s  b e e n  
s u c c e s s f u l ly  u s e d  to  c h a r a c te r i s e  s a p p h i r e  [h] a n d  G a A s  [ i]  s a m p le s  a s  w e l l  a s  h ig h ly  
a b s o r b in g  s a m p le s  s u c h  a s  ( C d ,Z n ) T e  [j]. L a r g e  a r e a  t r a n s m is s io n  to p o g r a p h y  ( f ig .A .3 )  
c a n  a ls o  b e  u s e d  to  in v e s t ig a te  th e  d i s t r ib u t io n  o f  s t r a in  a n d  d is lo c a t io n s ,  d i s lo c a t io n  ty p e s  
a n d  d e n s i t ie s ,  a n d  f o r  a  B u r g e r s  v e c to r s  a n a ly s is  o f  d is lo c a t io n s  [k].

Film

X-rays

<■ >
L

F ig . A .3  E x p e rim en ta l S e t-up  fo r T ra n sm iss io n  T o p o g ra p h y
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E d g e  d i s lo c a t io n s  h a v in g  a  B u r g e r s  v e c to r  p a r a l le l  to  < 1 1 0 > , a lo n g  w i th  e v id e n c e  o f  
s ta c k in g  f a u l t s  a n d  c i r c u la r  d i s lo c a t io n s  h a v e  b e e n  f o u n d  in  I n A s  e p i ta x ia l  f i lm s  g r o w n  b y  
v a p o u r - p h a s e  e p i ta x y  u s in g  th e  la r g e  a r e a  t r a n s m is s io n  g e o m e tr y  [1]. S e c t io n  t r a n s m is s io n  
in  w h ic h  a  lo n g  n a r r o w  b e a m  ( ~ 4 m m  x  0 .0 1 5 m m )  is  u s e d  to  a c q u i r e  a  c r o s s  s e c t io n  
th r o u g h  th e  s a m p le  c a n  b e  u s e d  to  v e r i f y  th e  c r y s ta l  q u a l i ty .  P e n d e l lo s u n g  f r in g e s ,  w h ic h  
a r e  ty p ic a l  o f  n e a r ly  p e r f e c t  c r y s ta l s  [m] w e r e  p r e s e n t  in  th e  t r a n s m is s io n  s e c t io n  
to p o g r a p h s  o f  In S b  e p i ta x ia l  l a y e r s  g r o w n  b y  M O V P E  [n].

G r a z in g  in c id e n c e  t o p o g r a p h y  ( f ig .A .4 )  c a n  b e  a p p l ie d  f o r  a  w a v e le n g th  d e p e n d e n t  d e p th  
p r o f i le  o f  d e f e c t  a n d  s t r a in  d is t r ib u t io n s  b y  u s in g  a  r a n g e  o f  in c id e n t  a n g le s .

L

F ig . A .4  E x p e rim en ta l S e t-up  fo r G ra z in g  In c id e n c e  T o p o g ra p h y

A s  th e  c o n d i t io n  f o r  to ta l  in te r n a l  r e f l e c t io n  is  a p p r o a c h e d ,  th e  p e n e t r a t io n  d e p th  o f  th e  x -  
ra y s  in to  th e  s a m p le  is  o f  th e  o r d e r  o f  n a n o m e tr e s .  T h e  w o r k  o f  M c N a l ly  e t  al. [o ,p]
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e s ta b l i s h e d  th e  u s e  o f  a  to ta l  r e f l e c t io n  g r a z in g  g e o m e t r y  to  a n a ly s is  th e  s u r f a c e  
r o u g h n e s s  o f  a  th in  s t r a in e d  S i la y e r  o n  a  S iG e  v i r tu a l  s u b s t r a te

T h e  x - r a y  s y n c h r o t r o n  to p o g r a p h y  m e a s u r e m e n ts  m  th is  r e p o r t  w e r e  p e r f o r m e d  a t  tw o  
s y n c h r o t r o n s ,  H A S Y L A B - D E S Y  a n d  A N K A  T h e  H a m b u r g e r  
S y n c h r o t r o n s t r a h lu n g s la b o r  a m  D e u ts c h e n  E le k t r o n e n -  S y n c h r o t r o n ,  ( H a m b u r g ,
G e r m a n y ) ,  u t i l i s e s  th e  c o n t in u o u s  s p e c t r u m  o f  s y n c h r o t r o n  r a d ia t io n  f r o m  th e  D O R I S  
s to r a g e  r in g  b e n d in g  m a g n e t  T h e  r in g  o p e r a te s  a t  p o s i t r o n  e n e r g ie s  o f  4  4 5  G e V  a n d  a t  
ty p ic a l  c u r r e n t s  o f  8 0 - 1 5 0  m A  A t  th e  r e c e n t ly  c o n s t r u c te d  A n g s tr o m q u e l le  K a r l s r u h e ,  
( A N K A , K a r ls r u h e ,  G e r m a n y )  s y n c h r o t r o n  l ig h t  s o u r c e , a  s m a l l  p o in t  s o u r c e  o f  0  5 * 0  2  
m m 2 a t  a  b e n d in g  m a g n e t  o f  th e  2  5 G e V  s to r a g e  r in g  p r o v id e s  l ig h t  w i th  a  c h a r a c te r i s t ic  
w a v e le n g th  o f  2  A  [k] a n d  ty p ic a l  b e a m  c u r r e n ts  o f  1 0 0 -2 0 0  m A

T h e  to p o g r a p h  p a t t e r n s  a r e  r e c o r d e d  o n  n o r m a l  r e s o lu t io n  K o d a k  I n d u s t r e x  S R  f i lm , g r a in  
s iz e  ~  ljiim , o r  h ig h - r e s o lu t io n  S la v ic h  V R P - M  x - r a y  f i lm s  w i th  a  g r a m  s iz e  o f  
a p p r o x im a te ly  0  0 5 |im

A  3 X -R ay Topography Results

A n  e x a m p le  o f  th e  L a u e  p a t t e r n  p r o d u c e d  f r o m  a  S i- S iG e  h e te r o s t r u c tu r e  g r o w n  o n  S i 
w i th  ( 1 0 0 )  o r ie n ta t io n  u s in g  la r g e  a r e a  b a c k  r e f l e c t io n  to p o g r a p h y  ( L A - B R T )  is  s h o w n  in  
f ig  A  5
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F ig  A  5 L au e  P a tte rn  o f  a  S i-S iG e  H e te ro s tru c tu re  on  (0 0 1 ) Si su b stra te  E a ch  sp o t re p re se n ts  an  
x -ray  to p o g ra p h

I n d e x in g  o f  th e  d i f f r a c t io n  p a t t e r n  w a s  a c h ie v e d  u s in g  a  c o m p u te r  p r o g r a m  c a l le d  “ O r ie n t  
E x p r e s s ”  [q] w h ic h  m a k e s  i t  p o s s ib le  to  o r ie n t  a  s in g le  c r y s ta l  o f  k n o w n  u m t  c e l l  
d im e n s io n s  f r o m  a  s in g le  L a u e  p a t t e r n  T h e  p e n e t r a t io n  d e p th  tp, a t  w h ic h  th e  in te n s i ty  o f  
t h e  o u tg o in g  r e f l e c te d  b e a m  h a s  d r o p p e d  to  e  1 t h a t  o f  th e  in c id e n t  b e a m  d u e  to  
a b s o r p t io n ,  w a s  c a lc u la te d  u s in g  th e  k in e m a t ic a l  a p p r o x im a t io n  g iv e n  b y  [r]

1
fi{X) 1

s i n ^  s m ^

w h e r e  jj,(^ )  is  th e  w a v e le n g th  - d e p e n d e n t  l in e a r  a b s o r p t io n  c o e f f i c ie n t ,  (|>, is  th e  in c id e n c e  
a n g le ,  cjy is  th e  e x i t  a n g le ,  a n d  <|>c is  th e  c r i t ic a l  a n g le  o f  to ta l  r e f l e c t io n  m e a s u r e d  f r o m  th e  
w a f e r  s u r fa c e
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A n  e x a m p le  L A - B R T  f o r  r e f l e c t io n  1 1 7  o f  th e  L a u e  p a t t e r n  is  s h o w n  in  f ig  A  6  T h e  
p e n e t r a t io n  d e p th  o f  th e  x - r a y s  a t  th i s  r e f l e c t io n  is  3 7  4 jn m  T h e r e f o r e  th e  e n t i r e  S iG e  
b u f f e r  la y e r  is  b e in g  im a g e d  in  th i s  g e o m e t r y  T h e  p r o je c t io n  o f  th e  d i f f r a c t io n  v e c to r  g , 
o n to  th e  p la n e  o f  th e  r e c o r d in g  f i lm  is  in d ic a te d  m  th e  to p o g r a p h

L O’Reilly__________ Growth and Characterisation of Wide-bandzap y-CuCl on near lattice matched Si

<  ►
1 6mm

F ig  A  6 S i-S iG e  3 -525  L A -B R T  R e fle c tio n  117 tp=37 4 |am

W e  s e e  a  w e l l - d e f in e d  c r o s s h a tc h e d  p a t t e r n  w i th  r id g e s  r u n n in g  a lo n g  tw o  p e r p e n d ic u la r  
< 0 1 1>  d i r e c t io n s  T h is  is  c h a r a c te r i s t i c  o f  m i s f i t  d i s lo c a t io n s  T h e  p r e s e n c e  o f  m is f i t  
d i s lo c a t io n s  in d ic a te s  t h a t  th e r e  is  s t r a in  r e la x a t io n  in  th e  S iG e  b u f f e r  l a y e r s  T h e  
d is lo c a t io n  d e n s i ty  is  ~  1 4  x  1 0 5c m 2 T h e  d i s lo c a t io n  d e n s i ty ,  p , w a s  c a lc u la te d  u s in g  
th e  e q u a t io n  [h]
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p  = LIV
w h e r e  V is  th e  v o lu m e  o f  th e  w a f e r  e x p o s e d  to  th e  x - r a y s  d u r in g  th e  e x p e r im e n t  a n d  L is  
th e  to ta l  d i s lo c a t io n  le n g th  in  t h a t  v o lu m e  V is  c a lc u la te d  u s in g  th e  x - r a y  p e n e t r a t io n  
d e p th  a n d  th e  e x p e r im e n ta l  b e a m  s iz e

C h a n g in g  th e  a n g le  o f  in c id e n c e  c a n  v a r y  th e  p e n e t r a t io n  d e p th  o f  x - r a y s  in to  th e  s a m p le  
T h e  g e n e r a l  k in e m a t ic a l  a p p r o a c h  to  th e  p e n e t r a t io n  d e p th  c a lc u la t io n  is  n o  lo n g e r  v a l id  
w h e n  <(>, a n d  cj)/. th e  in c id e n c e  a n g le  a n d  e x i t  a n g le ,  r e s p e c t iv e ly ,  a p p r o a c h  <t>C5 th e  c r i t ic a l  
a n g le  o f  to ta l  r e f l e c t io n  m e a s u r e d  f r o m  th e  w a f e r  s u r f a c e  I n  s u c h  a  c a s e  t p is  c a lc u la te d  
b y  [s ],

X
t p ~ 4  4 , + l f )

w h e r e

/ , / = W
( 2 8  -  sin2 </,, f )+  f s m 2 f - 2  s j  +  (2 p f  }12 1/2

X ~oe2 '/12In  t h e s e  tw o  e q u a t io n s  X is  th e  v a c u u m  w a v e le n g th ,  p  -  — , 5 =  w h e r e4  n 2me£0(27rc)

p e is  th e  n u m b e r  o f  e le c t r o n s  p e r  u n i t  v o lu m e , me is  th e  e le c t r o n  m a s s  a n d  e is  th e  
e le m e n ta r y  c h a r g e ,  e0 is  th e  v a c u u m  p e r m i t t iv i ty  a n d  c is  th e  v e lo c i ty  o f  l ig h t  
F ig  A  7 b e lo w  s h o w s  a  to p o g r a p h ic  im a g e  t a k e n  a t  a  g r a z in g  a n g le  o f  1° A l th o u g h  th e  
m i s f i t  d i s lo c a t io n  p a t t e r n  is  s t i l l  e v id e n t ,  th e  a p p e a r a n c e  is  m u c h  r o u g h e r  th a n  f o r  th e  
b a c k  r e f l e c t io n  to p o g r a p h  m  f ig  A  6
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< —  ►
* 2 Omm * *

F ig  A  7 S i-S iG e  3 -525 , G raz in g  In c id en ce  1°, R e f le c tio n  0 1 2

A s  th e  g r a z in g  a n g le  is  f u r th e r  d e c r e a s e d  to w a r d s  th e  c r i t ic a l  a n g le ,  <|>c ~  0  0 5 ° , a t  w h ic h  
to ta l  in te r n a l  r e f l e c t i o n  o c c u r s ,  th e  r a d ia t io n  p e n e t r a te s  o n ly  a  f e w  a n g s t r o m s  in to  th e  
s a m p le  a n d  w e  c a n  o b ta in  a  d e ta i l e d  im a g e  o f  th e  s u r f a c e  la y e r  a s  s h o w n  in  f ig  A  8 
A l th o u g h  th e  m i s f i t  d i s lo c a t io n s  a r e  n o  lo n g e r  v i s ib le  a t  th i s  p o in t ,  th e  “ b u m p y ”  s t r u c tu r e  
o f  th e  s u r f a c e  is  r e la te d  to  th e  u n d e r ly in g  m is f i t  d i s lo c a t io n s
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F ig  A  8 S i-S iG e  3 -5 25 , G ra z in g  In c id e n c e  0 05°, R e flec tio n  012

I t  h a s  b e e n  o b s e r v e d  th a t ,  f o r  s o m e  s t r a in e d  e p i ta x ia l  s y s te m s ,  th e  s u r f a c e  o f  th e  la y e r  
d e v e lo p s  r o u g h n e s s  o r  w a v m e s s ,  c o r r e la te d  s p a t ia l ly  w i th  th e  p o s i t io n s  o f  th e  u n d e r ly in g  
m is f i t  d i s lo c a t io n s  [o] T h e  s t r a in  f ie ld s  d u e  to  th i s  w a v in e s s  a r e  b e in g  im a g e d  m  th e  to ta l  
r e f l e c t io n  to p o g r a p h y  m o d e

A 4 Micro-Raman Spectroscopy Results

M ic r o - R a m a n  m e a s u r e m e n ts  w e r e  p e r f o r m e d  b y  a  J o b in  Y v o n  L a b R a m  H R 8 0 0  s y s te m  in  
b a c k s c a t t e r m g  g e o m e t r y  u s in g  b o th  a  4 8 8 n m  A r + la s e r  a n d  a  3 2 5 n m  H e - C d  U V  la s e r  
e x c i t a t io n  a t  r o o m  te m p e r a tu r e  A n  lO O x ( o r  4 0 x  f o r  th e  U V  la s e r )  o b je c t iv e  w a s  u s e d  to
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f o c u s  th e  l a s e r  s o u r c e  to  a  d ia m e te r  o f  a b o u t  1 p m  o n  th e  s a m p le  s u r f a c e  T h e  s a m p le  w a s  
p la c e d  o n  a  m o to r iz e d  X - Y  s ta g e  w h ic h  e n a b le s  th e  l in e  s c a n s  T h e  R a m a n  s ig n a l  f ro m  
th e  s a m p le  w a s  c o l le c te d  b y  th e  s a m e  o b je c t iv e  a n d  d e te c te d  b y  a  l iq u id  n i t r o g e n  c o o le d  
C C D  d e te c to r  A  c o n f o c a l  h o le  o f  2 0 0 |im  a n d  a  g r a t in g  o f  1 8 0 0 g /m m  w e r e  c h o s e n  f o r  th e  
e x p e r im e n t  B e f o r e  p e r f o r m in g  th e  m e a s u r e m e n ts ,  th e  s y s te m  w a s  c a r e f u l ly  c a l ib r a te d  
w i th  a  r e f e r e n c e  u n s t r a in e d  S i s a m p le  T h e  R a m a n  s p e c t r a  w e r e  a v e r a g e d  f o r  th r e e  
a c c u m u la t io n  t im e s  to  r e d u c e  n o is e  e f f e c ts  I n  o r d e r  to  e x t r a c t  a c c u r a te ly  th e  S i R a m a n  
p e a k  p o s i t io n ,  th e  o r ig in a l  e x p e r im e n ta l  d a ta  w a s  f i t te d  w i th  a  G a u s s /L o r e n tz  f u n c t io n  
u s in g  th e  s o f tw a r e  p r o v id e d  b y  th e  m a n u f a c tu r e r

T h e  a d v a n ta g e  o f  u s in g  tw o  la s e r s  is  t h a t  i t  is  p o s s ib le  to  o b ta in  d e p th  d e p e n d e n t  s p e c t r a  
T h e  p e n e t r a t io n  d e p th  d p o f  th e  la s e r  in  th e  m e a s u r e d  s a m p le  is  e s t im a te d  a c c o r d in g  th e  
f o l lo w in g  e q u a t io n  [v],

d p= 2  3/(2<x)
w h e r e  a  is  th e  a b s o r p t io n  c o e f f i c ie n t  o f  th e  la s e r  s o u r c e  in  th e  m e a s u r e d  s a m p le  I ts  v a lu e  
c a n  b e  o b ta in e d  v ia  a n  in te r p o la t io n  o f  d a ta  l i s te d  m  A s p n e s  a n d  S tu d n a  [t] f o r  S i a n d  G e  
c r y s ta l s  T h e  c a lc u la te d  p e n e t r a t io n  d e p th s  f o r  th e  4 8 8  n m  a n d  3 2 5 n m  la s e r s  in  S i a n d  G e  
c r y s ta l s  a r e  l i s te d  in  T a b le  A 1

F o r  S ij xG e x, th e  p e n e t r a t io n  d e p th  d e p e n d s  o n  th e  c o m p o s i t io n  a n d  l ie s  b e tw e e n  th e  
v a lu e s  o f  S i a n d  G e  I t  c a n  b e  e s t im a te d  w i th  th e  f o l lo w in g  e q u a t io n  [u ],

SiGe — 0 “ X ) d p  Si + x d p  Ge
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C r y s ta l L a s e r  w a v e le n g th  
(n m )

L a s e r
(e V )

e n e r g y  10 3a  
( c m 1)

dp
(n m )

S i 3 2 5 3 81 1 2 3 5  18 9
4 8 8 2  5 4 2 0  61 5 5 8

G e 3 2 5 3 81 1 1 5 9  2 8 10
4 8 8 2  5 4 6 0 5  9 4 19

T a b le  A  1 A b so rp tio n  c o e ffic ie n t ( a )  and  p e n e tra tio n  d ep th  (d p) in  c ry s ta llin e  Si an d  G e  fo r 325  
nm  an d  488  n m  la se r ex c ita tio n  so u rces

A s s u m in g  a  G e  c o n te n t  o f  3 0 % , w e  g e t  a  p e n e t r a t io n  d e p th  o f  ~ 3 9 7 n m  f o r  th e  A r+ la s e r  
I n  e f f e c t  th i s  m e a n s  th a t  th e  R a m a n  s ig n a l  m o s t ly  c o m e s  f r o m  th e  S io 7G e o 3 r e g io n  b u t  
th e r e  is  a ls o  a  s m a ll  c o n t r ib u t io n  f r o m  S io 7s G e o 25 a s  s h o w n  s c h e m a t ic a l ly  b e lo w

U V  la s e r  A r+ la s e r

~ 5 0 n m \  rS i
~ 3 0 0 n m S icn G eo  3

- 3 0 0 n in S io 7 sG eo  25
r

1 2 0 0 n m 4  s te p s  o f  5 %  
G e  v a r ia t io n

(0 - 2 0 % )

F ig  A  9 L a se r  P e n e tra tio n  d ep th  in to  sam p le
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T h e  p e n e t r a t io n  d e p th  o f  th e  U V  la s e r  in to  th e  s a m p le  is  c a lc u la te d  to  b e  ~ 9 n m . S in c e  th e  
e x t in c t io n  d e p th  is  q u i te  s m a l l ,  th e  u s e  o f  s u c h  a  s h o r t - w a v e le n g th  e x c i t a t io n  e n a b le s  th e  
m e a s u r e m e n t  o f  th e  R a m a n  s ig n a l  f r o m  th e  th in  s i l ic o n  c a p  la y e r  w i th o u t  th e  in te r f e r e n c e  
o f  th e  u n d e r ly in g  S iG e  la y e r .

F ig u r e s  A . 10 a n d  A . 11 a r e  e x a m p le s  o f  R a m a n  s p e c t r a  u s in g  th e  4 8 8 n m  A r+ io n  la s e r .

Wavenumber (cm'1)

F ig . A .1 0  4 8 8 n m  A r+ laser, R am an  S p ec tru m  o f  u n s tra in e d  re fe re n ce  Si an d  S i-S iG e  
H e te ro s tru c tu re . T h e  in se t sh o w s c lea rly  th e  sh if t in  th e  S i-S i p ea k  p o sitio n .

T h e  s p e c t r u m  f o r  th e  S i - S iG e  s a m p le  is  d o m in a te d  b y  th e  R a m a n  p e a k  o f  th e  f i r s t  o r d e r  
S i-S i  m o d e  a t  ~  5 1 0 c m '1 b u t  p e a k s  d u e  to  S i-G e  a l lo y in g  a n d  G e - G e  m o d e s  a t  ~  4 0 4 c m '1 
a n d  ~  2 9 0 c m '1, r e s p e c t iv e ly ,  c a n  a ls o  b e  id e n t i f ie d .  I n  th e  in s e t  I h a v e  r e s c a le d  to  s h o w  
o n ly  th e  S i-S i  m o d e s . T w o  S i-S i  p e a k s  c a n  b e  id e n t i f ie d  fo r  th e  S i - S iG e  s t r u c tu r e  a n d  a r e
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c le a r ly  r e d - s h i f t e d  c o m p a r e d  to  th e  r e f e r e n c e  u n s t r a in e d  S i s a m p le  in  w h ic h  th e  S i-S i  
m o d e  a p p e a r s  a t  ~  5 2 0 c m '1. T h e  p e a k  a t  - 5 1 2 c m " 1 a r i s e s  f r o m  th e  s t r a in - s h i f te d  S i-S i  
m o d e  o f  th e  th in  S i c a p  la y e r .  A  te n s i l e  b ia x ia l  s t r e s s  in  th e  S i c a p  la y e r  w a s  c a lc u la te d  
f r o m  th e  d o w n w a r d  s h i f t  in  th e  S i R a m a n  p e a k  p o s i t io n ,  Acosi, u s in g  th e  e q u a t io n  cr,« =  

=  -A cosi/4 ( G P a )  [v ] . T h e  a v e r a g e  AcoSi =  - 8 .0 2 c m '1, th e r e f o r e  g xx =  2 .0 1  G P a . T h e  
p e a k  a t  ~  5 0 5 c m '1 is  th e  S i-S i  p h o n o n  m o d e  p e a k  o f  th e  Sii_xG ex  b u f f e r  in  w h ic h  th e  G e  
c o n te n t  in d u c e s  a  re d  s h i f t  o f  th e  S i-S i p e a k .

I t  is  a ls o  p o s s ib le  to  e x t r a c t  th e  G e  c o n te n t  o f  th e  S i- G e  b u f f e r  la y e r  b y  a n a ly s in g  th e  r a t io  
o f  th e  in te n s i t ie s  o f  th e  S i- G e  a n d  G e - G e  m o d e s  w h ic h  to  a  g o o d  a p p r o x im a t io n  a r e  
in d e p e n d e n t  o f  s t r a in .  T h e s e  m o d e s  a r e  s h o w n  in  f ig . A l l .

W avenum ber (cm-1)

F ig . A . 11 4 8 8 n m  A r+ laser, R a m an  S p ec tru m  o f  S i-S iG e  H e te ro s tru c tu re .
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O n  th e  h ig h  e n e r g y  s id e  o f  th e  m a in  S i- G e  m o d e  a t  ~  4 0 0 c m  1 a  p e a k  a p p e a r s  a t  ~  4 2 6  
c m  1 w h ic h  h a s  b e e n  a t t r ib u te d  to  a  lo c a l  S i - S i  v ib r a t io n  p e r tu r b e d  b y  G e  [w ]  A  b r o a d  
f e a tu r e  ( la b e le d  a s  q - a ) ,  o n  th e  lo w  e n e r g y  s id e  o f  th e  G e - G e  m o d e  is  g e n e r a l ly  t e r m e d  a s  
‘q u a s i - a m o r p h o u s ’ b e c a u s e  a  s im i la r  f e a tu r e  is  r e p o r te d  m  a m o r p h o u s  S ii xG e x a l lo y s  
T h e  r a t io  o f  th e  in te n s i t ie s  o f  th e  S i-G e  (Isi G e) a n d  G e - G e  ( I c e G e) m o d e s  c a n  b e  u s e d  to  
c a lc u la te  th e  G e  c o n te n t  x a c c o r d in g  to

Ŝi-Ge /  IGe-Ge =  2  ( l  ~  x )  /  Zfo
w h e r e  th e  c o e f f i c ie n t  B - 2  2 1 8  is  r e la t e d  to  th e  B o s e  f a c to r  a n d  th e  f r e q u e n c ie s  o f  G e - G e  
a n d  S i-G e  o p t ic a l  m o d e s  o f  th e  a l lo y  [x ,y ]  U s in g  th is  r e l a t io n s h ip  th e  G e  c o n te n t  is  
e s t im a te d  a s  - 2 7 %  T h is  is  s l ig h t ly  lo w e r  th a n  th e  p l a n n e d  G e  c o n te n t  o f  3 0 %  H o w e v e r  
it  s h o u ld  b e  n o te d  t h a t  th e  d e te r m in a t io n  o f  th e  G e  c o n te n t  b y  a n a ly s in g  S i- G e  a n d  G e - G e  
in te n s i ty  r a t io s  is  c o m p l ic a te d  b y  th e  lo w  in te n s i ty  q u a s i - a m o r p h o u s  f e a tu r e s  w h ic h  m a k e  
i t  d i f f ic u l t  to  a n a ly s e  th e  p e a k s  a c c u r a te ly  u s in g  s ta n d a r d  c u r v e - f i t tm g  p r o c e d u r e s  T h is  
c a n  b e  c i r c u m v e n te d  b y  u s in g  p o la r iz a t io n  t e c h n iq u e s  [w ] b u t  s u c h  f a c i l i t i e s  w e r e  n o t  
a v a i la b le  a t  th e  t im e  o f  t h e s e  s tu d ie s

F ig  A  12 b e lo w  s h o w s  a n  e x a m p le  o f  th e  R a m a n  s p e c t r a  o b ta in e d  w i th  th e  U V  l a s e r  f o r  
th e  S i - S iG e  h e te r o s t r u c tu r e  c o m p a r e d  to  th a t  o f  a  r e f e r e n c e  u n s t r a in e d  s i l i c o n  s a m p le  A s  
th e  la s e r  p e n e t r a t io n  d e p th  is  ~  9 n m , th e  e n t i r e  s ig n a l  is  f ro m  th e  th in  S i c a p  la y e r  In  
a g r e e m e n t  w i th  th e  r e s u l t s  o f  th e  A r+ la s e r ,  th e r e  is  a  c le a r  r e d  s h i f t  m  th e  S i R a m a n  p e a k  
p o s i t io n  o f  th e  s t r a in e d  S i c a p  c o m p a r e d  to  t h a t  o f  th e  r e f e r e n c e  u n s t r a in e d  S i s a m p le  
in d ic a t in g  t h a t  a  te n s i l e  s t r e s s  is  p r e s e n t  in  th e  S i c a p  la y e r

L O’Reilly__________ Growth and Characterisation of Wide-bandzap y-CuCl on near lattice matched Si
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W a v e n u m b e rs  (c m '1)
F ig . A .1 2  3 2 5 n m  U V  laser, R a m an  S p ec tru m  o f  S i-S iG e  H ete ro s tru c tu re .

I t  is  in te r e s t in g  to  n o te  t h a t  th e  S i-S i  p e a k  o f  th e  r e f e r e n c e  S i s a m p le  h a s  a  g r e a te r  
in te n s i ty  th a n  th a t  o f  th e  s t r a in e d  S i la y e r  f o r  th e  s a m e  e x p e r im e n ta l  c o n d i t io n s .  T h e  
r e f e r e n c e  S i a ls o  h a s  a  n a r r o w e r  F W H M  o f  6 .7 8  c o m p a r e d  to  9 .1 8  f o r  th e  s t r a in e d  S i c a p  
la y e r . T h is  in d ic a te s  t h a t  th e  c r y s ta l l in e  q u a l i ty  o f  th e  L D C V D  g r o w n  S i c a p  la y e r  is  n o t  
a s  g o o d  a s  t h a t  o f  a  s ta n d a r d  S i w a fe r .

I n  o r d e r  to  e x t r a c t  a c c u r a te ly  th e  S i-S i  p e a k  p o s i t io n ,  a  l in e  s c a n  w a s  p e r f o r m e d  o v e r  a  
d is ta n c e  o f  ~ 1 0 0 |j ,m . T h e  a v e r a g e  S i-S i  p e a k  p o s i t io n  is  5 1 2 .8 ± 0 .1  c m '1. F r o m  th e  a v e r a g e  
Acosi v a lu e  o f  - 7 .6  c m '1, th e  te n s i l e  b ia x ia l  s t r e s s  w a s  c a lc u la te d  a s  b e f o r e  r e s u l t in g  in  a  
v a lu e  o f  1 .8 9 ± 0 .0 3  G P a . T h is  v a lu e  d i f f e r s  b y  a b o u t  6% f r o m  th e  r e s u l t  o b ta in e d  u s in g  
th e  A r + 4 8 8 n m  la s e r ,  s u g g e s t in g  th a t  th e r e  m a y  b e  a  s l ig h t  r e la x a t io n  in  u p p e r  r e g io n  o f  
th e  ~ 5 0 n m  S i c a p  a s  w e  k n o w  th a t  th e  s ig n a l  o f  th e  U V  l a s e r  is  f r o m  th e  to p  9 n m  w h i le  
th e  v i s ib le  la s e r  p e n e t r a te s  in to  th e  S iG e  b u f f e r  la y e r  so  th e  m e a s u r e d  S i p e a k  p o s i t io n  is
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th e  a v e r a g e  v a lu e  o v e r  th e  e n t i r e  S i c a p  In  th e  c a s e  o f  a  f u l ly  s t r a in e d  S i c a p  la y e r ,  th e  
te n s i l e  s t r e s s  a y  in  th e  S i c a p  c a n  b e  c a lc u la te d  w i th  th e  f o l lo w in g  e q u a t io n  [z]

a f -Y f m /(l-v)
w h e r e  Y / i s  th e  f i lm  Y o u n g ’s  m o d u lu s ,  m is  th e  m i s f i t  b e tw e e n  th e  f i lm  a n d  th e  s u b s t r a te  
la t t ic e  p a r a m e te r s  a n d  v  is  P o i s s o n ’s  r a t io  o f  th e  f i lm  T h e  la t t i c e  c o n s ta n ts  o f  S i a n d  G e  
a re  0 5 4 3 0 8 8  n m  a n d  0  5 6 5 7 6 0  n m , r e s p e c t iv e ly  [aa ] T h e  la t t ic e  c o n s ta n t  o f  a  f u l ly  
r e la x e d  S i0 7G e 0 3 b u f f e r  la y e r  w a s  e s t im a te d  f r o m  V e g a r d ’s la w  to  b e  0  5 4 9 8 9  n m , a n d  
th e r e f o r e  th e  m is f i t  b e tw e e n  th e  S i c a p  a n d  S iG e  b u f f e r  l a y e r  is  ~  1 2 4 %  T h u s  th e  te n s i le  
s t r e s s  f o r  a  f u l ly  s t r a in e d  S i l a y e r  o n  Sio 7G eo 3 is  c a lc u la te d  a s  2  2 4 G P a  H o w e v e r ,  th e  
R a m a n  m e a s u r e m e n ts  h a v e  in d ic a te d  th a t  th e  G e  c o n te n t  is  o n ly  ~  2 7 %  T h e  th e o r e t ic a l  
s t r e s s  o f  a  s t r a in e d  S i la y e r  g r o w n  o n  a  b u f f e r  w i th  2 7 %  G e  c o n c e n t r a t io n  is  2  0 2 G P a  
T h is  is  in  c lo s e  a g r e e m e n t  w i th  th e  s t r e s s  v a lu e  e x t r a c te d  u s in g  th e  A r+ la s e r  c o n f i r m in g  

' t h a t  th e  S iG e  b u f f e r  la y e r s  a r e  f u l ly  r e la x e d  a n d  t h a t  a t  l e a s t  c lo s e  to  th e  S i- S iG e  in te r f a c e  
th e  S i c a p  la y e r  is  f u l ly  s t r a in e d

A 5 Conclusions
S y n c h r o t r o n  x - r a y  to p o g r a p h y  r e v e a l s  a  h ig h  d e n s i ty  o f  m is f i t  d i s lo c a t io n s  in  th e  S i - S iG e  
s t r a in - r e la x e d  b u f f e r  d o w n  to  a  p e n e t r a t io n  d e p th  o f  3 7  4 jam  A t  a n  in c id e n c e  a n g le  o f  
0  0 5 °  th e  x - r a y s  a p p r o a c h  th e  s a m p le  s u r f a c e  a t  g r a z in g  a n g le s  b e lo w  th e  c r i t ic a l  a n g le  fo r  
a  n u m b e r  o f  r e f l e c t io n s  a n d  w e  se e  a  “ b u m p y ”  s t r u c tu r e  n o  m o r e  th a n  n o m in a l ly  1 0 A  
f r o m  th e  s u r f a c e  r e s u l t in g  f r o m  th e  s t r a in  f ie ld s  r e l a te d  to  th e  u n d e r ly in g  m is f i t  
d i s lo c a t io n s  M ic r o - R a m a n  s p e c t r o s c o p y  e s t im a te s  th e  G e  c o n te n t  a t  - 2 7 %  T h e  a v e r a g e
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Appendix A

s t r a in  m  th e  S i c a p  l a y e r  is  ~ 2 G P a  U V  la s e r  m e a s u r e m e n ts  in d ic a te  a  s m a l l  s t r a in  
r e la x a t io n  o f  -  6 %  m  th e  to p  lO n m  o f  th e  5 0 n m  S i c a p  la y e r
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Micro-Raman Study of Self-Assembled Ge Quantum Dots on 
Silicon

B 1 Introduction
N a n o m e te r - s iz e d  p a r t i c le s  s h o w  u n iq u e  e le c t r ic a l  a n d  o p t ic a l  p r o p e r t i e s  d u e  to  q u a n tu m  
c o n f in e m e n t  e f f e c ts ,  w h ic h  a r e  n o t  o b s e r v e d  m  b u lk  m a te r ia l s  [1] O n e  g r o w th  m e th o d  is  
b y  s e l f - a s s e m b ly  o f  n a n o - s iz e d  i s la n d s  b y  s t r a in e d  e p i ta x ia l  g r o w th  o f  a  s e m ic o n d u c to r  o f  
a  la r g e r  la t t ic e  c o n s ta n t  o n  a  s e m ic o n d u c to r  o f  s m a l le r  la t t ic e  c o n s ta n t ,  e  g  G e r m a n iu m  
o n  S i l ic o n  O b ta in in g  q u a n tu m  s t r u c tu r e s  th r o u g h  s e l f - o r g a n i s a t io n  h a s  th e  a d v a n ta g e  o f  
e n a b l in g  f a b r ic a t io n  o f  e le c t r o n ic  a n d  o p t ic a l  d e v ic e s  o f  s m a l le r  d im e n s io n s  th a n

t

a c c e s s ib le  b y  l i th o g r a p h y  U n d e r s ta n d in g  th e  p r o c e s s  o f  s e l f - a s s e m b ly  o f  G e  
n a n o s t r u c tu r e s  o n  S i w i th  c o n t r o l le d  s iz e  d i s t r ib u t io n  is  a  k e y  r e q u i r e m e n t  f o r  th e i r  
a p p l ic a t io n  to  d e v ic e s  M ic r o - R a m a n  s p e c t r o s c o p y  w a s  u s e d  to  in v e s t ig a te  s a m p le s  o f  
s e l f - a s s e m b le d  G e  q u a n tu m  d o ts  g r o w n  b y  lo w - p r e s s u r e  c h e m ic a l  v a p o u r  d e p o s i t io n  
( L P C V D )  u s in g  th e  p a r a m e te r s  m  T a b le  B  1 T h e  s a m p le s  w e r e  p r e p a r e d  in  S o u th a m p to n  
U n iv e r s i t y ’s  M ic r o e le c t r o n ic s  C e n t r e  b y  D r  G a b r ie la  D i l l  1 w a y

A p p e n d i x  B
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S a m p le
N u m b e r

S i
( f o r  2 0  m in s )  
T e m p e r a tu r e
( ° C )

G e
T e m p e r a tu r e
( ° C )

T im e  (s )

5 3 6 7 9 0 0 6 5 0 10

5 3 6 8 9 0 0 6 5 0 5

5 3 6 9 9 0 0 6 5 0 7 .5

T a b le  B . l .  L P C V D -g ro w n  G e is lan d s on  epi Si o n  (0 0 1 ) Si w afe r: g ro w th  p a ram ete rs

P r io r  to  G e  i s la n d  g r o w th ,  a  5 0 0 n m  th ic k  S i b u f f e r  la y e r  w a s  g r o w n  o n  a n  n - ty p e  ( 0 0 1 )  S i 
w a f e r  to  e n s u r e  a n  in h o m o g e n e i ty  f r e e  g r o w th  s u r f a c e . T h e  s iz e  a n d  s h a p e  o f  th e  s a m p le s  
d e p e n d  o n  th e  g r o w th  d u r a t io n .  F ig u r e s  B . l -3  a r e  a to m ic  f o r c e  m ic r o s c o p y  ( A F M )  
im a g e s  t a k e n  f r o m  D i l l iw a y  et al. [ii] s h o w in g  th e  s t r u c tu r a l  c h a r a c te r i s t ic s  o f  th e  th r e e  
d i f f e r e n t  s a m p le s .

F ig . B . l  3D  A F M  im ag es  o f  5 x  5 \mfi sc an n ed  a re a  o f  sa m p le  5368 , th e  sh o rte s t g ro w th  d u ra tio n  
sam p le
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Appendix B

F o r  th e  s h o r te s t  g r o w th  d u r a t io n  o f  f iv e  s e c o n d s ,  s m a l l  ‘l e n s - s h a p e d ’ i s la n d s  w i th  a  
s u r f a c e  d e n s i ty  o f  ~ 1 6 |j ,m '2 a n d  a  n a r r o w  s iz e  d i s t r ib u t io n ,  r a n g in g  f r o m  2 0 - 3 0 n m  in  
w id th  a n d  2 - 4 n m  in  h e ig h t  w e r e  g ro w n .

F ig . B .2  3D  A F M  im ag es o f  5 x  5 \irrfi sc an n ed  a rea  o f  sa m p le  5369 , th e  in te rm ed ia te  g ro w th  
d u ra tio n  sam ple .

In c r e a s in g  th e  g r o w th  d u r a t io n  to  7 .5  s e c o n d s  r e s u l t e d  in  th e  d e p o s i t io n  o f  a  m ix e d  
p o p u la t io n  o f  s m a l l  a n d  la r g e r  i e n s - s h a p e d ’ i s la n d s . T h e  to ta l  s u r f a c e  d e n s i ty  o f  ~ 1 9 | i m '2 
h a s  n o t  s ig n i f ic a n t ly  in c r e a s e d  c o m p a r e d  to  t h a t  s e e n  f o r  th e  s h o r te s t  g r o w th  d u r a t io n ,  b u t  
th e  i s la n d s  h a v e  g e n e r a l ly  in c r e a s e d  in  s iz e . M o s t  i s la n d s  a r e  b e tw e e n  1 0 0 -1 5 0 n m  in  
w id th  a n d  10 - 2 5 n m  in  h e ig h t .
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0 nm

127 .83  nm

Dnm 
pim

F ig . B .3  3 D  A F M  im ag es o f  5 x  5 jLim^ sc an n ed  a rea  o f  sa m p le  53 67 , th e  lo n g e s t g ro w th  d u ra tio n  
sam ple .

G r o w th  f o r  10 s e c o n d s  le a d s  to  a  d r a m a t ic a l ly  d i f f e r e n t  i s la n d  s h a p e  a n d  d is t r ib u t io n .  T h e  
is la n d  s u r f a c e  d e n s i ty  h a s  f a l l e n  to  j u s t  ~ 3 )n m '2 a n d  th e  s h a p e  o f  th e  i s la n d s  a r e  la r g e  
s q u a r e - b a s e d  t r u n c a te d  p y r a m id s .  T h e  m a jo r i ty  o f  th e  i s la n d s  a r e  ~ 2 5 0 n m  w id e  a n d  h a v e  
in c r e a s e d  to  ~ 5 0 n m  h ig h .

B .2  M i c r o - R a m a n  S p e c t r o s c o p y  R e s u l t s
M ic r o - R a m a n  S p e c t r o s c o p y  w a s  u s e d  to  in v e s t ig a te  th e  in f lu e n c e  o f  th e  g r o w th  d u r a t io n  
a t  6 5 0 ° C  o n  th e  c o m p o s i t io n  a n d  s t r a in  e f f e c ts  in  th e  L P C V D - g r o w n  s e l f - a s s e m b le d  G e  
is la n d s  o n  ( 0 0 1 )  S i s u b s t r a te s .  A s  f o r  A p p e n d ix  A , a  J o b in - Y v o n  L a b R a m 8 0 0  s y s te m  w a s  
u s e d  in  b a c k s c a t t e r in g  m o d e  ( l a s e r  b e a m  a n d  s c a t te r e d  l ig h t  a r e  p e r p e n d ic u la r  to  th e  
s a m p le  p la n e )  w i th  a  4 8 8  n m  A r + l a s e r  a s  p r e v io u s ly  d e s c r ib e d .  T h e  la s e r  w a s  f o c u s e d  to  
a  d ia m e te r  o f  a p p r o x im a te ly  1 \im o n  th e  s a m p le  s u r f a c e  a n d  p e n e t r a te s  in to  th e  s a m p le  a t
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l e a s t  a s  f a r  a s  th e  s i l ic o n  s u b s t r a te .  E a c h  s a m p le  w a s  s c a n n e d  in  a  n u m b e r  o f  d i f f e r e n t  
p o s i t io n s  o n  th e  s a m p le  a n d  i t  w a s  fo u n d  th a t  th e  R a m a n  s p e c t r a  d id  n o t  v a ry  s ig n i f ic a n t ly  
f r o m  p o in t  to  p o in t  w i th in  th e  s a m p le . S o m e  s m a l l  v a r ia t io n s  in  in te n s i ty  a n d  p o s i t io n  
w e r e  e v id e n t  a r i s in g  f r o m  th e  s l ig h t  d i f f e r e n c e  in  th e  s iz e  a n d  s h a p e  o f  th e  is la n d s  a c r o s s  
th e  s a m p le ,  w i th  th e  s t r o n g e s t  G e  s ig n a l  c o m in g  f r o m  th e  l a r g e s t  i s la n d s . A  c o n t r o l  
s p e c t r u m  o f  b a r e  u n p r o c e s s e d  s i l ic o n  w a s  a l s o  r e c o r d e d  u n d e r  e x a c t ly  th e  s a m e  
e x p e r im e n ta l  c o n d i t io n s .  T y p ic a l  s p e c t r a  a r e  s h o w n  in  f ig .B .4 .

W avenum ber (cm '1)

F ig . B .4  R a m an  sp e c tra  u s in g  4 8 8 n m  A r+ la se r  fo r  sam p le s  5367 , 5368  an d  5369 , is lan d s  o f  
lo n g est, sh o rte s t an d  in te rm e d ia te  g ro w th  d u ra tio n , re sp ec tiv e ly , to g e th e r  w ith  a  sp e c tru m  fo r a 
re fe re n ce  Si sam ple .

T h e  tw o  m o s t  im p o r ta n t  S i-S i  p e a k s ,  lo c a te d  a t  - 5 2 0 c m '1 a n d  - 3 0 0 c m '1, a r e  v i s ib le  in  th e  
c o n t r o l  s p e c t r u m  ( w e  s h o w  o n ly  th e  f l a n k  o f  th e  v e r y  s t r o n g  S i p e a k  a t  5 2 0  c m '1). T h e  
in te n s i ty  o f  th e  m a in  T O - L O  t r ip ly  d e g e n e r a te  s i l ic o n  s u b s t r a te  p e a k  a t  5 2 0 .0 c m '1 is  
s a tu r a te d  ( g r e a te r  th a n  6 4 0 0 0  a .u .) .  T h is  d o m in a te s  th e  s p e c t r a  m a k in g  it  d i f f i c u l t  to
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d e te c t  a n y  in d iv id u a l  s ig n a l  f r o m  th e  th in  ( ~ 5 0 0 n m )  l a y e r  o f  e p i  s i l i c o n ,  w h ic h  w o u ld  
a p p e a r ,  a s  a  p e a k  a t  a p p r o x im a te ly  5 0 0 c m  1 [111] T h e  s p e c t r u m  f o r  th e  s m a l l  G e  is la n d s  
o f  s h o r te s t  g r o w th  d u r a t io n  ( 5 3 6 8 )  is  a lm o s t  id e n t ic a l  to  t h a t  o f  t h e  c o n t r o l  S i T h e r e  
s e e m s  to  b e  l i t t le  d o u b t  t h a t  th e  s m a l l  p e a k  w e  s e e  a t  w 3 0 2 c m  1 is  in  f a c t  f ro m  th e  s i l ic o n  
s u b s t r a te  a n d  c a n n o t  b e  a t t r ib u te d  to  a  G e - G e  m o d e  T h is  im p l ie s  t h a t  e i th e r  th e  G e  is  n o t  
p r e s e n t  ( u n l ik e ly  a s  s m a l l  le n s - s h a p e d  i s la n d s  a r e  s e e n  in  A F M , f ig  B l )  o r ,  t h a t  th e r e  is  
l i t t le  in te r a c t io n  o f  th e  e x c i t in g  s o u r c e  w i th  th e  G e  i s la n d s  T h e  p r e s e n c e  o f  a  s i l i c o n  p e a k  
a r o u n d  - 3  0 2 c m  1 d u e  to  a  tw o  p h o n o n  t r a n s v e r s e  a c o u s t ic  ( T A )  m o d e  h a s  b e e n  r e p o r te d
[ i v ]  a n d  h a s  b e e n  k n o w n  to  d o m in a te  th e  s p e c t r u m  f r o m  g e r m a n iu m  q u a n tu m  s t r u c tu r e s
[v ] T h is  a p p e a r s  to  b e  th e  c a s e  f o r  th i s  s a m p le  I t  is  a l s o  w o r th  n o t in g  t h a t  a  p e a k  a ls o  
o c c u r s  a t  ~  4 3 3 c m  1 in  th e  s p e c t r u m  o f  th e  S i  s u b s t r a te  a ls o  d u e  to  a  tw o  p h o n o n  T A  S i 
m o d e

A  b a s e l in e  c o r r e c t io n  w a s  a p p l ie d  to  th e  s p e c t r u m  f o l lo w e d  b y  a  G a u s s /L o r e n tz  b a n d -  
f i t t in g  a lg o r i th m  in  o r d e r  to  a c c u r a te ly  e x t r a c t  th e  G e - G e  a n d  S i- G e  p e a k  p o s i t io n ,  
a m p l i tu d e  a n d  fu l l  w id th  a t  h a l f  m a x im u m  ( F W H M )  F o r  th e  t r u n c a te d  p y r a m id a l  i s la n d s  
r e s u l t in g  f r o m  th e  lo n g e s t  g r o w th  d u r a t io n  ( 5 3 6 7 )  th e  p o s i t io n  o f  th e  G e - G e  p e a k  is  
2 9 8  1 5 c m  1 T h is  is  s l ig h t ly  r e d - s h i f t e d  c o m p a r e d  to  th e  e x p e c te d  v a lu e  o f  - 3 0 1 c m  1 f o r  
a n  u n s t r a in e d  b u lk  G e  s a m p le  [v i]  T h e  G e - G e  p e a k  is  r e la t iv e ly  n a r r o w  w i th  a n  e x t r a c te d  
F W H M  o f  7 9 6 c m  in d ic a t in g  th a t  th e  G e  is  c r y s ta l l in e  m  n a tu r e  A  s m a l l  p e a k  a r o u n d  
3 8 9  6 c m  1 is  m o s t  l ik e ly  d u e  to  a  S i-G e  m o d e  r e s u l t in g  f r o m  th e  in te r m ix in g  o f  th e  tw o  
c o m p o u n d s  [v n ]
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T h e  R a m a n  s p e c t r u m  f o r  th e  in te r m e d ia te  g r o w th  d u r a t io n ,  l a r g e r  ‘le n s - s h a p e d ' G e  
is la n d s  (5 3 6 9 )  is  c o m p a r e d  to  t h a t  o f  th e  o th e r  s a m p le s  U n l ik e  th e  lo n g e r  g r o w th  
d u r a t io n  s a m p le  (5 3 6 7 )  a n o th e r  p e a k  is  n o w  c le a r ly  e v id e n t  a t  a p p r o x im a te ly  4 1 0 c m  1 
T h is  is  a t t r ib u te d  to  a  S i - G e  m o d e  r e s u l t in g  f r o m  s u b s ta n t ia l  in te r m ix in g  o f  S i a n d  G e  in  
th e  i s la n d s  I n  th is  c a s e  th e  G e - G e  m o d e  a p p e a r s  a t  2 9 7  1 2 c m  1 C o m p a n n g  th e  G e - G e  
R a m a n  p e a k  p o s i t io n  o f  th e  G e  i s la n d s  to  t h a t  o f  a  to t a l l y  u n s t r a in e d  G e - G e  m o d e  w h ic h  
a p p e a r s  a t  3 0 0  6 5 c m  1 [v m ]  w e  d e te c t  a  r e d - s h i f t  o f  - 3  5 3 c m 1 a n d  - 2  4 1 c m  1 f o r  th e  
is la n d s  o f  in te r m e d ia te  ( 5 3 6 9 )  a n d  lo n g e s t  ( 5 3 6 7 )  g r o w th  d u r a t io n  r e s p e c t iv e ly ,  
in d ic a t in g  t h a t  th e r e  is  a  s m a l l  t e n s i l e  s t r e s s  m  th e  G e  i s la n d s  In  f ig  B 4  w e  c a n  s e e  th a t  
th e  G e - G e  m o d e  o f  th e  in te r m e d ia te  g r o w th  d u r a t io n  s a m p le  is  m u c h  b r o a d e r  th a n  th a t  o f  
th e  lo n g e s t  g r o w th  d u r a t io n  T h is  is  r e f le c te d  m  a  F W H M  v a lu e  o f  13 4 9 c m 1 T h is  
s u g g e s ts  t h a t  th e  l a r g e  p y r a m id a l  s h a p e d  i s l a n d s  ( 5 3 6 7 )  a r e  th e  m o s t  c r y s ta l l in e  (i e  
c o n ta in  th e  l a r g e s t  c r y s ta l s  a s  e x p e c te d )  a s  th e y  h a v e  a  s m a l le r  F W H M  (7  9 6 c m  [)  th a n  
th e  s a m p le  w i th  a  m ix tu r e  o f  s m a l l  a n d  la r g e  l e n s - s h a p e d  i s la n d s  (5 3 6 9 )  T h e  ra t io  o f  th e  
in te n s i t ie s  o f  th e  S i - G e  (Is , G e ) a n d  G e - G e  ( IGe G e ) m o d e s  c a n  b e  u s e d  to  c a lc u la te  th e  
d e g r e e  o f  S i a n d  G e  in te r f a c e  in te r m ix in g  a c c o r d in g  to

I Si-Ge  ̂̂ Ge-Ge =  2  ( l  — x )  /  ifo
w h e r e  x is  th e  a v e r a g e  G e  c o n c e n t r a t io n  a n d  B i s  2  2 1 8  [ iv ,ix ]  U s in g  th i s  r e l a t io n  th e  
la r g e  p y r a m id a l  i s la n d s  a r e  e s t im a te d  to  h a v e  a  G e  c o n te n t  o f  - 8 8 % ,  a n d  th e  ‘le n s -  
s h a p e d  ’ i s la n d s ,  w h ic h  e x p e r ie n c e  g r e a te r  in te r m ix in g  w i th  S i h a v e  a  G e  c o n te n t  o f  
- 5 5 %
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A s  b o th  th e  G e - G e  a n d  S i- G e  R a m a n  m o d e s  a r e  o v e r la p p in g  w i th  th e  tw o  p h o n o n  T A  S i 
m o d e s ,  w e  h a v e  s u b t r a c te d  th e  c h a r a c te r i s t i c  S i b a c k g r o u n d  f ro m  th e  s p e c t r a  o f  th e  G e  
i s la n d s  a s  s h o w n  in  f ig . B .5 .

W a v e n u m b e r  (c m '1)

F ig . B .5  R a m an  sp e c tra  fo r  th e  th re e  sam p le s  a f te r re m o v a l o f  th e  Si b ack g ro u n d .

T h e  r e m o v a l  o f  th e  S i b a c k g r o u n d  a l lo w s  u s  to  in s p e c t  c lo s e ly  th e  in te r a c t io n  o f  th e  
d e p o s i te d  G e  w i th  th e  u n d e r ly in g  S i. T h r e e  p e a k s  o f  in te r e s t  r e m a in :  o n e  a t  ~  2 9 7  c m '1, 
w h ic h  a l th o u g h  c lo s e  to  th e  S i-S i  3 0 2  c m '1 p e a k ,  is  in  f a c t  a t t r ib u ta b le  to  a  G e - G e  m o d e  
[ i i i ,x ,x i ,v ] ,  o n e  a t  - 4 0 0  c m '1, w h ic h  is  a t t r ib u ta b le  to  a  S i - G e  m o d e  [ i i i ,x i i ] ,  a n d  a  sm a ll  
f la n k  a t  - 4 8 5  c m - 1, e s p e c ia l ly  v i s ib le  f o r  th e  is la n d s  o f  in te r m e d ia te  g r o w th  d u r a t io n ,  
w h ic h  is  a  S i-S i  m o d e  in  th e  e p i l a y e r  [ i i i] . F o r  th e  c a s e  o f  th e  s m a l l  i s la n d s  o f  s h o r te s t  
g r o w th  d u r a t io n  ( 5 3 6 8 ) ,  th e  G e - G e  a n d  S i - G e  m o d e s  a r e  a b s e n t ,  c o n f i r m in g  th a t  th e  v e r y  
s m a ll  G e  i s la n d s  p r e s e n t  in  th i s  s a m p le  c o u ld  n o t  b e  d e te c te d .  F o r  th e  lo n g e s t  g r o w th  
d u r a t io n  i s la n d s  ( 5 3 6 7 ) ,  th e  tw o  G e - r e la te d  m o d e s  a r e  n o w  o b s e r v e d  a t  -  2 9 7  c m '1 a n d
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Appendix B

3 9 1 c m  1 A s  b e f o r e ,  th e  s a m p le  o f  in te r m e d ia te  g r o w th  d u r a t io n  ( 5 3 6 9 )  h a s  a  w e l l - d e f in e d  
p e a k  a t  4 1 0  8 9 c m  1 th a t  is  a t t r ib u te d  to  th e  S i - G e  m o d e  a n d  a  G e - G e  m o d e  p e a k  a t  -  
2 9 5 c m  1 T h e  G e - G e  p e a k s  a p p e a r  a t  lo w e r  w a v e n u m b e r s  c o m p a r e d  to  th e  u n s u b t r a c te d  
s p e c t r a  w h ic h  w e r e  in f lu e n c e d  b y  th e  S i R a m a n  p e a k  a t  -  3 0 2 c m  1 T h e  G e  p e a k  p o s i t io n  
w a s  c a l ib r a te d  u s in g  a n  in te n s e  p l a s m a  l in e , w h ic h  a p p e a r s  a t  a p p r o x im a te ly  2 2 1 c m  \  a s  
a n  in te r n a l  r e f e r e n c e  T h e  r a t io  o f  th e  in te n s i t ie s  o f  th e  G e - G e  a n d  S i-G e  m o d e s  w e re  
u s e d  a s  b e f o r e  to  e s t im a te  th e  G e  c o n te n t  in  th e  i s la n d s  F o r  th e  c o r r e c te d  s p e c t r a  th e  G e  
c o n te n t  is  e s t im a te d  a t  7 8 %  f o r  th e  la r g e  t r u n c a te d  p y r a m id a l  i s la n d s  a n d  5 0 %  f o r  th e  
‘le n s - s h a p e d ’ i s la n d s  T h e  S i e p i l a y e r  p e a k  a t  - 4 8 5  c m  1 is  a b s e n t  in  th e  la r g e  i s la n d  c a s e , 
w h ic h  is  c o n s i s te n t  w i th  g r e a te r  4 8 8  n m  l ig h t  a b s o r p t io n  in  th e  i s la n d s  to  th e  d e t r im e n t  o f  
th e  S i e p i l a y e r  p e a k  [111] T h e  S i- G e  p e a k  f o r  th e  l a r g e r  i s la n d s  is  b r o a d e r  in  w id th  a n d  is 
s h i f te d  to  lo w e r  w a v e n u m b e r s  ( i  e  4 1 1  c m 1 vs 3 9 1  c m 1) w h e n  c o m p a r e d  to  th e  
i n te r m e d ia te  is la n d  c a s e  T h is  is  s u g g e s t iv e  o f  ( l )  p e r h a p s  g r e a te r  d is lo c a t io n  d e n s i t ie s  in  
t h e  la r g e  i s la n d s  a n d /o r  ( 11)  t h a t  q u a n tu m  c o n f in e m e n t  e f f e c ts  m a y  b e  s ig n i f ic a n t  fo r  th e  
s m a l le r  i s la n d  d is t r ib u t io n s  [x m ]

I f  th e  G e  c o n c e n t r a t io n  is  k n o w n , th e  v a lu e  o f  m - p la n e  s t r a in  in  G e  i s la n d s  c a n  b e  
e s t im a te d  u s in g  th e  e x p r e s s io n  f o r  th e  G e - G e  p e a k  p o s i t io n  in  a  S i-G e  a l lo y  a c c o r d in g  to

mGe-Ge =  2 8 2  5 -h 16^c — 3 8 4 ^  
w h e r e  s  is  th e  s t r a in  in  th e  G e  i s la n d s  [x iv ]  U s in g  th e  G e  c o n te n t  c a lc u la te d  a b o v e ,  a n d  
th e  G e - G e  p e a k  p o s i t i o n  e x t r a c te d  b y  b a n d - f i t t in g ,  t h e  s t r a in  in  t h e  is la n d s  is  e s t im a te d  a s  
-0  5 7 %  f o r  th e  la r g e  t r u n c a t e d  p y r a m id a l  i s la n d s  a n d  -1 2 4 %  f o r  th e  i e n s - s h a p e d ’ is la n d s  
T h e r e  s e e m s  to  b e  a  g r e a te r  c o m p r e s s iv e  s t r a in  in  th e  l e n s - s h a p e d  i s la n d s  o f  in te r m e d ia te
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s iz e  t h a n  in  th e  la r g e  p y r a m id a l  i s la n d s  T h is  m a y  s u g g e s t  t h a t  a s  th e  i s la n d  g r o w s  la r g e r  
i t  is  le s s  c o n s t r a in e d  b y  th e  s m a l le r  la t t ic e  c o n s ta n t  o f  s i l i c o n  ( a Si =  0 5 4 3 n m , a o e=  
0  5 6 6 n m )  a n d  th e r e f o r e  m o r e  r e la x e d  L a t t ic e  r e la x a t io n  in  th e  la r g e  p y r a m id a l  i s la n d s  
m a y  a ls o  h a v e  o c c u r r e d  t h r o u g h  g e n e r a t io n  o f  m is f i t  d i s lo c a t io n s ,  w h ic h  h a v e  b e e n  
d e te c te d  in  c r o s s - s e c t io n a l  t r a n s m is s io n  e le c t r o n  m ic r o s c o p y  m e a s u r e m e n ts  o f  th e  s a m p le
[11]

B 3 Conclusions
M ic r o - R a m a n  s p e c t r o s c o p y  c o u ld  n o t  b e  u s e d  to  a n a ly s e  G e  is la n d s  w i th  s iz e s  o f  2 0 -  
3 0 n m  w id e  a n d  2 -4  n m  m  h e ig h t  a s  th e  s p e c t r u m  w a s  d o m in a te d  b y  th e  s i l ic o n  s u b s t r a te  
o b s c u r in g  a n y  s ig n a l  f r o m  th e  G e  is la n d s  A  G e - G e  R a m a n  p e a k  a t  a p p r o x im a te ly  2 9 7  
c m  1 is  s e e n  f o r  th e  s a m p le  o f  l o n g e s t  g r o w th  d u r a t io n  (5 3 6 7 )  in d ic a t in g  th e  p r e s e n c e  o f  
g e r m a n iu m  is la n d s  I t  is  l ik e ly  t h a t  a  b r o a d  p e a k  a p p e a r in g  a r o u n d  3 9 1 c m  1 is  a  s ig n a l  
f r o m  a  S i - G e  m o d e ,  in d ic a t in g  a  w e a k  in te r m ix in g  o f  S i a n d  G e  T h e  g e r m a n iu m  c o n te n t  
is  a p p r o x im a te ly  7 8 %  F o r  th e  s a m p le  o f  in te r m e d ia te  g r o w th  d u r a t io n  (5 3 6 9 )  w e  s e e  a  
G e - G e  R a m a n  p e a k  a t  2 9 5 c m 1 a n d  a  S i - G e  R a m a n  p e a k  a t  4 1 1 c m 1 T h e  r e la t iv e  
in te n s i t ie s  o f  th e s e  p e a k s  in d ic a te  t h a t  th e r e  is  c o n s id e r a b le  a l lo y in g  w i th  s i l ic o n  in  th e  
i s la n d s  T h e  g e r m a n iu m  c o n te n t  o f  th e  i s la n d s  is  e s t im a te d  a t  5 0 %  A  r e d - s h i f t  o f  -  
3 4 8 c m '1 a n d  - 5  3 6 c m  1 c o m p a r e d  to  th e  p o s i t io n  o f  s t r a in  f r e e  b u lk  G e , i s  s e e n  f o r  th e  
i s la n d s  o f  lo n g e s t  (5 3 6 7 )  a n d  in te r m e d ia te  (5 3 6 9 )  g r o w th  d u r a t io n ,  r e s p e c t iv e ly  
C a lc u la t io n  o f  th e  s t r a in  in d ic a te s  t h a t  b o th  th e  la r g e  p y r a m id a l  a n d  s m a l le r  l e n s - s h a p e d  
i s la n d s  a r e  c o m p r e s s iv e ly  s t r a in e d  G r e a te r  s t r a in  r e la x a t io n  m  th e  c a s e  o f  th e  la r g e  
i s la n d s  is  p r o b a b ly  d u e  to  th e  g e n e r a t io n  o f  d i s lo c a t io n s  a t  th e  S i -  G e  in te r f a c e
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