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Investigation of Copper Chloride for Photonics Applications
by Dominik Danieluk

Summary:

Wide band gap semiconductors have found multiple applications. Being light emitters in 

the range of blue and UV, materials like GaN or ZnO have been applied to highly efficient blue 

light emitting diodes, and increasingly popular high power and efficient white light emitters or blue 

lasers. Due to significant lattice mismatches with their substrates both GaN and ZnO suffer from a 

large number of material defects. Advanced growth techniques allowed us to achieve satisfactory 

results, but at the cost of fabrication simplicity, which has impacted on the production cost. 

Another interesting property of wide band-gap semiconductors is high exciton binding energy. In 

GaN this energy is of the order of 25 meV, which corresponds to the room temperatme thermal 

energy. ZnO has a significantly higher exciton binding energy of 60 meV. High exciton binding 

energies are of high importance since they allow exciton based processes to take place at higher 

temperatures. A lot of research is being done towards exciton driven lasing, condensation and other 

phenomena which can potentially lead to new types of highly efficient photonic devices. Copper 

chloride, with a band gap of 3.4 eV, which is comparable with both GaN and ZnO, is their natural 

competitor. Having an exciton binding energy of 190 meV makes this a very promising material for 

exciton driven photonics. Moreover, due to close matching with Si, high quality deposition of CuCl 

can be achieved using relatively simple and cheap vacuum deposition technique.

The high quality of CuCl layers deposited on Si substrate have been confirmed with X-ray 

spectroscopy and the optical properties of CuCl have been investigated using temperature 

dependent spectroscopy. From the thermal dependence of the free exciton peak width and intensity, 

the number of parameters can be deduced, and the FWHM increases with temperature. Such a 

broadening is the result of exciton phonon interactions. The parameters describing the exciton- 

phonon interactions are deduced from the PL spectra. Normalised integrated PL intensity 

dependence on temperature gives infonnation on the processes involved in PL thermal quenching. 

The thermal activiation energies have been determined. Similar analysis has been conducted on the 

PL spectra of the CuCl sister semiconductor, CuBr. Both are members of the I-VII semiconductors 

group and, more precisely, they are known as copper halides. They have similar optical properties, 

although the lattice mismatch with Si is an order of magnitude higher for CuBr. The influence of 

oxygen on the optical properties of CuCl on Si is also investigated. Oxygen is expected to be a p- 

type dopant. The oxygen-argon plasma treated CuCl on Si samples were studied with temperature 

dependent PL. New behaviour of PL intensity thermal dependence is observed as negative thermal 

quenching (NTQ) of photoluminescence. The thermal activation energy of the process involved in 

NTQ was calculated as approximately 10 meV.
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For CuCl on Si the refractive index in the range of 244-1600 nm was obtained using 

ellipsoinetry. The refractive index is very important in the simulation process.

Besides the interesting properties in the UV/blue wavelength range, CuCl also has 

relatively low absorption in parts of the THz band. Since this region of electromagnetic radiation 

attracts a lot of attention, the usability of CuCl as a photonic crystal component is investigated. Tire 

photonic crystal is a periodic stmcture of different dielectrics and, like the semiconductor, forbids 

the propagation of particular electron energies depending on its structure; thus a photonic crystal 

can be designed to forbid particular photon frequencies. The sfructures of four different CuCl and 

air lattices are investigated. For a triangular lattice a mirror of reflectivity exceeding 90% at 8.56 

THz at room temperature has been designed. A reflectivity of 98% is achievable for frequencies 

below 3 THz, but only at low temperatures.

Placing the semiconductor inside an optical cavity can influence the emission properties. 

Depending on the relation between the excitonic oscillator strength and the cavity finesse two 

distinct regimes can be distinguished. If the cavity influence can be described as perturbation only 

the interaction is known as a weak coupling. If the influence of the cavity is more significant, such 

that the interacting cavity phonon and the semiconductor exciton constitute a new quantum state, 

the cavity operates in the strong coupling regime. Both regimes are studied. The possibility of light 

extraction enhancement in weak coupling microcavities is investigated. The modification of spatial 

patterns leading to selective promotion of angular modes is not observed in bulk microcavities. Due 

to high absorption of CuCl the potential enhancement originating in the spatial pattern modification 

is limited. However, the extraction efficiency enhancement by means of substrate and thickness 

modification was demonstrated.

Due to very strong oscillator strength and high exciton binding energy copper chloride has 

been studied as a material for polariton driven PL emitters. From the reflectivity spectra of CuCl 

based optical microcavities the dispersion of the cavity polaritons has been deduced. For the first 

time strong exciton-photon coupling has been observed in bulk CuCl microcavity at room 

temperature. High Rabi splitting energy of 275 meV is obtained.
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1 Introduction

1.1 Thesis background

The ability to control the conduction of electrons provides the basis for electronics. This 

field of science has engaged vast resources, leading to fast progress m electronics and it’s related 

fields. The invention of the transistor in late forties of the twentieth century began a new era in 

electronics. Data processing became easily available. The transistor became the basic element of 

devices now present m every aspect of our lives. The demand for making these devices more 

powerful, stable, efficient and smaller could be satisfied. However, due to the physical constraints, 

further progress by means of miniaturization, without a paradigm shift in approach, is reachmg its 

limit. The dimensions of transistor features comprising the integrated circuits have decreased from 

approximately 10 microns originally, to tens of nanometres at present. At approximately a 32 nm 

scale, quantum mechanical effects which lead to the current leakage at the logic gate, start to play a 

significant role, thus further miniaturisation could become uneconomical even before the 

theoretical limits are reached. Nevertheless, the need for ever increasing performance prevails. This 

limitation ongmates in fermionic nature of electrons. Electron-electron interactions lead to system 

heating with increased frequencies. It was found that a photon being able to constitute coherent 

states IS a more suitable information carrier than an electron. Photon-photon interaction is very 

weak thus photon beams can pass each other and the carried information is not lost. The invention 

of optical fibres in the sixties and finally the practical application of this invention in the seventies, 

initiated the branch of physics we know today as photonics. The need for controlling light 

propagation spurred research on light emitters, modulators, detectors and conductors. At present, 

the complete replacement of electron-based technology with photonics based technology is not 

possible. The present time can be perceived as the era of hybrid electronic/photonic technologies. 

Great progress has been made m the development of light emitters and detectors. Also, solutions 

for long distance transmission of light have been implemented. However, the basis of electronic 

devices, the transistor, is still beyond the reach of photonics. Thus, the data-canying optical signals 

have finally encountered a bottle-neck in the form of electronic processing. As can be seen, to 

achieve the goal of fully optical computing, every step towards this direction is valuable. In this 

work an mterestmg matenal system will be discussed. Copper (I) chloride (CuCl) is closely 

matched with silicon m terms of its lattice constant. The combination of wide band gap 

semiconductor capable of emitting in UV/visible (CuCl) and the very mature base material of 

electronics (Si) is very promising from the point of view of hybrid electronic-photonic devices. 

Due to its optical properties, in many ways outperforming those of other wide band-gap 

semiconductors, CuCl is also a potential candidate for more traditional applications. Strong
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UV/blue emission at room temperature makes it an ideal candidate for high power, low cost 

LEDs. Materials like GaN or ZnO suffer from a lack of suitable substrate. The high level od lattice 

mismatch in GaN (13%) leads to a large number of threading dislocations affecting the longevity of 

the device. This major problem was overcome with a rather complex growth method involving the 

transition layer between the substrate and the active region. Due to the lattice matching with silicon 

it will be possible to grow high quality materials without the need of such a sophisticated 

technique. Thus CuCl is expected to be a possible replacement for GaN and ZnO in the field of 

white LEDs or high power short wavelength lasers.

Semiconductors having a band-gap exceeding approximately 2.6 eV are suitable for 

UV/blue emission. Short wavelength semiconductor electroluminescent devices are highly 

interesting for many applications, among which are high density optical data storage [1], high 

power and efficient LEDs [2] or UV photodetectors [3]. The combination of UV/blue emitters with 

phosphors allows for the buildmg of high efficiency white light LEDs [4] In order to fabricate the 

successful electroluminescent device a p-n junction has to be built. Thus the issue of doping has to 

be addressed. Many wide band-gap semiconductors have been found to be difficult to dope [5-7]. 

The efforts to realise a miniaturised semiconductor blue laser had been unsuccessful for many years 

due to a lack of appropriate materials Group II-VI materials like ZnS, ZnSe, or CdTe were 

investigated for many decades before GaN blue laser was successfully fabricated [8-11]. In ordei' to 

fabricate a room temperature laser, very high quality materials are required. GaN has a wide band- 

gap of 3.28 eV, and a relatively high exciton binding energy of 28 meV, however suffers from a 

mismatch with its substrate - sapphire [12]. This mismatch, on the order of 18%, leads to a large 

number of threading dislocations which affects a devices’s performance in terms of longevity, 

efficiency and thermal stability. The research then concentrated heavily on improving the GaN 

devices and overcoming these limitations [13], [14]. Advanced growth techniques, such as epitaxial 

lateral overgrowth (ELO), helped to reduce the number of dislocations in the GaN active region 

[15], [16]. However, increased growth sophistication resulted in the further complication of an 

already complex GaN device fabrication process, with a resultant increase in processing costs.

Another material that attracted a lot of attention as a potential GaN competitor is zinc oxide 

(ZnO) which has a band-gap of 3.37 meV and an exciton binding energy of 60 meV [17]. ZnO also 

suffers from the lack of a naturally matched substrate. The mismatch with SiC is of 18%. 

Additionally ZnO was found to be difficult to be p-doped [18]. However, the UV laser diode based 

on ZnO/MgZnO quantum wells was already fabricated [5]. The output power of such a diode is 

significantly lower than that of GaN based devises [1], [19]. A lot of work is being done on ZnO 

towards quantum confined structures [17]. Due to a high surface to volume ratio, structures like 

ZnO nanowires or nancrystals are very efficient radiation detectors [17]. Although the greatest



progress was made m terms of GaN and ZnO application, the field remains open for alternative 

matenals. The level of study so far undertaken on CuCl is at a much earlier stage than that of those 

semiconductors mentioned above, however the promising results are encouraging for fuither 

research on CuCl and other copper halides.

In this work a novel material system, namely CuCl on Si, is studied. Copper (I) chlonde 

has a band-gap of 3.39 eV and is closely lattice matched to the silicon (<0.4%). With an exciton 

binding energy of 190 meV [20], significantly exceeding that of both GaN and ZnO, CuCl is a 

promising alternative. Additionally, the close lattice match with the dominant electronics matenal. 

Si, potentially enables fabrication of hybrid electro-photonic devices.

CuCl has been researched for many years. Early publications appeared in the 1950s [21], 

[22]. Early research concentrated on the absorption and the luminescence of single crystals, bulk 

material, polycrystalline and amorphous layers grown on various substrates [21-27]. In 1968 the 

biexciton m CuCl was discovered [28] imtiatmg interest m this aspect of CuCl properties [27], 

[29], [30]. The biexciton is a quasiparticle built of two excitons thus bounds two electrons and two 

holes. Such a quasiparticle resembles to some extent the hydrogen molecule, H2. The annihiliation 

of a biexciton results in a remaining free exciton and creation of a photon. The photon energy is 

lower than that of the free exciton. The difference is the biexciton binding energy. Biexciton lasing 

m CuCl was demonstrated [31-33]. Also the nonlinear optical properties were investigated in CuCl 

[34], [35]. The progress in the material fabrication technology moved the attention to CuCl 

quantum confined structures, such as quantum spheres, embedded CuCl microcrystals and a thin 

layers [31-33], [36-46]. The semiconductor structures spatially limited in 1, 2 or 3 dimensions 

helped to understand how the emission of photons m semiconductors can be controlled. With this 

knowledge increasing, phenomena such as luminescence enhancement, ultra low threshold 

polariton lasing [47-49], and polanton Bose-Einstain condensation [50-52] were demonstrated. The 

evidence of quantum entangled photons generation from CuCl biexcitons was also reported [53]. 

Strong coupling between the cavity photon and CuCl exciton was observed at low temperatures in 

the CuCl microcavities [54], [55].

To investigate many novel concepts and phenomena, much of the research has 

concentrated on the most mature optoelectronic material, GaAs, which has a bandgap in the near- 

infrared. With the introduction of wide band-gap semiconductors new possibilities arise. Wide 

band gap semiconductors have much higher exciton binding energies than GaAs [56]. Due to this, 

the exciton related phenomena, which could only be studied at low temperatures, less than 1OOK in 

Gas based materials, can now manifest at high temperatures in materials such as GaN or ZnO [57- 

60]. Thermal energy at 300K is of approximately 25 meV. This value is very close to the exciton 

binding energy m GaN. ZnO excitons have bmding energy exceeding that of room temperature 

thermal energy by ~35 meV. CuCl has the highest exciton binding energy of these three materials



thus was used for the fundamental studies of the physies of excitons since the 1960s. Most 

applications of optoelectronic materials such as lasers, light emitting diodes and optical amplifiers 

have not depended on the fundamental exciton state. New device concepts, particularly in the area 

of polariton devices, do require the exciton and so CuCl can have a significant advantage.

The successful application of CuCl must be preceded by thorough exammation of the 

material properties. In this thesis the structural and optical properties of CuCl layers deposited on 

Si will be discussed. The complex refractive index of CuCl over a wide range of energies, 

including the band-gap energy, is deduced from ellipsometry measurements. The refractive index is 

a crucial parameter for simulations of CuCl based structures. Optical microcavities with bulk CuCl 

as an active medium are discussed, with emphasis on light extraction for potential light emitting 

diode applications. Experimentally, the strong light-matter coupling evidence in bulk CuCl 

miocrocavity at room temperature is demonstrated for the first time. A very large Rabi splitting of 

275 meV is observed.

Copper chloride can also potentially find application as a waveguide in the growing field of 

THz radiation. This band of electromagnetic waves has remained term incognita of applied physics 

for many years. The reason for this lies in the nature of THz radiation. Being the transition between 

infrared and radio frequencies, THz possesses shortcomings of both However m more recent times 

it has been recognised that THz radiation may be viable for many applications [61] such as, for 

instance, fast data communication [62], [63], However, because of omnipresent water vapours, free 

air THz transmission is dramatically limited, practically only to laboratory applications [64]. Thus 

the search for waveguidmg options is on-gomg. Again, the interaction of THz radiation with 

vibrational modes of molecules leads to the significant attenuation in waveguides [65], [66]. Wire- 

like metal conductors were found to be poor THz guides due to limited conductivity of metals. 

Some promising results were obtained for the periodic structures of different dielectric materials 

[67-70]. Such structures, known as photonic crystals (PC), can be rather easily fabricated for THz 

waves. The physical dimensions of involved structures are of the range of microns or tens of 

microns m THz range. The constituent materials of PCs should possibly have the lowest absorption 

for THz radiation, preferably none. Such materials are very rare. One of them, high resistivity 

silicon (HR-Si), is rather expensive m fabrication, thus alternative materials are researched. CuCl 

has relatively low absorption m parts of THz band and so simulations of CuCl based photonic 

crystals, designed as THz mirrors, are investigated m this work.

1.2 Thesis outline

In Chapter Two the material properties of CuCl are mvestigated. The sample preparation 

using the physical evaporation technique is descnbed. The quality and optical properties of

4



the vacuum evaporated CuCl on Si are discussed. The analysis of temperature dependent 

photoluminescence provides a number of important material parameters for companson with 

CuCl deposited on other substrates and smgle crystal CuCl. Results for CuBr are also 

presented. The development of a p-n junction is the first step toward a light emitting device. 

In order to fabricate such a junction controlled doping of CuCl has to be achieved. Oxygen is 

considered to be a potential p-type dopant. Oxygen plasma treated samples of CuCl are 

optically analysed in order to determine the influence of oxidisation on CuCl optical 

properties. Finally in this chapter the complex refractive index of CuCl over a wide 

wavelength range, including at wavelengths below the bandgap, is determined using 

spectroscopic ellipsometry. The complex refractive index is one of the most crucial 

parameters of a material and is essential for the optical simulation of the material in 

structures and devices.

Chapter Three investigates four CuCl photonic crystal structures with a view to 

applications in the THz region of the electromagnetic spectrum. Due to the relatively low 

absorption coefficient at low temperatures below 3THz CuCl can potentially find application 

in this field. Also at room temperature over 8THz CuCl absorption remains small.. From the 

band-gap maps the lattice parameters are obtained and using the transfer matrix method the 

reflectivity spectra of CuCl THz mirrors are discussed.

Chapter Four presents the study of CuCl microcavities working in weak coupling regime 

and addresses the issue of light extraction from CuCl based light emitting devices. The 

simulations done using the transfer matrix method show the dependence of light extraction 

on the CuCl layer thickness and the substrate optical properties. The possibilities for 

maximising the extraction efficiency are discussed.

In Chapter Five the regime of strong light-matter coupling mside a bulk CuCl based 

microcavity is discussed. CuCl is considered for room temperature polariton devices. The 

very high exciton binding energy of 190 meV compared with other wide bandgap materials 

such as GaN and ZnO can offer significant advantage for room temperature operation. A 

simple bulk microcvaity is designed and fabricated. Evidence for strong coupling at room 

temaperature, through observation of anti-crossing of the upper and lower polariton 

branches, is investigated using reflectivity measurements. The results are compared with 

simulation.

The conclusions are presented in Chapter Six
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2 CuCl material properties

2,1 Properties
Copper (I) chloride, commonly known as cuprous chloride is an ionic semiconductor of wide and 

direct band gap. CuCl shares many properties with other group I-VII semiconductors. The 

subgroup of I-Vll semiconductors constitutes compounds of copper and one of the halogen gases, 

that IS, copper halides. Of all the copper halides CuCl has the highest lomcity of 0.75 [1]. The 

iconicity IS defined as an ionic (heteropolar) fraction (f“) of the whole bond. The remaining 

fraction (f]^) is of the covalent (homopolar) origin. These fractions satisfy equation 2.1 [2]:

F“ + fh == 1 (2.1)

The iconicity determines the crystalline structure of the compound [3]. The compounds of 

icomcity exceeding 0.785 crystallise in rock salt structure. CuCl is close to this border, though the 

lowest energy of the crystal is still achieved within the zinc blende structure at room temperature. 

Generally copper (1) halides crystallise in zinc blende (y) phase at room temperature [4]. At some 

temperature, depending on the compound, they undergo a phase transition into the wurtzite phase 

(P). Further, with mcreasing temperature, copper (I) halides might undergo another phase transition 

into the cubic a phase. However, at normal pressure CuCl melts before it reaches a phase. With a 

band-gap energy (Eg) of 3.4 eV CuCl as a UV/visible light emitter is the natural competitor of other 

wide band-gap semiconductors like GaN or ZnO and their properties are compared m Tab/e I.

Table 1: Basic optical properties of wide band-gap semiconductors - GaN, ZnO and CuCl.

Semiconductor Band-gap energy [eV] Exciton binding energy [meV] Lattice mismatch with the

compatible substrate f%]

GaN 3.28 25 ~13

ZnO 3.37 60 18.2

CuCl 3.4 190 <0.4

CuCl has been a subject of research since at least the middle of the twentieth century. Early 

research was focused on absorption and luminescence of smgle crystals or bulk polycrystalline or 

amorphous layers grown on vanous substrates [5-11]. In 1968 the biexciton in CuCl was 

discovered [12] starting interest m this aspect of CuCl properties [11], [13], [14]. Also the
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nonlinear optical properties were investigated [15], [16], The progress m material fabncation 

technology moved attention into quantum confined structures of CuCl like quantum spheres, 

embedded CuCl microcrystals and thin layers [17-30],

The exciton in CuCl however, Wannier-type, has a small radius of 0.7nm, only slightly 

bigger than the y-CuCl lattice constant of 0.54Inm. Due to this, even nanometre size crystals or 

layers of CuCl exhibit bulk rather than a quantum confmed nature. Quantum confmement of 

excitons influences their bindmg energies [31-33]. The increase in binding energy of excitons has 

crucial meaning for materials having low exciton binding energies m bulk. An example is the case 

of the GaN/AlGaN quantum well, where quantum confinement can increase the binding energy 

above 25 meV while in bulk this energy remains at 20 meV [32]. The room temperature thermal 

energy is 25.5 meV thus in order to be able to survive at room temperature excitons should have a 

binding energy of at least 25 meV. What is achievable only within quantum structures m materials 

like GaN is not an issue m CuCl. The free exciton binding energy withm bulk CuCl is 190 meV 

[34]. Another significant feature with CuCl is its compatibility with a suitable substrate. As can be 

seen m Table I the mismatch between CuCl and its substrate silicon is 0.4%. This value is 

approximately thirty times less than in the case of GaN and more than forty times less than for 

ZnO. Moreover, the most compatible substrate of GaN and ZnO is AI2O3. Both GaN and ZnO can 

also be grown on a Si substrate, but the increased lattice mismatch generates a huge number of 

threading dislocations that affect device performance, decreasing their longevity and overall 

efficiency. Even the mismatch of 13% in the case of the GaN/Al203 system requires sophisticated 

growth techniques like Epitaxial Lateral Overgrowth (ELO) in order to grow sufficient quality 

semiconductor layers [35-37]. Also with the progress of material fabrication experiments involving 

cavity-polaritons became possible [38], [39]. Since the biexciton bmding energy m CuCl is very 

high and reaches 30 meV in bulk material, biexcitons were involved in Bose-Einstein Condensation 

(BEC) experiments [13], [40]. Also with the help of biexcitons m CuCl the emission of entangled 

photons was demonstrated [41],

In order to achieve satisfactory efficiency of photon generation in a light emitting device a 

p-n junction has to be built. The p-type dopmg was a problematic issue for wide band-gap 

semiconductors of groups III-V and II-VI [42], [43]. CuCl is natively a p-type semiconductor [44]. 

Zinc was proven to be an n-type dopant [45]. Oxygen is expected to increase the holes 

concentration m CuCl, thus the preliminary research on oxygen plasma treatment was done and 

will be discussed later [46].

The process of design and fabrication of a device has to be preceded and supported by 

simulation. Accurate and reliable simulation is possible only when valid parameters are provided 

with the correct model describing the phenomena involved. For simulation of light emitting
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devices, the crucial parameters are optical properties of devices constituent materials. Later in this 

chapter the characterization of CuCl properties will be discussed. The excitonic properties of CuCl 

thin layers will be analysed with the help of temperature dependent photoluminescence (PL). The 

refractive index of CuCl polycrystalline layers deposited on Si substrates will be obtained from the 

analysis of ellipsometry measurements

2.2 Sample preparation
The samples of copper (I) halides, bemg the object of optical characterisation, consist of a 

thin layer of CuCl or CuBr deposited on commercially available Si wafers. Layers of thickness up 

to 500 nm are deposited by the author. The evaporation is performed at room temperature in 

Edwards Auto 306A evaporator. The pressure inside the chamber is 10"^ Torr. The target, in the 

form of powder or small spheroids, is heated by the induction heater. The evaporation rate is 

controlled with the help of the crystal oscillator. Due to interactions with atmosphere, particularly 

with humidity, unprotected CuCl samples tend degraded to degrade very quickly. Thus, in order to 

guarantee the required quality, the freshly prepared samples were immediately transported to the 

cryostat and kept in vacuum all the time.

2.3 Measurements 

2.3.1 XRD
Structural properties of CuCl on Si are determined with X-ray diffraction (XRD). CuCl and 

Si crystalline lattices are closely matched. The lattice constant, a, of CuCl is of 0.542 nm [47] 

while that of Si is 0.543 nm [48]. The mismatch between the two is <0.4% , thus the quality of 

CuCl films grown on Si is expected to be very high. The XRD spectrum of CuCl layer on (100) 

oriented Si is shown in Figure 2.1. The inset shows the rocking curve of the CuCl layer on (111) Si. 

In the XRD scan the sample is placed m the fixed position. The X-ray source is also fixed. The 

detector changes the angular position which is also known as 20 scan. This measurement gives the 

information about the material composition. In the rocking curve scan the the X-ray source and the 

detector are at fixed position. The sample is tilted (or rocked) slightly around the Bragg peak. The 

rocking curve is also known as D scan since the tilt angle is often denoted as D. The rocking curve 

gives more detailed information about the crystalline quality of the material. There are 4 peaks 

identified. The most intense one is attributed to both CuCl (200) and Si, with the intensity mostly 

due to the Si contribution. Two other peaks attributed to CuCl are CuCl (111) and CuCl (220). The 

preferential direction of growth of CuCl on Si is (111), though both the (111) and (110) 

orientations allow the growth of good quality CuCl thin films. The rocking curve shows that the 

CuCl peak is very close to the Si peak, with only a small misalignment visible. Broadening near the 

base is an indication of the polycrystallinity of y-CuCl grown on silicon.
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Figure 2.1: CuCl on Si X-ray diffraction spectrum. There are three peaks corresponding to CuCl and two 

corresponding to Si visible. However at CuCl Si (200) the most intense signal is detected it is mostly due to Si 

presence. The most intense CuCl peak is that of CuCl (Ill). The inset shows the rocking curx’e of CuCl on Si 

measured (black line) and simulated (red line). The broadening near the bottom of the mea.sured line is an 

indication of CuCl polycrystallinity.

2.3.2 Photoluminescence
A temperature dependent photoluminescence (PL) study of CuCl thin films was performed 

usmg the setup shown in Figure 2.2. A UV laser is used as the excitation source. The second 

harmonic (244 nm) of the contmuous wave Ar-Ion laser and the third harmonic (355) of the pulsed 

Nd:YAG are available. The sample is held in a closed circulation liquid helium cryostat allowmg 

the sample to be cooled down to 1 OK. Photoluminescence light is collected and focused by a set of 

lenses on the slit of a spectrometer equipped with a liquid nitrogen cooled CCD and connected to a 

computer for data collection. The spectral resolution of the overall system is 0.3 nm.

Figure 2.3 a shows typical low temperature spectrum of y-CuCl deposited on (100) Si. A 

similar spectrum is obtained for CuCl on (111) Si.

There are four peaks visible. They are named and attributed as follows:
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The highest energy peak (3.203 eV) Z3 is attributed to the free exciton, h at 3.181 eV is the bound 

exciton peak, at 3.159 eV there is the M peak attributed to free biexcitons and the lowest energy 

peak at 3.134 eV named Ni is attributed to bound bi-excitons.

UV Laser 

(244 or 355 nm)
Cryostat

(10K-300K)

Triax 190 

Spectrometer 

0.3nm resolution

Lenses

Photoluminescence emission Sample

Figure 2.2: Photoluminescence measurement setup. The source light is emitted by the laser. The 

sample hold in the liquid helium cooled cryo.stat is excited by the source light. The emitted radiation is 

collected by the set of lenses and focused onto the slit of the Triax 190 spectrometer having an optical 

resolution of 0.3nm. Ihe resolved spectrum is recorded on PC computer with the help of LN stabilised CCD.

In Figure 2.4 the PL spectra of CuBr on Si are presented. The lattice constant of CuBr of 

0.5695 nm is bigger than that of CuCl (0.542 nm) and Si (0.543 nm). Thus the lattice mismatch 

between CuBr and Si lattice is of-4.7%. The sample was excited with the 355 nm pulsed Nd:YAG 

laser. Similar to CuCl, the exciton emission in CuBr has two bands separated by spm-orbit 

splitting. These bands are named Z1.2 and Z3 in both semiconductors. In CuCl Z3 is the highest 

energy band while m CuBr the order is reversed with Zi_2 the highest energy band [11].
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Energy [eV]

Figure 2.3: Low temperature (I4K) PL spectrum of Cud on Si. There are four distinguishable 

features attributed to free and bound excitons(z} and Ij, respectively) and free and bound biexcitons (M and 

Nj, respectively).

Figure 2.4: CuBrPL spectra taken at ILK (a) and at room temperature (b).In the low temperature 

spectrum only the exci tonic peaks are visible, at 2.963 eV the free exciton (z^ peak and at 2.947 eV the bound 

exciton (1J. At room temperature the bound exciton peak vanished and only one feature at approximately 

2.972 eVis visible.

There are two distinguishable peaks m the low temperature spectrum. The dominant bound exciton 

h peak at 2.947 eV and the low energy side of free exciton Zi_2 known as Zf at 2.963 eV. At high 

temperatures the h peak vanishes and the Zf peak, which is thermally promoted to higher energies, 

merges with Zi_2 thus only one feature is visible at 2.972 eV. These observations are consistent with 

previously reported spectra of CuBr single crystal samples [11].
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According to the observed peaks positions presented in

Figure 2.3 the energy level diagram of CuCl is presented in figure 2.5 and the binding 

energies of individual exciton peaks can be determined.

2E.

Ex

Figure 2.5: Energy levels of CuCl.

The energy values from the different peaks of the CuCl on Si photoluminescence spectrum taken at 

14K are Ex[Z3]=3.203 eV, Exx[M]=3 159 eV, EbxLIi]=3.181 eV and Ebxx[Ni]=3.134 eV and the 

binding energies of bound excitons and biexcitons can be derived as follows:

bound exciton binding energy (marked with the orange arrow): E^’bx-Ex-Ebx

free biexciton bindmg energy (marked with the red arrow): E^xx'^2Ex-E.xx

bound biexciton binding energy (marked with the blue arrow): E'’bxx=2Ex-Ebxx-Ebx-E’’xx

The bindmg energy of the bound exciton E’’bx=22±2 meV corresponds to the value previously 

reported for bulk CuCl crystals and to the layers deposited on sapphire substrate [17]. The line 

shape of free biexciton in CuCl is known to be of an inverse Boltzmann type. Assuming that the 

bound biexciton binding energy is 33 meV, as m bulk CuCl, the bound biexciton peak is expected 

at 4.174 eV which in fact is the high energy edge of the M peak [17].

2.3.3 Power dependence of PL emission
Very even energy separation of PI peaks suggests that M and N i can be rather phonon 

replicas not biexcitons [49]. However, in tbe CuCl on Si samples under study, there are a number 

of features mitigating against this argument. Firstly, as the LO phonon energy in CuCl is typically 

26 meV, the lower energy peaks are not at appropriate energies to correspond to phonon replicas of 

the Z3 or h exciton peaks. Secondly, the high intensities of the M and N lines with respect to the 

free and bound exciton peaks m the lOK spectrum, shown in figure 2, are not consistent with 

phonon replicas. Thirdly, due to the mcreased LO phonon-exciton interaction at higher 

temperatures the ratio of the LO phonon line intensity to the zero-phonon line intensity should
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increase as a function of temperature and there is no evidence of this m the temperature dependent 

spectra m Figure 2.8.

The analysis of individual peak intensities as a function of excitation power helps to 

attribute them to the particular features. The biexcitonic origin of peaks at 3.159 eV (M) and 3.134 

eV (Ni) was further confirmed with the power dependent PL measurements. Biexciton peak 

intensity increases as the square of excitation laser power while the excitonic peak intensity 

mcreases linearly with the excitation power. Such a simple relationship is however rarely observed 

in practice [18], [19]. An approximate factor of two between both power dependences is a typical 

signature of bi-excitonic behavior, even if it is only evident over a small range of excitation power 

[19]. Figure 2.6 shows the peak intensities as a function of excitation power plotted for the free 

exciton peak Z3 (marked with squares), free biexciton (circles) and bound biexciton (triangles).

Figure 2.6: Power dependence of CuCl on Si photoluminescence. Intensities of the Z3 peak are 

marked with squares, free biexcitons and bound biexcitons are marked with circles and triangles, 

respectively. The exponential dependence of emission intensity on excitation power allows determining the 

origin of the peaks. The exponents of free and bound biexcitons are of I.45±0.08 and J.4±0.1, respectively. 

The exponent of free exciton peak is of 0.86±0.38. The difference between the biexcitonic and excitonic peaks 

power dependence of the level close to the unity confirms the origin of these features.

The power range is almost two orders of magnitude lower than in other studies on 

biexcitons. However, the laser used in the experiment is emitting at 244 nm, where the absorption 

of CuCl is more efficient than m the case of the 355 nm or 337 nm lasers that are used m similar
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studies [50], Also very good quality of CuCl layer grown on Si allows for biexciton appearance 

under relatively low excitation power. The measured power dependence was 1.45±0.08 for the free 

biexciton and 1.4±0.1 for the bound biexciton. The Z3 peak power dependence on excitation power 

was 0.86±0.38. These values confirm the biexcitonic nature of M and Ni peaks.

The free exciton (Z3) peak position changes with temperature. This dependence is shown in 

Figure 2.7. The peak position varies between 3.205 eV at lOK and 3.235 eV at room temperature. 

The increase of band gap energy as a function of temperature is the opposite to other 

semiconductors, which generally follow the Varshni or Einstein model [51], [52]. Similar results 

have been previously reported for vacuum evaporated CuCl thin films on fused quartz substrates 

[53]. To explain the behavior Garro et al [54] postulated that the Cu ions, vibrating predominantly 

at low frequencies, lead to an increase in the energy gap, whereas the Cl ions, vibrating at high 

frequencies, lead to a reduction in the energy gap. The effect of the Cl ions is seen at higher 

temperatures when the competition between the processes results in a reduction in the rate of 

mcrease of the band gap energy as a function of temperature

Figure 2.7; Z3 peak thermal shift in CuCl on Si. The measured energies of Zj peak are marked with 

black squares. The dashed and dash-dotted lines represent the competing vibrations (acoustic and optic, 

re.spectively) leading to the thermal shift of the free exciton peak according to the Gdbel model.

Gdbel et al. proposed a two harmonic oscillator model to describe the renormalization of 

the CuCl band gap by electron-phonon interaction [55]. Due to the relatively large mass difference 

between Cu and Cl, one oscillator describes purely chlorine-like vibrations at high (optic)
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frequencies and the other purely copper-like vibrations at low (acoustic) frequencies. The following 

expression describes the mass and temperature dependence of the fundamental gap;

Eo(T,M) = Eo + 'Cu
^Cul^Cu

n(mcu<T) + -

where, n(m, T) =— is the Bose-Einstem occupation number of the phonon. Mqi/ci is the
eW-i

atomic mass of Cu/Cl, Eq is the unrenormalised band gap and Acu/ci is an effective electron-phonon 

interaction parameter. As m references [51] we take an average optical, purely Cl-like, phonon 

frequency of (0ci=6 THz and an average acoustic, purely Cu-like, phonon frequency of cdcu=1 THz. 

This equation results in an excellent fit with our experimental data as shown in Figure 2.7. Values 

for Eo and the Acu/ci parameters were determmed: Eo=3.233±0.002 eV, Acu= 0.0032±0.0001 eV^ 

amu, Aci= -0.057±0.004 eV^ amu. By looking separately at the contributions of each of the two 

oscillators to the renormalization of the band gap energy we can determine that the optical, 

chlorme-like vibration reduces the unrenormalised band gap at 0 K by 33 meV while the acoustic, 

copper-like vibration increases the gap by 6 meV resulting in an overall 0 K band gap 

renormalization of 27 meV. These values are slightly smaller than those obtained by Gobel et al. of 

38.8 meV and 8.7 meV for the optic and acoustic phonon contributions respectively.

The thermal dependence of PL emission from CuCl on Si is presented m Figure 2.8. While 

at low temperatures all previously named features are visible the shape of the PL spectrum changes 

as the temperature is raised, some of the spectral features disappear due to thermalization of 

(trapped) carriers. As their binding energies are lower than excitons, biexcitons disappear first. 

Finally at room temperature only the free exciton peak remains (inset of Figure 2.8) since free 

exciton bmding energy (190 meV) is much higher than room temperature thermal energy (25 
meV).

By analysmg the peak intensities and widths more information regardmg optical properties can be 

extracted. Figure 2.9 presents the so-called Arrhenius plot of the normalised integrated 

photoluminescence mtensity as a function of T‘.

Several factors can induce luminescence quenching in semiconductors [56]. One of them is related 

to temperature quenching in which the lower state for radiative transition may become unavailable 

or an alternative nonradiative path for energy transitions can become available so that even if the 

number of excited centers remains constant the probability of radiative transition is reduced. The 

followmg equation can be used to study the thermally activated process leading to exciton (or 
biexciton) luminescence quenching.
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.peak
-Ei

1 +
(2.3)

lo is the photoluminescence integrated intensity at OK, A is a constant, Ei is the thermal activation 

energy, ke is the Boltzmann constant and T is the temperature. From the data presented in Figure 

2.9, a free exciton thermal activation energy of 167.8±6.5 meV can be estimated for CuCl layer 

evaporated on Si. It is within the range of previously reported values for bulk CuCl and CuCl thin 

films (150-250 meV) [7].

Figure 2.8: Thermal dependence of CuCl on Si PL emission. There are four clearly distinguishable 

features \nsible in the lOKspectrum. Due to thermal quenching and exciton-phonon interactions intensities 

decrease with temperature and peaks become broader. Spectra for temperatures between 80 and 140K were 

multiplied by the factor of 30 for the sake of clarity. An inset shows the room temperature spectrum where 

only one peak, Z} remains present.

An understandmg of the exciton-phonons coupling can be further elucidated from analysis of the 

PL line broadening study as a function of temperature. Whether excitonic emission would be 

visible at room temperature or not depends on the balance between exciton binding energy on one 

hand and exciton-phonon coupling strength on the other hand [18].
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Figure 2.9: Arrhenius plot of the normalised PL intensity vs temperature for Z3 peak of CuCl deposited on Si. 
In the inset the zoom for the high temperature range is shown. Over the measured points marked with black 

.squares the curve fitted using equation (2.3) is plotted with the solid red line.

A high value of the exciton-LO phonon coupling parameter leads to an increase of the 

linewidth with temperature such that it might not be visible at room temperature. Interaction of 

excitons with acoustic phonons linearly broadens the line. This process is dominant at low 

temperatures, but at about 150K exciton/LO-phonon interaction starts to contribute. At high 

temperatures (close to room temperature) exciton/acoustic phonon interaction becomes dominant. 

Depending on the exciton bindmg energy value, excitonic features can be visible up to room 

temperature such as in the case of CuCl. Figure 2. JO shows the FWHM of the Z3 peak (assigned to 

free exciton emission) as a function of temperature. The black squares correspond to the 

experimental data.

The expenmental data are fitted with the following equation

rcn = To + YphT +
e~l<bT _ 1

(2.4)

where To is the FWHM at OK, yph the acoustic phonon coupling constant, Tlo the coupling 

strength with longitudmal optical phonons, n the number of optical phonons involved and hoiLo the
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optical phonon energy, with ke and T representmgthe Bolt2mann constant and temperature, 

respectively. The final curve is the sum of three components: a constant corresponding to the 

FWHM at OK, a Imeai part (describing the interaction of excitons with acoustic phonons which is 

dominant at low temperatures) and an exponential part (describing the interaction of excitons with 

optical longitudinal phonons becoming dominant at high temperatures).

Figure 2.10: FWHM of Z3 peak in CuCl on Si sample excited with 244 nm CW laser. The red curve shows 

the fit obtained with the equation (2.4). The dotted curve shows the linear component corresponding to the 

exciton-acoustic phonon interaction while the dash-dotted line shows the exponential component describing 

exciton-longitudinal optical phonon interaction. Ihe slight 'stepping ’ visible in the measured data points 

originates in limited accuracy of resolving PL spectra, especially at low temperatures, where spectra become 

quite complex.

Our data can be fitted with an excellent agreement usmg the parameters: nh(i)Lo=84.8±6.8 meV, 

Yph=73±7 peV, rLo=976±245 meV and To =11.1 ±0.5 meV. The PL lines of CuCl Z3 exciton were 

fitted with the Lorentzian. For each temperature step in the range 14-300 K the FWHM was read. 

As Flo is expected to increase with the polarity of the material and because CuCl lomcity is higher 

than that of ZnO or GaN, the obtained value for CuCl is in agreement when compared with 

previously reported values for the two other wide band-gap semiconductors (Tlo (ZnO)=876.1 

meV) [57].

Similar analysis can be performed on the CuBr spectra. The Arrhenius plot for CuBr 

deposited on Si is shown in Figure 2.11.
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Figure 2.11: Arrhenius plot of Zf peak for CuBr deposited on Si. In the inset the high temperature part of the 

spectrum is zoomed. The red curve shows the fit obtained using equation (2.3) plotted over the black 

squares representing the measurement points.

Again, the experimental data were fitted using the equation (2.3). The thermal activation energy of 

the photoluminescence quenching process (Ej) for CuBr on Si was calculated as 59±7 meV This 

value IS consistent with previously reported values of 50 meV for single crystal CuBr [7].

The Zf peak width as a function of temperature is presented m Figure 2.12. The experimental 

data corresponds to the FWHM of the free exciton peak over the temperature range 14 K to 293 K 

using the Nd:YAG 355 nm pulsed laser as the excitation source. The data are fitted with equation 

(2.4) and the following parameters are obtamed:

To = 4.38 ±0.55 meV, Tlo = 50.4514.33 meV, nhcoLo=l V.9912.1 meV while Yph=37.4±19.5 peV 

for CuBr on Si. Similarly to CuCl on Si case, interaction with acoustic phonons is much weaker 

than with optical phonons. The lower value of yph for CuBr is consistent with expectation, as the 

deformation potential is also lower in CuBr than in CuCl [58]. The measured value of the optical 

phonon energy of 17.912.1 meV is comparable to literature data for CuBr which is of ~21 meV 

[59], [60]. Also the coupling strength between the exciton and LO phonon is much weaker in CuBr 

than in CuCl. This value is expected to increase with polarity, thus lower value for CuBr is 

expected.
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Temperature (K)

Figure 2.12: Zfpeak width as a function of temperature in CuBr on a Si sample excited with 355 nm 

Nd. YAG pulse laser. The black squares represent the measured values of Z} peak FWHM. The red line is the 

ft of equation (2.4).

The parameters obtained from the thermal analysis of PL emission are very helpful. 

Together with XRD they allow assessment of the material quality. Comparison with the reported 

data of single crystals and thin layers evaporated on other than Si substrates gives the information 

about the overall quality and properties of copper halide layers grown on Si. Obtained PL spectra 

of sharp and well defined features and material parameters comparable to those reported in 

literature, even for single crystal CuCl, provide high quality evidence of vacuum deposited layers 

on the Si substrate.

2.3.4 Oxygen treated CuCl on Si layers
One of the issues that has to be addressed before the p-n junction can be fabricated is 

material dopmg. As was already reported, CuCl is natively a p-type semiconductor. Zn has been 

investigated as a possible n-type dopant [45]. On the other hand doping with oxygen is expected to 

increase the hole concentration in CuCl. The oxygen plasma treatment is examined as a possible 

oxygen doping technique for CuCl and possibly for other copper (I) halides. For the purpose of the 

expenment the vacuum deposited CuCl on Si layers were treated in an RF oxygen/argon plasma. 

Ar IS a neutral gas and thus it does not react with CuCl. High energy Ar ions penetrate CuCl deeper 

than oxygen ions. The Ar penetrated CuCl layer is thus doped not only at the surface, but also to 

some extent deeper. A number of oxidized CuCl samples were prepared to examine optical 

properties of such modified CuCl. 500 nm of CuCl on Si substrate samples were prepared usmg the 

evaporation technique mentioned before. Such samples were oxygen plasma treated for penods
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varying from 30s up to 5 minutes. Temperature dependent PL was performed on each sample. A 

PL spectrum is a result of one or more possible energy transitions m the material. Radiative 

transitions give a positive contribution to the photolummescence while non radiative transitions 

may be considered as deleterious. Dependmg on the band structure of the crystal there could be 

more than one allowed transition. With increasmg temperature the probability of non-radiative 

transitions becomes higher, leadmg to the previously mentioned thermal quenching process. From 

the normalized integrated photolummescence mtensity plotted versus T’' of oxidized samples we 

can notice that the PL intensity is not monotonically decreasing with increasmg temperature, but 

for some temperature range it increases, as can be seen in Figure 2.13.

Inverse temperature (K')

Figure 2.13: Z} peak thermal quenching of plasma treated CtiCl on Si sample. The black squares 
.show the measurement points. The red curve is the fit of equation (2.5) assuming that there are four 

processes involved. Three of them contribute to thermal quenching and one of them drives the 

negative thermal quenching visible as the dip in the fitting cur\>e.

An explanation of this phenomenon was proposed by Shibata et al and applied to GaAs [61 ]. He 

suggested the existence of energy transitions leading to thermal activation of electrons from some 

inner energy level to an excited level. Transitions from this inner level would be non-radiative 

while transitions from the excited level to the ground level are radiative. The schematic diagram of 

this model is presented in Figure 14. The transition from the excited energy level (denoted as A) to 

the ground level (G) are radiative. The transitions between the excited level and inner levels (B1 - 

Bw) can be both radiative and nonradiative. The temperature induced transition from the
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potentially nonradiative level B2 to the excited level contributes to the increased PL intensity with 

increased temperature.

T

y

A

B1

B2

Bk

Bw

Figure 14: Ihe scheme of energy transitions in oxygen plasma treated CuCl on Si. The number of ne^\ both 
radiative and nonradiative, transitions is introduced. Additionally the temperature activated transitions from 
inner levels to the excited level become possible.

Thus for some temperature range over which the thermal energy is sufficient to excite the electron 

an increase of the PL intensity with temperature called Negative Thermal Quenchmg (NTQ) is 

observed. Mathematically this model is described by equation (2.5) [61].

En1(T) l+S^^iDqel^

1(0) -Ei (2.5)
l + Zj'SiCje’^

In equation (2.5) the numerator is the sum of w terms attributed to the processes responsible for 

negative thermal quenchmg. Eq is the q* process thermal activation energy. The denominator is the 

sum of m processes contributing to thermal quenchmg. Ej is the j* process thermal activation 

energy. D and C are fitting constants. T is the temperature and Lb is Boltzmann constant. If the 

number of processes contributing to NTQ is 0 (w=0) and only one process contributes to PL 

quenching (m=]) this equation simplifies to the previously mentioned Arrhenius equation (2.3). 

Assuming there are 3 processes contnbutmg to the thermal quenching of PL of oxidized sample, 

and one process contributing to NTQ a very good fit to the experimental data could be obtamed, as 

can be seen in Figure 2.13. From fitting the expenmental data the activation energy of the NTQ 

process of approximately 10 meV for all of the measured samples was obtamed. It was also noticed 

that the ratio of PL intensity at low temperature to that at room temperature decreases with
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oxidation time. Plots of normalized integrated photolummescence intensity as a function of T"’ 

showing the difference caused by the oxygen plasma exposition time are shown m Figure 2.15.

Figure 2.15: PL intensity dependence on oxidization time. Curves of 30s-5m are vertically .shifted in 

order to emphasize differences. Increased oxidization time has twofold impact on thermal quenching. The 

negative thermal quenching becomes more .significant and the PL intensity decrea.ses.

Optical properties of CuCl aie affected by the plasma treatment. The intensity decreases with an 

increasing of oxidation time, but it is not quenched completely. The activation energy of additional 

non-radiative processes was determined and this suggests that the number of defects m the CuCl 

layer had increased. However the photolummescene signal remained relatively high. Electrical 

measurements are required to validate the increase of hole conductivity. Also doping with other 

elements (like Sr or Ba) could be investigated to modify the electrical properties of CuCl and 

determ me the optimum dopant

Structural and optical measurements show that room temperature vacuum evaporation can 

give a good quality material using this relatively simple growth technique. Values of optical 

parameters were measured and compared with those reported for single crystal CuCl and for Cu-Ha 

layers grown on other substrates.

Of course more advanced growth techmques like MBE would allow more precise control 

over thickness and overall material quality, i.e. improve the epitaxial quality. Our collaborators are 

currently developing liquid phase epitaxial growth of CuCl on Si. It will allow single crystal layer 

of CuCl to be grown on Si. And to investigate the rest of the copper halides group, CuBr and Cul.
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2.3.5 CuCl refractive index determination from ellipsometry data
The growth of more sophisticated structures leading ultimately to CuCl based optoelectronic 

devices requires simulations to mvestigate different device design options. The complex refractive 

index, n, is a key parameter required for accurate simulation of the propagation of electromagnetic 

fields in multilayer structures. For many materials values of refractive index are known for a wide 

range of wavelengths. Available data for CuCl is rather incomplete [62], [63]. Other authors give 

the absorption coefficient of CuCl obtained from low temperature measurements [64] or some just 

show the shape of the absorption curve but give no quantitative values [65]. Only one publication 

describes the dielectric constant of CuCl around the band-gap at room temperature [66]. The 

refractive index is not only temperature dependant, but also depends on material quality. Moreover, 

the refractive mdex strongly depends on the growth technique. More precisely, the refractive index 

depends on the material quality. The imaginary part of the refractive index remains sharp for good 

quality epitaxial materials. Structural distortions broaden the absorption line and thus the real part 

of the refractive mdex becomes flattened.

In order to guarantee the highest possible accuracy of simulation the refractive index of 

vacuum evaporated CuCl on Si is determined at room temperature using ellipsometry. This section 

presents the technique and results of the measurement of the refractive index of CuCl on Si for a 

wide range of wavelengths including the proximity of the band-gap. 'fhis optical parameter is then 

used for the simulation of microcavity structures m Chapters 4 and 5.

2.3.5.1 The ellipsometry technique
The ellipsometry is a sensitive technique which allows the polarization state of reflected light 

to be measured. Such reflected light is decomposed into its two components: s (perpendicular) and 

p (parallel) to the plane of mcidence. The measured parameters W and A are related to the ratio of 

reflected amplitudes by the equation:

p = —= tan(4^)e iA
(2.6)

Where tp and are the Fresnel reflection coefficients (respectively parallel and perpendicular to the 

mcidence plane).

Typical IF and A values have been obtained for a sample with 500 nm of CuCl deposited on Si and 

are presented m Figure 2.16.
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Figure 2.16; Ellipsometiy data of500 nm CuCl on Si layer. The dotted lines represent the 

measured ellipsometric angles while the solid lines represent the modeled 'P and A using the 

‘guessed' refractive index.

The red and green lines show the experimental values of P and A given in degrees. Dotted lines 

show fitted curves using modelled values of n and k. It can be seen that the fit is very close the 

measured data for the energies below the band-gap at room temperature (3.39 eV) which 

corresponds to wavelengths > 365 nm. For energies > 3.39 eV there is significant absorption which 

makes it difficult to detect the oscillations

There are different mathematical models to descnbe the dispersion of the dielectric 

constant in different types of materials. Most of them are quite reliable for energies below the 

band-gap. The model chosen to model dielectric constants of the measured samples was the Tauc- 

Lorentz model, m particular it was used to extract the complex refractive index below the band-gap 

[67]. Components of the complex dielectric function in this model are calculated as follows:

AEpCjE-EgY 1 
(F2 - £2) + c^e2 e

E>E,9

E <E9

(2.7)

And

uu

£1 = £i(oo) -h^p J f^2(0
^2-^2 (2.8)

Where A is a transition-matnx related parameter, C is the broadening parameter, Eo is the 

transiotion energy, Eg is the band-gap energy and SjfxiJ is the dielectric constant.
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It IS a modified version of the Lorentz model.

t=l ^

(2.9)

Where £(£") is a complex dielectric constant, £1(00) is dielectric constant at high energies (over the 

band-gap), N is the number of oscillators, Ai is the amplitude of the 1* oscillator, 5, is the 

broadenmg of the 1* oscillator and £* is the center energy of i* oscillator.

The Tauc-Lorentz model can be used to describe the dielectric constant around the band 

gap and below. However while this model is widely used with amorphous semiconductors, it did 

not provide a good fit for our pollycrystaline CuCl on silicon samples. The Tauc-Lorentz model 

was applied for energies below the band-gap. However to extract the complex refractive index 

close to or greater than the band-gap a point-by-point method was used to obtain discrete values of 

the dielectric constant.

2.3.5.2 CuCI on Si refractive index values
High absorption coefficients near and above the band-gap make ellipsometry signals weak for 

samples of thickness exceeding 120 nm. Signal strength increases with decreasing CuCl layer 

thickness, but surface roughness starts to play a significant role for samples thinner than 60 nm. 

Average surface roughness measured with a Dek-Tak profilometer is ~7 nm. Based on these factors 

a range of sample thicknesses ranging from 60 -120 nm were characterized and analysed. 

Subsequently the data from the samples were combmed to obtain the averaged complex refractive 

index over the entire wavelength range. The curves m Figure 2.17 represent the averaged complex 

refractive index. The real part of refractive index («) is shown with an absolute error of less than 

0.0925 (~4.7%) and the imaginary part {k) is shown with an absolute error less than 0.092 

(~18.9%). In the ranges where data was available, the refractive index of CuCl on Si obtained from 

ellipsometry data is very close to what has been reported in the literature for thin CuCl layers [66]. 

The ellipsometry angles measured for the 65 nm thick layer of CuCl deposited on Si are shown in 

Figure 2.18. The modeled curves were calculated with averaged refractive index data from Figure 

2.17 using a transfer matrix model (discussed m chapter 4). The averaged refractive index allows 

reliable simulation of ellipsometry angles. Values of the measured refractive index for wavelengths 

387 nm and above are m very good agreement with those previously reported in the literature.
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Figure 2.17: Refractive index dispersion of CuCl on Si obtained from ellipsometry measurements at 

room temperature. On the left hand side of ‘Y’ axis the tea! part of refiactive index is marked while on the 

right hand side the extinction coefficient values are marked. The black curve shows the refractive index of 

CuCl averaged for the range of samples of thicknes between 60 and 120 nm. The imaginary part is plotted 

with the blue line. In the inset the proximity of the CuCl band-gap is zoomed.

65nm CuCl measured and calculated ellipsometrj’ angles

B.
m

Wavelength (nm)

Figure 2.18: Measured and calculated ellipsometry angles of 65 nm thick CuCl layer deposited on 

Si. The red and blue dots show the measured values of ellipsometric angles while the solid lines show the 

calculated curves using the refractive index from Figure 2.17.
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2.4 Conclusions
Copper (I) halides are very promising materials for UV/blue emitters. Due to an excellent 

lattice match with Si, this new material system is of interest for fundamental studies and possible 

device applications. XRD examination of vacuum evaporated CuCl layers shows very good 

structural and optical quality achieved with a relatively simple thermal evaporation deposition 

technique. Temperature dependent photoluminescence allowed for quantitative determination of 

some important material parameters, providing insight into the optical quality of the material and 

allowing for comparision with single crystal CuCl and CuCl thin films deposited by other 

techniques on a variety of substrates. From analysis of the temperature dependent PL quenching, 

free exciton thermal activation energies for CuCl and CuBr were determined. Obtained values are 

167.8±6.5 meV and 59±7 meV for CuCl and CuBr, respectively, in agreement with literature 

reports for single crystals. The study of the dependence of the peak width change on temperature 

provides mformation about exciton-phonon mteractions m both of the copper halide materials 

studied, and helps to understand the peak broadening mechanism. Further, oxygen plasma tieated 

CuCl layers were studied. Oxygen is expected to be a p-type dopant. The study of oxidised CuCl 

layers shows that plasma treatment suppresses the luminescence. Additional energy levels that are 

identified are indicators of material quality deterioration as a consequence of the introduction of the 

dopant. The activation energies associated with the newly introduced energy levels were obtamed 

from analysis of the temperature dependence of the peak intensity. Using the ellipsometry 

technique the complex refractive index of CuCl on Si was determmed over a wide wavelength 

range, mcluding in proximity to the band-gap. These values will be used in subsequent chapters for 

the investigation of microcavity based CuCl structures. All the matenal parameters obtamed for 

CuCl and CuBr on Si confirm high quality copper halides on Si as indicated by the wide band-gap 

and very high exciton binding. Additionally the compatibility with Si makes copper halides a very 

promising electronics/photonics hybrid platform.
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3 CuCI Photonic Crystals for TeraHertz Applications

3.1 Introduction
Terahertz (THz) radiation covers the range of electromagnetic waves with frequencies 

between 0.3 THz and 10 THz. For this band of frequencies many materials exhibit absorption 

corresponding to vibration and/or rotation of their molecules. Depending on the presence of an 

electric dipole in molecules, they present a sensitivity to the THz, as demonstrated for instance with 

the water molecule. This is useful in a large range of applications [1] such as medical imaging [2- 

4], security systems [5], [6], communication [7], [8] and spectral or chemical analysis [9]. These 

applications generate a high demand for efficient THz radiation sources, detection and waveguides

[I] , [10]. Water absorbs THz radiation which prevents long haul transmission of the THz signal

[II] m air. For frequencies over 0.5 THz (which is sometimes labelled as upper THz) transmission 

in air becomes virtually impossible. The atmospheric transmission of THz radiation drops from 

-80% at 1 THz to -30% at 3 THz. Being at the transition between the light (IR) and radio 

frequencies THz radiation has been found very hard to work with. Visible or infrared light radiation 

can propagate in air and in optical fibres with a typical attenuation of 0.2dB-4cm. On the other hand 

because of omnipresent water vapour in air and OH ions m optical fibres, the attenuation of THz 

radiation is very high [12], [11]. Thus the need for suitable THz waveguides has to be addressed. 

Because of the light-like nature of THz radiation one might expect mature Si02 optic fibre 

technology could provide a waveguide as a solution, however high absorption by S1O2 makes it 

impossible [13], [14]. Other possible solutions that have been investigated to date have also been 

found to be unsuitable for one reason or another [15-19]. The attempt to use metallic wire-like 

waveguides was also not satisfactory due to the finite metal conductivity. Thus the search for more 

sophisticated solutions is underway, amongst them hollow fibre waveguides, planar metallic 

waveguides and surface plasmons can be mentioned [10], [14], [20-23]. Photonic crystal (PC) 

structures of different types were proven to be an option for THz mirrors [24-27].

One of the most important materials used in the THz range is high resistivity silicon (HR- 

Si) [28-33]. It has a high value of refractive index and low absorption over a wide range of the THz 

band. High resistivity silicon has almost a constant value of refractive index n of 3.42 and an 

extinction coefficient k varying between 4.8e-6 and 1.16e-4 in the range of 0.5 to 4.5 THz [34]. In 

particular its low absorption makes HR-Si the material of choice in PC design for far-infrared and 

THz applications. Very good reflectivity values of 0.9995 are achievable usmg HR-Si, even with 

ID structures, over a wide range of frequencies [26]. However, it is a high cost option, which has 

motivated research to look at alternative material options [35], [28] for some specific applications 

even if it means compromising on the matenal refractive index and absorption. For example, 

alumina with a refractive index of 3 has the extinction coefficient between 0.006 and 0.031 in the 

range of 1 to 3 THz and steatite, with a refractive index of 2.5 and extmction coefficient varying
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between 0.0126 and 0.05 in the range of 0.2 and 1 THz have been investigated [28]. In this context 

CuCl IS an alternative material for THz applications. Some CuCl PC structures have already been 

examined [36], specifically 2D and 3D (square and cubic) lattices. The dielectric constant for these 

simulations was obtained from a theoretical model. In this work the simulations of four 2D PCs 

will be performed with the refractive index values obtained experimentally [37]. The square lattices 

similar to those from [36] will be compared with triangular lattices. At room temperature CuCl has 

a reasonably low extinction coefficient ranging from 0.012 to 0.023 m the band of 8 to 10 THz. 

The real part of the refractive index in this range is approximately 1.9. The dip m absorption for 

high THZ frequency band occurs at 8.56 THz with ^0.014 [37]. Between 8.56 THz and 9 THz the 

absorption coefficient nses from 0.014 to 0.018 and above 9 THz constantly decreases, reaching 

-0.012 at 10 THz. For the lower THz band, the extmction coefficient at room temperature is higher 

and varies between 0.06 and 0.22 in the range of 0.5 to 2 THz. The absorption is highly dependent 

on temperature and the extinction coefficient becomes very low at cryogenic temperatures. CuCl 

absorption m THz range ongmates in phonons. At high temperatures phonon absorption Imes 

broaden and the absorption increases m the wide band of THz radiation. In the range of 1.5 to 3.5 

THz It vanes between 0.005 and 0.018 and has a local minimum of 0.005 at 3THz at liquid He 

temperature [37]. The real part of refractive index below 3 .5 THz is -3.

Four PC structures based on CuCl will be studied m order to investigate the usability of 

CuCl for THz muror design. In particular the 8 THz frequency region will be studied, where the 

CuCl absorption compares favourably with other materials. Two lower symmetry square lattices 

and two higher symmetry triangular lattices will be discussed.

Introduction to Photonic Crytsals

For many years now electronic devices have found a wide range of application m our lives. 

Actually all aspects of human activity rely on some form of electronic devices. Early attempts of 

practical application of electricity started in the XVIII century long before the discovery of the 

electron. The phenomenon of electncity found dual applications. On one hand the energy of 

electrons can be distantly transmitted and converted to any usable form, such as radiation or 

mechanical energy. It was also realised very early that electrons can carry information. The 

importance of this fact motivated research to push electronics to its limits.

By the electronics we mean the ability to understand and modify material properties in 

order to control the conductivity of electrons. It took only a few decades from the invention of the 

transistor to approach the technological limits of semiconductor technology [45], [46]. Progress in 

electronics has been based on the miniaturisation of its basic structures, the transistors, with the 

limits of this mimaturisation now being reached. Also the quantum nature of electrons introduces

even more difficulties. Electrons, as fermions, obey the Pauli’s exclusion mle and as such caimot
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constitute coherent states. The carriers that can form the coherent state tend to share properties on 

the macro scale. For example photons, being bosons, can create the coherent state in the form of 

laser light. Such a beam of coherent photons is an excellent information carrier. The benefit of 

coherence in terms of information processing is the ability of coherent states to be sustained 

without significant losses. An example is laser light transmitted with insignificant loss via optic 

fibre. The electric current as a flow of electrons (fermions) is prone to information loss. Virtually 

lossless electric current transmission is possible only via superconductors. In such materials, 

electrons or holes (which are fermions), form virtual particles which in turn behave like bosons. 

Such an electronic state is achievable only at very low temperatures, while photons behave 

coherently at room temperature and above. Thus photons were found to be much more adequate 

carriers of information. In order to make more use of photons methods similar to those which 

control electrons in electronic devices have to be developed. Additionally, the aforementioned 

physical limitations of Si based technology m terms of the possibilities for further miniaturisation, 

is dnving research towards photonic solutions.

Solid state materials can be divided into three groups according to their conductive 

properties. Conductors are highly conductive matenals in which the conduction and valence bands 

overlap. If the valence and conduction bands are separated by an energy gap the materials act as an 

insulator or a semiconductor. The electronic properties, in simplified form, originate in the 

crystalline structure of solids. The same chemical compound has different properties in different 

crystalline structures. Moreover even a particular crystalline structure can have different electronic 

properties in different directions. Such anisotropy is a result of the lack of symmetry. One of these 

electronic material properties is a band-gap. The way m which an electron may or may not 

propagate within the structure depends on the periodicity of the structure.

The photonic crystal (PC) similarly influences the propagation of photons analogous to the 

periodicity of atoms influencing the propagation of electrons. Thus, a PC is a periodic structure 

whose dimensions are related to the wavelength of photons [47]. A PC is a periodically distributed 

structure of materials having different refractive indices. Such periodic structures of dielectric 

materials are potentially useful in the range of electromagnetic radiation, where conventional 

matenals find very limited usage, namely, terahertz (THz).

3,2 The theory

3.2.1 Photonic Crystal Theory

The periodic structure of materials with different refractive indices is called a crystal by 

analogy with the atomic crystal [47]. Thus the nomenclature and understanding of solid state 

physics can be applied to photonic crystals. In Figure 3.1 there are three photonic crystal structures 

presented.
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b) c)

2D 3D

Figure 3.1: The photonic crystals with periodicity of refractive index in one, two and three 

dimensions. The red and blue fields represent the volumes of different refractive index.

The simplest one is a ID photonic crystal. The different materials composing the crystal create a 

periodic structure in only one direction. In other words a 1D photonic crystal is a stack of pairs of 

materials and is generally known as a distributed brag reflector (DBR). This type of structure is 

used in the planar microcavity simulations in chapter 4. In this case the periodicity of the crystal 

depends only on the thicknesses of particular layers. In a more complex case, depicted in Figure 

3.1b, the different materials create a two-dimensional structure. In 2D the basic elements can also 

be distnbuted penodically. The periodicity can be classified by analogy with crystallme lattices of 

atomic crystals. The equivalents of atoms or particles m electronic crystals are the rods of many 

possible cross-sections in the 2D photonic crystals which can be arranged in various ways. The 3D 

photonic crystal is of course the most analogous to the electronic crystal structure. Such a structure 

IS built of the particles of one material periodically distributed in some other materials in all spatial 

dimensions. The particles can have different shapes, and are presented as cubes m Figure 3. Ic.

The propagation of the electromagnetic field inside the structure with changing dielectric 

constant is descnbed by Equation (2.3) [47],

Vx(^Vx//(r)) = 0^(r) (3.1)

Where, e is the dielectric constant, H is the magnetic field, or is the frequency and c is the speed of 

light m vacuum. This differential equation can be numerically solved for the structure given and 

then the electric field E can be calculated.

E{r) =
OJEo£(r)

Vx W(r) (3.2)

Where Eq is the vacuum dielectric constant.
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The dielectric constant inside the PC is periodic. Thus the field inside the crystal can be expressed 

as the product of the plane wave and the periodic perturbation originating in the crystalline lattice 

periodicity.

H(r') = • Ui((r) (3.3)

3.2.2 The plane wave expansion method
One of the most basic tasks in designing the photomc crystal is the determination of its 

band structure. In other words one has to determine which modes of electromagnetic field are 

allowed withm the structure. One of the suitable approaches is the plane wave expansion method 

[48]. Both the fields and the dielectric constant are periodic inside the PC and can be expanded into 

Fourier senes. Thus, the Helmholtz equation (2.3) can be expressed in form of plane wave 

superposition:

//(r) Akr
(3,4)

where G is the PC reciprocal lattice vector, k is the Bloch vector and is the magnetic field plane 

wave expansion amplitude. For a given crystalline structure the Founer series of the inversed 

dielectnc constant can be expressed analytically.

3.2.2.1 The 2D case example
As an example the case of penodically arranged solid cylinders of material havmg 

dielectric constant Ei in the surrounding medium of dielectric constant E2 is considered. Such a 

structure is shown m Figure 3.2. The rods of the radius r and dielectric constant are arranged 

into a triangular lattice in the medium material of dielectric constant £2 The lattice is characterised 

by the lattice constant a. This type of lattice is also known as the hexagonal lattice since the first 

Bnlloum zone has hexagonal shape. The Brillouin zone has a similar meaning to that used in solid 

state physics nomenclature. In this 2D case it is the area bounded by the normals to the line 

segments connectmg the rod with its closest neighbours. For such a lattice, when the rods are 

arranged in x-y plane the periodic electromagnetic waves can be expressed as follows:

—i(DtH{r.t) = [0.0.H,(r)]e 

£(r,t) = [E^(r),Ey(r),0]e- ‘̂-^

(3.5)

(3.6)
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a .3

Figure 3.2: The triangular lattice scheme. The first Brillouin zone is depicted as the orange area in 

the middle. Different materials distinguished by their dielectric constant are marked with and The 

critical parameters of the structure namely the lattice constant ‘a' and the rod radius ‘r ’ are also shown.

By substitution of equations (3.5) and (3.6) into Maxwell equations and assuming that q=l the 

equation for the z-component of the magnetic field which is the special case of equation (2.3) is 

obtained.

d
dx

1 d \ 1 Wz(r)]
^ dyE{r) dx f(r) dy = (--) «.(-■) (3.7)

And by applying the Bloch theorem the H field is expanded into the superposition of plane waves

H^{r) =Y^H[k + (3.8)
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where k is the wave vector in Bnlloum zone, G is the reciprocal lattice vector and H(k + G) is the 

expansion coefficient corresponding to G. The dielectnc constant £(r) in equation (3.7) is periodic 

function of the position. Its inverse is expressed with the Fourier series:

£(r) (3.9)

By the substitution of equations (3.8) and (3.9) into equation (3.7) the final equation is obtained.

^ + G) ■ (fe + G )£(G — G )//(/c + G) = ^3- G) (3.10)

An analogous equation can be written for the E polarized mode.

^(fe + GV(/f+ C)£(G-G')f(fe + G) =^F(/c + G) (3,11)

Both equations can be expressed as matrix eigenvalue equations of the form:

MH = AH

A = —
(3.12)

where M is an N x N matrix and N is the number of terms in the expansion of equation (3.13). The 

eigenvalue of matrix M gives the frequencies of allowed modes m the penodic structure for the 

given wavevector fc.

The band structure for the triangular lattice of Figure 3.2, implemented for the case of rods 

of CuCl in air, is presented in Figure 3.3. The code was implemented in MATLAB programming 

language. The refractive index value used in the simulation is of 1.9 which corresponds to CuCl in 

the high frequency range over 8 THz. The y-axis is the normalised frequency, caallnc, and the x- 

axis shows positions corresponding to the wave vectors in the first Bnlloum zone taking into 

account the lattice symmetry. The TM polarised wave has a band of forbidden frequencies 

depicted by the red band in Figure 3.3a, while there is no frequency for which propagation is 

forbidden for all wavevectors of the TE polarised mode. In such a case the photonic crystal has a 

TM polarised photonic band-gap. If the crystal has band-gaps for both TM and TE polansations.
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and moreover these band-gaps overlap, the common band of both is called the complete band-gap. 

Such a structure is then an omnidirectional mirror for any unpolarised or polarised wave.

Figure 3.3: The band structure of a triangular lattice for TM and TE mode (figures (a) and (b), 
respectively). The rectangle in figure (a) repre.sents the band-gap. For the TE mode the band gap is not 
pre.sent.

The band structure diagrams from Figure 3.3 are calculated for a particular tnangular lattice 
lattice defined by lattice parameters r and a. For further analysis it is convenient to characterize the 
lattice by the ratio of these parameters, called the filling ratio. Thus the range of ratios 0 < r/a < 
0.5 corresponds to the case for which the rods do not overlap. For ^ > 0.5 the rods start to overlap

and the structure becomes more complex. The penodicity of the dielectric constant is controlled by 
the filling ratio. In

Figure 3.4 the band-gap widths are indicated for the range of filling ratios between 0 and 

0.5, this is known as a band-gap map.

The band-gap regions resemble islands. The width of the island in normalised frequency gives 

information about the possible band-gap spectral width m the crystal The width in terms of filling 

ratio helps to determine the lattice parameters and gives some information about possible tolerance 

in physical dimensions. The lattice parameters are determined in accordance to the desired PC 

band-gap frequency. In general the photonic crystals are scalable structures. Initially the concept 

was proven for microwave structures for which constituent structure scales are big, reaching 

macroscopic dimensions. For the selected frequency, corresponding to the central frequency of the 

stop-band, r and a can be obtamed from the set of equations;

/n,
f-a

(3.14)
r

FR=-
a
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Where fnorm IS the normalised frequency, / is the central stop-band frequency, c is the speed of 

light, FR IS the filling ratio of the rod radius - r and the lattice constant - a. FR and fnorm read 

from the band-gap map. Finally r and a are given as:

a = ■
fn.

r =
FR FR-f

/n,

(3.15)

Ratio r/a

Figure 3.4; The band-gap map ofTM polarised mode in triangular lattice. From the ordinate the 

band-gap width can be obtained. The abscissa contains the information about the lattice parameters. For 

every pair of normalised frequency and ratio the exact lattice parameters can be determined for the given 

frequency a>.
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3.3 Comparison of different CuCl structures
Based on the concepts introduced above the results of simulations for four different PC 

structures will be presented. In Figure 3.5 schematic drawings of two basic structures of 2D 

photonic crystals are shown.

a) b) a '3

El
f

£i

Figure 3.5: IJie schematic drawings of PC lattices. The square (a) and the triangular (b) lattice are 

presented. The orange areas .show the first Brillouin zones for both structures. The structures are defined by 

the lattice constant ‘a ’ and the rod radius r ’.

In Figure 3.5a the simplest case is depicted. The circular rods of dielectric constant ej and of the 

radius r are equidistantly distributed in both the x and y directions in a medium of dielectric 

constant The distance a is the lattice constant. Such a lattice has a low level of symmetry. The 

first Bnllouin zone is a square. It can be also noticed that the centres of neighbouring rods create 

the squares, and thus the lattice is named the square lattice. In Figure 3.5b the circular rods are 

organized in a different pattern. The centres of the neighbounng rods are placed on an equilateral 

triangle with the side length being the lattice constant a. Such a lattice has higher, closer to circular, 

symmetry. The first Bnllouin zone is hexagonal in shape, such as the case described earlier. The 

four cases that will be discussed later m this section are:

-The square lattice where the rods of CuCl are distributed in air medium.

{Figure 3.5a with ei=3.61 and E2=1).

-The inverse square lattice where holes of air are distributed in CuCl.

{Figure 3.5a, with ei=l and £2=3.61).

-The triangular lattice with CuCl rods distributed in air.

{Figure 3.5b with £i=3.61 and £2=1).

-The inverse triangular lattice, with air holes distributed in CuCl.
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{Figure 3.5b, with ej=1 and £2=3.61).

For the purpose of the simulation the refractive index « of 1.9 for CuCl was assumed. The 

extinction coefficient k was initially omitted. The influence of absorption on PC reflectivity as well 

as on band-gap maps will be discussed later. In Figure 3.6 the band-gap maps calculated for both 

square and inverse square lattices of CuCl rods m air are presented.

Figure 3.6: Band-gap maps of square (black islands) and inverse square (blue islands) lattcies. The 

simulation wui done for a refractive index of 1.9 which represents the lowest contrast for CuCl in THz range. 

I'he band-gap islands are relatively small which means that the photonic crystals would have low lattice 

parameters tolerance and the achievable band-gaps would be narrow.

There is no band-gap for the TE mode m the square lattice and thus only TM mode band-gap 

islands are marked m black. Both TM (dark blue) and TE (light blue) islands of inverse square 

lattices are plotted on the right hand side of the figure. For comparison, the band-gap maps of 

triangular and mverse triangular lattices are presented in Figure 3.7 and Figure 3.8 respectively.

Both triangular lattices have significantly wider band-gaps originating in a higher level of 

symmetry than for the square lattice.
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Figure 3. 7: Band-gap map of triangular lattice ofCuCl rods in air. TM modes are marked dark 

grey, TE modes are not present in this structure.
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Figure 3.8; Band-gap map of a triangular lattice of air holes in CuCl (inverse triangidar). TM and 

TE modes are marked dark grey and light grey, respectively.
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The band-gap width can be obtained from the difference of the normalised frequency borders for a 

particular r/a value. Further analysis will thus concentrate on the triangular lattices. The influence 

of the absorption on the band-gap width is shown in Figure 3.9.

Figure 3.9; The band-gap maps for triangular lattice calculated with and without absorption. The 

widening of band-gap due to absorption is depicted by the red rim around the grey island for the non­

absorbing case. The widening of band-gap idand is only apparent. In fact due to increased ab.sorption 

particular modes do not propagate within structure but also they are not reflected.

The grey islands m Figure 3.9 are band-gap maps for the triangular lattice of non-absorbing CuCI 

(n=l .9, k=0) rods in air. Introduction of absorption (k=0.3) into the simulation broadens the band- 

gap. A non-zero absorption value requires the dielectric function in equations (3.16) and (3.17) to 

be treated as a complex number. The band-gap islands of absorbing CuCl (n=l .9, k=0.3) are the 

sum of grey fields and red rims. This apparent broadening of the band-gap islands can be 

misleading. The band-gap islands should mdicate areas in space of normalised frequency and 

filling ratio where modes are not able to propagate, but in the case of absorption the modes are not 

excluded from propagation because of reflection, but rather due to mteraction with the structure 

(i.e. with phonons). The reflectivity spectra of PC structures, presented later, will show further how 

the absorption affects the PC performance. As was shown m section 3.1 the refractive index of 

CuCl IS not constant in THz range.
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Two THz bands can be considered, the range below 3.5THz, where the absorption 

coefficient is low at cryogenic temperatures but rises at room temperature and the band of 

frequencies over 8 THz where the absorption remains low in comparison with other materials used 

for THz applications even at room temperature. The band-gap maps shown m Figure 3.6 to Figure 

3.9 are calculated for a refractive index of 1.9. This value is valid for high frequencies. Below 3.5 

THz the refractive index n is approximately 3. The higher value of refractive index leads to wider 

band gaps, and thus the band-gap maps have to be recalculated for low frequency THz bands in 

order to remain valid. The band gap maps calculated for the triangular and inverse triangular 

lattices for refractive index of 3 are presented m Figure 3.10.

0.15 0,2 0.25 0.3 0,35 0 4 0 45 0.5

Ratio r/a

Figure 3.10: Band-gap maps of triangular and inverse triangular lattices for a refractive index of 3. 

Dark grey areas represent TM mode, light grey TE mode. The complete hand-gap areas are marked in red 

colour.

In both cases the islands are significantly bigger than for a refractive index of 1.9. Moreover the 

complete band-gap emerges due to the increased refractive index contrast. In the case of the 

triangular lattice the complete band-gap is only residual. The width of the band-gap m 

dimensionless frequency units is 0.006. It would be virtually impossible to observe it 

experimentally. In the case of the inverse triangular lattice the complete bad-gap is more 

significant, but still much smaller than the TE band-gap alone. These band-gap values are 0.034 

and 0.158, respectively. The enlargement of band-gap maps with increased refractive index 

contrast is m agreement with the trend expected.

The band-gap maps in Figure 3.10 do not include the absorption. In order to examine the 

influence of absorption on the PC properties, reflectivity spectra are calculated using a transfer 

matrix method descnbed in more detail in chapter 4. To calculate the reflectivity the optimal 

parameters of the structures are required and these can be obtained from the band gap-map. The 

intersection of the island in the y direction gives the stop-band width for the particular lattice
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parameters r and a. The intersection of the island in the x direction gives the range of filling ratios 

for which any particular frequency remains within the gap. The optimal parameters occur when the 

stop-band is the widest and the range of filling ratios is as wide as possible for the central 

frequency of the stop-band. The optimal parameters of the lattice correspond can be obtained from 

such a bad-gap map The normalised frequency is the dimensionless measure of the band-gap. 

Having the optimal (maximum) frequency the filling ratio can be read. From this pair of parameters 

(normalised frequency and filling ratio) the radius and the lattice constant can be determmed for the 

frequency given. The issue is discussed m more details m section 3.2.2.2. From Figure 3.10 the 

optimal parameters can be determined for a filling ratio r/a of 0.19. Since this map is valid for 

frequencies below 3.5 THz, the central frequency can be taken as 3 THz. From the map the stop- 

band border frequencies can be read as 0 32 and 0.49 with the centre at approximately 0.4. Using 

equation (3.15) the lattice parameters r and a can be determined for any given frequency. For 

example, for 3 THz central frequency r=7.6 pm and a=40pm. Such structures can be physically 

achieved. Dimensions above 10 pm for both the rod diameter and the lattice constant are not so 

difficult to work with even with relatively simple techniques such as chemical etching. In Figure 

3.11 the reflectivity spectra of the triangular lattice PC with lattice parameters determmed above 

are presented.

Frequency (Hz)

Figure 3.11: Reflectivity spectra of CuCl based triangular lattice PC for three different extinction 
coefficient values. The structure consists of 16 periods of PC. An inset .shows two periods of the triangular 
lattice. The idealised case of non absorptive medium can be treated as the reference. For k=0.005, which is 

CuCl at liquid He, the reflectivity of approximately 0.98 is achievable. For k=0.25 which corresponds to 
CuCl at RT reflectivity drops to less than 60%.
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The Translight software developed by Andrew L. Reynolds m the University of Glasgow was used 

for these computations. The triangular lattice of CuCl rods in air is considered as this geometry 

contains less of the absorbing medium than the inverse triangular lattice of air holes m CuCl. The 

stop-band determined using these parameters ranges from 2.4 THz to 3.67 THz. The curves show 

reflectivity as a function of frequency for three values of extinction coefficient k. The reflectivity of 

the structure with omitted absorption (k=0) is plotted with the black line. The reflectivity reaches a 

value of 100% m this case. However, as was previously discussed, CuCl has non-negligible 

absorption even at cryogenic temperatures. The red curve shows the results for the optical 

parameters of CuCl at liquid helium temperature, where ti=3 and k^O.005 at frequency of 3THz. In 

this case the reflectivity is decreased, but remains at a level of approximately 0.98 over a wide 

range of frequencies. The blue line shows the reflectivity calculated for an extraction coefficient of 

0.25, which corresponds to the room temperature case, also at 3THz. Such a high value of 

absorption significantly suppresses the reflectivity of the PC mirror, which only slightly exceeds a 

reflectivity of 50%.

On the other hand, as previously discussed, CuCl has relatively low absorption at room 

temperature for frequencies over 8THz. The absorption coefficient data from the reference [37] are 

presented in Figure 3.12.

I-------CiiClab«ocp6oii coefficient al liquid He|

100 110

Figure 3.12: The absorption coefficient of CuCl in THz/far infrared range after the reference [37]. Different 

temperatures are marked with appropriate colours. There are few bands of low absorption visible, even at room 

temperature.
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As can be seen, the absorption of CuCl of frequencies above 8 THz has a minimum at 8.56 

THz, increases slightly up to 9 THz before decreasing again. Using the band-gap map from Figure 

3.7 the lattice parameters for the PC with a triangular lattice of CuCl rods in air with a band-gap at 

8.56 THz are calculated. A radius r of 3.5 pm and lattice constant a of 17.5 pm are obtained. The 

reflectivity spectra for this lattice at normal incidence are presented in Figure 3.13.

Frequency (Hz)

Figure 3.13: Reflectivity spectra of CuCl PC at 8.56 THz with and without absorption for 16 

periods of PC. Due to relatively low absorption in this range of frequencies the reflectiHty of CuCl PC 

reaches 0.9 even at room temperature.

Again, the black curve shows the idealized case, when the absorption of CuCl is omitted while the 

red curve shows the realistic case including CuCl absorption. In literature, when addressing THz 

mirrors, it is often the transmittance spectra that are presented rather the than reflectivity ones [25], 

[29]. Such an approach is justified, since the calculated reflectance is then compared to the 

measured values. However, it has to be noted, that m the case of an absorbmg mirror a drop m 

transmittance does not necessarily mean high reflectivity. As was mentioned m the context of 

band-gap map calculation, the introduction of absorption into the model led to the false broadening 

of band-gap islands The transmittance is suppressed by both reflectivity and absorption. In Figure 

3.14 the transmittance spectra of the CuCl PC at 8.56 THz are shown with and without absorption. 

The band-gap width for both cases is almost equal. The transmittance drops to 0 in both cases, 

although the reflectivity differs.
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Figure 3.14: Transmittance of a mirror comprised of 16 periods of the triangular lattice of CuCl 

PC with and without absorption. In both cases the transmittance is surpassed to negligible within the stop- 

band. Due to significant CuCl absorption the transmittance outside the stop-band is significantly lowered in 

reference to idealised non-absorptive case.

In Figure 3.75 the transmittance and reflectivity of the same structure is shown as a function of the 

number of periods forming the mirror.

Figure 3.15: Transmittance and reflectivity spectra of the CuCl PC mirror comprised of different 

numbers of periods. While the number of periods has limited influence on the reflectivity inside the stop- 

band, the transmittance outside the stop-band depends on the number of PC periods. Balancing this value the 

structures suitable forfiltering applications can be obtained.

.56



The reflectivity remains nearly constant for PC periods of 4-16. Number of periods below 14 would 

not guarantee satisfactory transmittance attenuation within the stop-band. The overall transmittance 

decreases with an increasing number of periods. This feature can be used in THz filter design. As 

can be seen in Figure 3.15b 4 periods guarantees the maximum reflectivity. The transmittance of 

the CuCl PC vs PC periods number is shown m Figure 3.15a. For frequencies below the stop-band 

the transmittance reaches 0.9 for higher frequencies, while above the stop-band, the reflectance is 

lower and remains within the range of 0.6-0.7. Thus a structure built of 4 penods of CuCl PC can 

be used as a low-pass filter or even as a band filter.

3.4 Conclusions
High interest in THz radiation has generated the need for appropriate materials. HR silicon 

possesses exceptionally good properties m the THz range, but is a rather expensive solution. The 

appropriate materials being sought have to be transparent for THz radiation and have a high value 

of refractive index n, preferably constant. In the lower part of the THz range CuCl shows low 

absorption at cryogenic temperatures and for frequencies over 8THz has relatively low absorption 

even at room temperature. Apart from HR-Si other THz materials have low absorption only at low 

THz frequencies often even below 1 THz, such as in the case of steatite or Zr02 [28], [49]. The 

band-gap maps of four CuCl PC structures were calculated Due to low symmetry the square and 

inverse square lattices have much narrower band-gaps than the triangular and inverse triangular 

lattices. The higher band THz band-gap map for the triangular lattice shows band-gap islands 

occurring only for TM polarised radiation, however the advantage of this geometry is that it 

contains less of the absorbmg medium than the inverse tnangular lattice. The widest stop-band 

occurs for an r/a ratio of-0.26. The centre of the stop-band is at -0.44 on a normalised frequency 

axis with a maximum and minimum value of 0.45 and 0.42, respectively. Taking 8.56 THz as a 

central frequency the stop-band covers 8.17 THz to 8.75 THz. The width of the island given in r/a 

dimensionless units provides information on how sensitive the structure is to geometric variations. 

With the band-gap centred at 0.26±0.2, a variation in the radius between 3.7 pm and 4.3 pm 

remains within tolerance. If the r value shifts to one of these extreme values, the band-gap shifts so 

that 8.56 THz is at the edge of the band, no longer m the centre. For a fixed radius, the r/a ratio 

provides information on the tolerance of the lattice constant for the r/a ratio centred at 0.26, and 

with the normalised frequency varying between 0.42 and 0.45, a lattice variation between 14.7 pm 

and 15.8 pm can be tolerated. Extraction of these physical parameters shows that the fabrication 

tolerances are well within the capability of standard material processing techniques and therefore 

such PC structures can be easily achieved. For the lower THz band, where CuCl has significant 

absorption, reasonable reflectivity values of almost 0.99 are achievable only at cryogenic 

temperatures at 3THz. In the higher THz band, over 8 THz, CuCl has moderate absorption and 

reflectivity of 0.91 is achievable at room temperature at 8.56 THz. Such reflectivity limits the use 

of CuCl PC mirrors in waveguides, although other applications may be considered. The
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transmittance spectra calculated for the same structures show that such a CuCl PC could be used as 

a filter. Quite high reflectivity and a slight absorption around the photonic band-gap can completely 

suppress the propagation within band-gap frequencies and can be tailored to transmit out of band- 

gap frequencies through the structure.
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4 Microcavity LED

4.1 Introduction
The overall performance of electroluminescent devices depends on how efficiently electrical 

power can be converted into radiation and how effectively the emitted light can be extracted mto 

the surroundmg medium. The material quality and device designs are some of the parameters that 

can be optimised to maximise the efficiency of light emission. As a result of the high contrast 

between the emitter and surrounding medium refractive indices, the light extraction efficiency 

remains the major issue. One of the possible techmques to overcome this problem is to place the 

emitter inside an optical micro-cavity. CuCl as a wide band-gap semiconductor is considered as a 

potential replacement or competitor for materials like GaN or ZnO. Before a CuCl p-n junction is 

feasible and built more research on material properties has to be done, even though the simulations 

of CuCl based light emitters can be already performed. Particularly the issue of light extraction 

efficiency affected by the refractive index contrast between CuCl and air will be addressed. The 

high quality of CuCl grown on Si was already demonstrated in chapter 2. Also the crucial 

parameter for multilayer structures simulations, which is the index of refraction, was obtained and 

presented in chapter 2. The very high quality of bulk CuCl layers on Si allows us to look towards 

CuCl based electroluminescent devices even though quantum well (QW) structures involving CuCl 

are not available yet.

As a result of interaction between the emitted photon and the cavity mode the spectral 

emission can be altered and the extraction efficiency can be increased [1-4]. The popular wide 

band-gap semiconductors do not have compatible substrates. The lattice mismatch leads to the big 

number of thieading dislocations affecting devices’ performance in terms of longevity and 

efficiency. Complex growth techniques are needed in order to guarantee satisfactory quality of 

these materials. CuCl is closely matched with silicon and as such can be easily grown on Si. Thus 

CuCl based electroluminescent devices are expected to perform well at high temperatures, be easier 

and cheaper m fabrication and have better performance in term of stability, efficiency and 

longevity.

4.2 Background

The external quantum efficiency {r]ext) can be considered the determinant of the overall light 

emitter performance, and is given by.

Vext i/q ~ qinjVradVextr (4.1)

63



where is the emitted optical power, I the injected current, q the electron charge and hco the 

photon energy. As can be seen in eg. (4.1) the external quantum efficiency is the product of three 

factors: the fraction of carriers injected in the active region (qinj), the radiative fraction of 

spontaneous recombmation {rjrad) and the extraction efficiency (riextr) [5] Using the combmation 

of hetero-structures and quantum wells, rjinj can approach its upper limit of 1. Additionally, rjrad 

can also reach its theoretical limit of 1, due to advancements in high quality material fabrication 

and thus a reduction in the number of defects. In practical applications rjextr is significantly lower 

than the theoretical maximum limit of 1 (typically as low as 2-4%) [6], [7]. Thus in order to 

increase the overall performance of light emittmg devices the extraction efficiency issue must be 

addressed. The influence of the cavity effects for CuCl based structures should be comparable with 

those of GaN, since both matenals have similar values of the refractive index. In case of GaAs the 

contrast of refractive index with that of the air is higher thus the extraction cone is the narrowest 

among the mentioned materials, which enables greater improvements to be achieved.

4.2.1 The extraction efficiency
The extraction efficiency is defined as the ratio of the radiation power emitted mto the 

surrounding medium (Pout) to the total radiation power emitted within the structure (Ptot)

^extr
out

tot
(4.2)

Two major factors inhibiting the emission of LED structures are substrate absorption and a high 

refractive index contrast between the emitting medium and the surrounding cladding region. This 

problem of refractive index contrast is depicted in Figure 4.1.

Active medium (emitter)

Figure 4.1: Extraction efficiency of light from emitting medium. Radiation emitted at angles greater 

than the critical angle (0c) undergoes total internal reflection and is lost. Only the fraction of radiation 

contained within the extraction cone (0 - 9J escapes from the emitter.
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Electromagnetic radiation reaches the interface between the emitter and the surrounding medium 

over a range of angles of incidence, between 0° and 90°. Due to total internal reflection only the 

fraction of radiation contained within the escape window, the cone of 0° to the critical angle {6c), 

can leave the emitting medium. The critical angle is dependent on the ratio of the refractive indices 

of the emitting medium {n„) and the surrounding medium (n^).

6c = arcsin (-)Vrim/
(4.3)

The remaining radiation is bound within the structure. In order to maximize the extraction 

efficiency several methods can be applied. One of them is the modification of the emitter surface 

[7], [8]. The roughened surface increases the likelihood of the photon escape due to surface 

scattering. Another approach is to use a reflective electrical contact [9]. A highly reflective bottom 

p-contact acting as a mirror can significantly increase the extraction efficiency. In this case, 6extr 

with a fourfold increase over the bai'e emitter case has been reported [10]. Alternatively, placing 

the emitter inside an optical cavity can also significantly improve the extraction efficiency [1], [11], 

[12] which can be even further improved with more sophisticated structures involving photonic 

crystals [6], [13]. The photonic crystal structure couples with the guided modes of the cavity 

semiconductor increasing the extraction efficiency. This combmation of the semiconductor 

microcavity and the photonic crystal embedded within the structures, allows for the highest values 

of extraction efficiency, approaching the limit of 100% [14].

In this work the potential of light extraction from CuCl based structures will be considered. 

Firstly, the absorbing substrate will be replaced with a mirror. The refractive index contrast 

between an emittmg medium and substrate is useful m achieving a high reflection coefficient and 

large bandwidth mirror. In this case only a small fraction of the emitted radiation passes the 

interface and is coupled to the substrate. The reflected part can be recycled toward the emission 

interface. The extraction efficiency is significantly improved if the structure is coupled with a 

material of similar refractive index, as opposed to air having a refractive index of 1 Typically there 

IS a refractive index contrast at the emission mterface also, with the whole structure acting as the 

resonant cavity. The semiconductor cavity modifies the emission profile and improves the 

extraction efficiency, as will be discussed m detail later in this chapter.

4.2.2 The radiative transitions
In emittmg media, particularly semiconductors, the radiative transitions occur as a 

spontaneous or a stimulated process. The theoretical possibility of stimulated radiation emission 

was discussed by Einstein in 1916, but it took almost 40 years until it was practically demonstrated. 

First m the microwave regime as microwave amplification by stimulated emission of radiation

(MASER), later, m the visibleAJV regime as light amplification by stimulated emission of radiation
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(LASER). Einstein postulated that the probability of spontaneous emission (A) is related to the 

probability of stimulated emission (B) by the following relationship:

A
— = Qnh—r (4.4)

where h is Plank’s constant, v is electromagnetic radiation frequency and c is the speed of light.

The spontaneous emission probability is given by Fermi’s golden rule [15],

,2 Po(")
v4 = Fn = 27rnef (4.5)

where flpf is the Rabi frequency and Po(t^) the photon mode density.

Po(m) = (4.6)

where V is the quantization volume and c is the speed of light.

The coupling between an atom and the field mode is given by the following relation:

- —r— (4.7)

where Dgf is the matrix element of the electric dipole of the atom between two levels and E-^^c is 

the vacuum electric field amplitude.

F =
/ hcj \2
\2£oeJ (4.8)

where Sq is the free space permittivity and V is the quantization volume. The Rabi frequency of 

free space fief is the frequency at which the atom and vacuum would exchange the energy if there 

was only one mode of the field.

If the cavity size is comparable to the wavelength of the radiation, the emission is significantly 

altered. The emission rate m a cavity (Fj-gv) is the product of the free space emission rate (Fq) and 

an enhancement factor.
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Icav ~ ^0■
QA^v (4.9)

where A is the wavelength, V is the cavity volume and Q is cavity quality factor defined as:

01

Aoi^
(4.10)

for frequency oi and cavity bandwidth Aoi^.

The ratio of the Rabi frequency and cavity bandwidth determines the characteristics of the light- 

matter interaction. If the ratio is very low the interaction is negligible or weak. The influence of

such a cavity can be treated as a perturbation. The case where Q is high so that > 1 will be

discussed in chapter 5. In the following section the case when the cavity finesse is low enough to 

be considered as perturbative only. Such a case is known as a weak coupling regime.

4.2.3 The influence of microcavity on emission spatial profile
The microcavity can be considered as an optical filter for the emitted radiation. In such a 

case a modification of the spontaneous emission spatial profile is observed [10]. A schematic 

drawing of a cavity is presented in Figure 4.2.

Figure 4.2: The cavity of length L^av bounded by two mirrors with reflectivities of r* and r,. 'The 

emitter placed at a distance z from the bottom mirror emits two series of waves. In the above example the 

cavity length is of
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The cavity consists of a bottom mirror of reflectivity /•* and a top mirror of reflectivity r,. The 

emitting medium between the mirrors has a refractive index of n. The emitting dipole is placed at a 

distance 2 from the bottom mirror. The cavity length L^av is given by the following relation:

, _ ^cav
^cav ~ (4.11)

where is an integer number, n is the active medium refractive index and Xcav is the vacuum 

wavelength of the cavity. The emission field at the front of the cavity is defined by the equation:

= \Ein\^ X f X
|1 —

(4.12)

where 2(f) = IkL^av cos 6 is a round trip phase shift and k = — = The nominator of the last
C A.

term in equation (4.12), Tj-, is the top mirror transmission coefficient, = 1 — .

The term ^ is known as the antinode factor and is defined as:

^ = 1 + ± 2rb cos(2(/)') (4.13)

where rj, is the back mirror reflectivity and 0' = cos 6.

As can be seen, equation (4.12) takes into accoimt the dipole distance from the bottom mirror, z, 

and the angle between the emitted radiation and the cavity vertical axis. The last term on the right 

hand side of this equation is the Airy-Factor {^Airy) ^ can be expressed in the simplified form:

^Airy
Tr

1 + (nny - 2rfrb cos(20)
(4.14)

In Figure 4.3 there are three Airy-factor curves calculated for different top mirror reflectivities and 

thus correspondmg to different cavity fmesse values.
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Figure 4.3: Airy factor calculated for three different top mirror reflectivity values. The blue curve 

.shows the high finesse case, where the periodicity of Airy factor is clearly visible. For the lower finesse 

cavity the periodicity is still clear, but the peaks become broader and the intensity decreases which is .shown 

with the red curve. For the low reflectisity mirror of 1% the periodicity of Airy factor is almost negligible 

and the influence of a cavity vanishes.

For the low finesse cavity there is no noticeable periodicity which becomes apparent and increases 

with increasing cavity finesse. The curves in Figure 4.3 represent the normal incidence case. Thus

for 6 = 0 the relationship = 2nm states that the Airy-Factor maxima occur at an integer

m, and further to this, that the optimal cavity length is given for L^-av ~ where ^ is the 

wavelength inside the cavity of refractive index n. The result of Airy-factor periodicity is that the 

cavity favours particular wavelengths at particular angles. The antinode factor takes into account

the dipole position inside the cavity. The constructive mterference occurs when = 2nm and
A

z = Thus even multiples of ^ contribute m the case of ^ = 1 + + 2rj, cos(20') and odd

multiples give constructive interference for antmode factor of the form ^ = 1 + — 2r^ cos(20').

Figure 4.4 illustrates the results of the above considerations showing the power emitted on 

the top mirror side as a function of the angle. This model assumes the emitter is an infinitesunally 

thin layer. For all three cases of this simulation the emitter is placed exactly in the middle of the 

active region exactly between the mirrors. As was defined m the above model, the distance 

between the bottom mirror and the emitter is denoted as z. The cavity length, Lcav is the parameter
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which varies in the simulation. The tuned 1 A, cavity has a length of 184 nm which corresponds to a 

wavelength of 387nm in vacuum, corresponding to the peak emission wavelength for CuCl. Smce 

the emitter is placed in the middle of the cavity, the z in each case is given by z = Lcavf^ The red 

curve m Figure 4.4 is the farfield spatial profile of the lA tuned cavity. The detuning is done by 

varying the distance between mirrors. The bottom mirror is a highly reflective DBR stack with 

reflectivity near 1. The top mirror is also a DBR stack however, with much lower reflectivity below 

0.5. The shape of the farfield for the tuned cavity shows slight splitting however most of the 

emission is centered near the normal angle. The negatively detuned cavity is the cavity of the 

length L^av — 164nm. In this case almost whole emission is centered around the single lobe with a 

maximum at the normal angle. The blue curve shows the farfield profile for the cavity positively 

detuned, where L^-av = 204nm. In this case the farfield profile shape is a double lobe and the 

power emitted at the normal angle, O”, is significantly suppressed.

Farfield profiles of 1A microcavity for different detunings

Figure 4.4: Farfield profiles of three detunings of the near II cavity. Ihe single emitter is placed in 

the middle of the cavity. As can be seen the maximum emission is achieved with the tuned cavity. Also the 

majority of emission is concentrated within the cone of approximately 0 °-30 °. Both positive and negative 

detuning modify the angular dependence of emission and decrease ihe total emitted power.

The emitter is placed exactly in the antmode of the cavity for the tuned cavity. In this case both 

antmode factor and Airy factor have maxima. Both detuned cavities are not integer multiples of A/2 

thus the central emitter is not placed m the antmode anymore at normal incidence. The plot from 

Figure 4.4 is used in the extraction efficiency calculation. Total power emitted into the medium is
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an integral through all wavelengths and all angles of power emitted. In the 1 A. case depicted in 

Figure 4.4 the maximum of extraction efficiency occurs for the tuned cavity (red curve). Both 

positively and negatively detuned cavities have lower extraction efficiencies.

The next section addresses the transfer matrix method which is used m the modeling of multilayer 

structures.

4.3 The transfer matrix model
In order to simulate the behaviour of a multilayer structure, a suitable model must be chosen. 

The refractive index yields information about the propagation of an electromagnetic field within 

the material. Accordmg to Snell’s law the angle of incident a radiation is related to the angle of the 

refracted radiation by their refractive indices.

sin 
sin B->

Hi
Til

Hi
V2

(4.15)

The group speed of electromagnetic waves within a material depends on the refractive index 

values, nj...ny and is denoted by and 1^2 The wavelength in the material is given by the 

wavelength m vacuum, Aq divided by the refractive index of this materal, n.

(4.16)

Based on these relations the propagation of electromagnetic radiation within a multilayered 

structure can be modelled. Figure 4.5, below, illustrates various scenarios possible in a simple two 

layer structure.

Figure 4.5: Simple two layer structure with refractive indices nj and n^, surrounded by a medium of 

refractive index Uq. The arrows .show the propagation of electric field within the structure. Knowing the 

refractive indices and the layer thicknesses the propagation of the electric field can be calculated.
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The system in Figure 4.5 consists of a thin layer of material with refractive mdex rij and thickness 

a substrate of refractive index n^, a surrounding medium with refractive index ng. The angle of 

incidence of electromagnetic field Eg is Og. The refracted field angle changes in material and m 

substrate to 6,j and 9,2, respectively. The sum of the reflected, refracted and absorbed fields has to 

be equal to the initial field Eg.

The propagation of an electromagnetic field then can be described by matrix relations [16], This 

approach is known as the Transfer Matrix Model (TMM) [16] where each layer is represented by a 

2x2 matrix iRi.

niii mi2
177121 77122

(4,17)

The matrix elements tuh .. 77122 for each layer can be calculated as follows:

mil = cos S (4.18)

mi2
i sin S 

Yi
(4.19)

77121 — ^ Tisin d (4.20)

m22 — cos S (4.21)

(2ti\
S J^itcosAfi (4.22)

Where is the refractive index of the matenal, Eq is permittivity of the vacuum, /Tq is the vacuum 

permeability, t is the layer thickness and 6^ is the transmitted beam angle.

Depending on the polarisation Yi, it will take the form of either
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Yi = ni/£^cos6»ti (4.23)

for the perpendicular plane of incidence {E^^ or

Yi = rii cos 0
(4.24)

ti

for the parallel plane of incidence (£||).

So finally for an n=l..N layer structure the resulting electromagnetic field is obtained by:

(4.25)

And the fmal transfer matrix will take the form of the product:

(4.26)

The transmission and reflection coefficients dependence on the matrix elements is given.

2 Tot =
70"Iii+yoKs^l2 +"l2i +Ysm22

(4.27)

r = 70^11+7075^12 - ^21 - YsTTlzz 
7o7nii+7o7smi2 + m2i + Ys'm22

(4.28)

where:

7o = cos 6»o (4.29)

7s = ^sV^oMo cos 9^2 (4.30)
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And thus the reflectance of the structure will take the form:

R = |r|2 (4.31)

4.4 Modelling the light extraction

As was mentioned it is possible to mcrease the extraction efficiency from a high refractive mdex 

medium by placing the active medium inside an optical cavity. In order to calculate the extraction 

efficiency an approach discussed m [17], [10], [18] can be used. The presented model allows for 

the calculation of emission patterns m multilayered structures. The source field is placed inside the 

structure. Two multilayered structures on both sides of the source can then be described by transfer 

matrices. As a result of the refractive mdex differences, the unit solid angle changes from layer to 

layer

dfli n^ cos 6 n^l
dfl n^ cos 01 rii'^2,1

(4.32)

where n and ni are refractive indices of two neighbonng layers, -^2 and are wave vectors.

Furthermore, the power per unit solid angle per unit surface can be defined

dPn = dndS
~ Iflouti 7 (4.33)

where [Eoml^ means outside fields.

The wave vector can be calculated for each layer

O)
,■ + -^N = -rrnj''2.! 2 'V

(4.34)

and -^11 is conserved through all layers. In the model -^n = Hq sin Bq. 

Finally the extracted power can be calculated by the following integration:
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extrac

71r 27rn(6) sin Odd (4.35)

In a more realistic case, for example if the emission line shape is approximated by a Gaussian, the 

integrals have to be normalised and summed with appropriate weights. In what follows we apply 

this model to a CuCl multilayer structure, which can be considered as a weakly coupled planar 

microcavity with a view to investigating the optimization of the extraction efficiency. The 

extraction efficiency is the ratio of power emitted in vacuum to the power extracted from the 

structure.

The planar microcavity structure consists of a parr of mirrors separated by distance Lc with 

the cavity length comparable to the wavelength Lc~^. In practice the distance between mirrors is 

filled with an emitting semiconductor material. As discussed above the microcavity structure can 

modify the emission profile. The interference effects within the cavity modify the internal angular 

power distribution. The preferential propagation direction of radiation can be changed so that the 

bigger part of emitted radiation can fit within the extraction window and increase rje^tr [5]

The mirror

The simplest microcavity consists of a semiconductor material, in this case CuCl, 

sandwiched between two planar mirrors. There are different possible materials and material 

structures that can be used as mirrors. Sometimes, as is the case for some laser diode structures, the 

interface of the cavity medium and surrounding medium has satisfactory reflectivity. Usually, 

cleaved surfaces have rather low reflectivity. In the case of a CuCl/air interface the reflectivity is 

~15% at the peak emission wavelength of 387 nm. Higher reflectivity can be achieved with 

metallic mirrors. A layer of metal, like A1 or Au can have a reflectivity of 95%, but higher values 

are difficult to obtain with this type of mirror. The metallic layers are easily deposited and can 

provide high, and almost constant, reflectivity across a wide range of wavelengths, but in some 

applications reflectivity near 100% is required. The distributed Bragg reflector (DBR) can be 

designed to meet criteria with almost 100% reflectivity in some range of wavelengths.

The DBR is a periodic stack of low and high refractive index materials. Such a structure 

forbids the propagation of electromagnetic radiation withm a stop band. The thicknesses of the 

layers, and material refractive indices, determme this forbidden band. For DBRs constructed using

two materials each layer is ^ thick. The electric field within the DBR structure is shown, for an 

example structure, in Figure 4.6.
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Figure 4.6: The electric field within the DBR structure. The mirror is built of 3.5 layer pairs of 

thickness Lj and L2 and refractive indices nj and n2, respectively. The electromagnetic wave freely 

propagating in vacuum undergoes the reflection from every interface thus the amplitude of the field 

decreases along the structure.

In the example the mirror is built of m=3.5 pairs of Lj and L2 thick layers of materials havmg 

refractive indices ni and respectively. As can be seen there is some penetration of the field into 

the DBR. The reflectivity of the DBR can be calculated with the transfer matrix model descnbed in 

section 4.3. For the number N of reflective pairs the reflectance at normal angle can be given:

R = no(«2) 2N

no(n2y'^ + ns(ni)2N
(4.36)

where rig is the refractive index of the surrounding medium, and 712 are the refractive indices of 

the two materials constituting the mirror, is the refractive index of the substrate on which the 

mirror is deposited, and N is the number of reflective pairs. The stop-band of a single pair is 

expressed as follows:

76



4Ao
AAq =---- arcsinn

. ( Ti2-ni\
in ----------

V 712 + Ml /
(4.37)

where Ag is the central wavelength of the stop-band and and, 712 are the refractive indices of the 

DBR layers.

4.5 CuCl on Si Substrate
Firstly, the as-grown structure of a layer of CuCl on a Si substrate can be considered. The 

diagram in Figure 4.7 shows the basic structure of a modeled CuCl on Si with refractive index 

values given for the central wavelength of CuCl excitonic emission (387 nm). It should be noted 

that we are considering bulk CuCl structures and the descnptions above have been developed for 

emitters in an infinitesimally thin layer placed at specific positions within the cavity, whereas m 

what follows we consider bulk CuCl layers.

n=l

CuCl

..........................Tf

n=2 3 
k=0.05

Figure 4.7: Schematic drawing of a CuCl on Si basic structure, with refractive indices 

of materials marked on the right hand side. The typical layer of CuCl is in the range of50-500 

nm.

The value of rjgxtr for the bare emitter in a medium emitting into air is expressed as r]gxtr =1/ 

4n^[10], where n is the refractive index of the medium. This value is as low as 4.7% for CuCl 

emitting into air. The aim of this chapter is to investigate by how much the value of oan be 

increased for bulk CuCl structures.
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The dispersive values of the complex refractive indices of materials presented m Figure 4.8 

were used for all simulations.

•j

Figure 4.8: The complex refractive indices of Si (a) and CuCI (b).The real parts of the refractive 

indices are presented in black on the left hand side of the figures while imaginary parts are plotted with 

dotted blue lines and marked on the right hand side.

As can be seen, at the wavelength of CuCl excitonic emission, silicon exhibits significant 

absorption. The value of the imagmary part of the refractive index reaches 0.55 and mcreases with 

decreasing wavelength

Firstly the extraction efficiency, tj^xtr as a fimction of the CuCl layer thickness is 

presented m Figure 4.9, with the assumption that the emitter is an infinitesimally thin layer. The 

emitter is placed in the middle of the CuCl layer for all thicknesses. The figure shows the 

dependence of the extraction efficiency on the emitter position for CuCl. As the thickness changes 

the cavity moves m and out of resonance with the emission, which causes a variation in the 

extraction efficiency, as described above m section 4.2.3. The CuCl layer thickness considered m 

this analysis varies between 50 and 500 nm. This range of thicknesses is achievable with the vapor 

deposition technique and as such was the subject of interest. The overall decrease of the extraction 

efficiency with increasing thickness is due to the absorption in the CuCl intra-cavity layer.

As was already discussed m paragraph 4.2.3 the emission spatial pattern also depends on the 

emitter position inside the cavity. Thus the extraction efficiency as a function of the emitter 

position in the CuCl layer for a fixed cavity thickness of 490 nm is shown in Figure 4.10

9AA CuCl layer that is 410 nm thick corresponds to cavity length ofA periodic variation 

of the extraction efficiency is observed, agam with an overall decrease as the emitter is placed 

deeper in the CuCl layer.lt is seen that even the simple structure presented in Figure 4. 7 constitutes 

an optical cavity. The interfaces: active medium/substrate and active medium/air act as the mirrors.
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Figure 4.9: Calculated extraction efficiency as a function of CuCl layer thickness in a CuCl on Si 

substrate, emitting into air. 7'he emitter is an infinitesimally thin layer in the middle of CuCl

Emitter distance from the top mirror of the cavity (nm)

Figure 4.10: Extraction efficiency of 410nm thick CuCl on Si vs emitter position inside the CuCl 

layer. The maxima of extraction efficiency correspond to the antinode emitter position while the node 

po.sition gives minima in extraction efficiency.

The reflectivity of CuCl/air mterface is 15.5% and for CuCl/Si is 20% at 387nm. Since the 

refractive index of Si is higher than that of CuCl the wave reaching the interface experiences the
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phase shift of 180°, thus the length of the cavity has to be an odd multiple of - in order to enable 

constructive interference. The maxima of extraction efficiency occur at multiples of ^ starting from

the position at the top mirror or ^ from the bottom mirror. The maxima in extraction efficiency 

correspond to antinodes of the field in the cavity.

Clearly the position of the emitter withm the CuCl intra-cavity layer can yield a substantial 

variation in the modelled extraction efficiency. Therefore, the adaption of the model to simulate 

emission from a bulk layer has to be considered. One approach is to distribute emitters throughout 

the emittmg bulk layer The extraction efficiency is then calculated for each emitter separately. The 

final extraction efficiency for the given CuCl thickness is calculated as a sum of efficiencies from 

the contnbuting emitters divided by the number of emitters. In Figure 4.11 the single emitter model 

results are compared with multi-emitter approach. The curves show the extraction efficiency as a 

function of CuCl layer thickness. The modified model results in a curve with similar periodicity to 

that shown m Figure 4.10, though the overall extraction efficiencies are less. The maxima occur for

CuCl layer thickness of multiple ^ shifted by

Figure 4.11;The comparison of the extraction efficiency of CuCl on Si for both models. The black 

curve shows the extraction efficiency calculated for the emitter position fixed at half CuCl layer thickness 

while the red curve .shows the more accurate approach taking into account the radiation emitted from the 

whole CuCl volume.
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Another issue that has to be considered is the absorption of the substrate. As previously shown in 

Figure 4.8 the silicon is absorbing in the UV/blue range of wavelengths. The absorption coefficient 

of silicon at 387 nni is of the order of lOVcm. In Figure 4.12 the influence of silicon absorption on 

extraction efficiency is shown.

CuCl layer thickness (nm)

Figure 4.12: The influence of Si absorption on extraction efficiency. The losses due to Si absorption 

are not significant since the radiation which passes the CuCl/Si interface is lost regardless it is absorbed 

within the .substrate or not.

Both curves are calculated using the multi-emitter model. The black curve shows the extraction 

efficiency calculated using the silicon refractive index presented in Figure 4.8. The red curve 

shows the extraction efficiency calculated with the assumption that the imaginary part of the silicon 

refractive index is 0. As can be seen, the extraction efficiency is not significantly suppressed by the 

fact of strong Si absorption. The reflectivity of the CuCl/Si interface is only 20% thus most of the 

radiation mcident on this interface is transmitted and cannot be subsequently extracted through the 

front of the structure. The transmitted fraction of the emitted radiation has to be considered as lost 

regardless of whether it is absorbed by the substrate or emitted through the back of the thick Si 

substrate. Consequently, the absorption of silicon does not affect the reflectivity on a single 

CuCl/Si interface. However to improve the extraction efficiency of the CuCl structure, the light 

currently lost via transmission into the Si layer must be recovered.

Given the good lattice match between Si and CuCl, which can allow for the growth of a 

good quality CuCl layer, the above discussion can be extended to consider the possibility of a
81



CuCl/Si based DBR. In Figure 4.13 the influence of Si absorption on the reflectivity of a single 

CuCl/Si interface and for a CuCl/Si 6 pairs ^ DBR stack is shown.

Figure 4.13: The influence of Si absorption on reflectivity of CuCl Si interface (a) and CuCTSi 6 

pairs ^ DBR stack (b). The comparison clearly shows that the influence of absorption on single CuCl/Si 

interface is negligible. The reflectivity of CuCTSi DBR stack is affected by the Si absorption since radiation 

has pass through the number of absorptive Si layers.

Figure 4.13a show's the reflectivity of a CuCl/Si interface. The black curve in Figure 4.13a is 

calculated for the refractive index of materials presented in Figure 4.8. The red show's the 

reflectivity of the interface if Si v/as non-absorptive (k=0). These curves actually overlap over a 

w'hole range of presented w'avelengths thus the absorption of a Si does not affect the reflectivity of

a single interface. The example stack of six - pairs of CuCl and Si show's the importance of 

absorption. In Figure 4.13h the curves calculated w'ith (black) and w'lthout (red) absorption are 

presented. The suppression of the reflectivity by absorption is obvious, w'hich while offering a 

possibility to improve the overall structure, the extraction efficiency will still have a compromised 

performance. The next step of simulation is to consider removing the absorbing substrate after 

growth of the CuCl layer and to replace it with other mirror options.

The different stages to be considered are presented in Figure 4.14. Firstly the Si substrate has to be 

removed, and then this region can be infilled with either a single material or multi-layers forming a 

DBR
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Figure 4.14: Consecutive steps illustrating the replacement of Si substrate with a DBR structure. 

The silicon substrate is firstly etched (a) and then substituted with the DBR.

Figure 4.15 shows a comparison of the extraction efficiency between the basic sample and that 

with the substrate removed. The curves show extraction efficiency as a function of CuCl layer 

thickness. Both curves look similar, but shifted. The important parameter is the distance of the 

emitter according to the bottom mirror. As can be seen for the CuCl on Si structure, the first

maximum of extraction efficiency occurs at ^ distance from the bottom mirror.

Figure 4.15: Calculated extraction efficiency of light in CuCl on Si structure and CuCl in air (wih 

etched silicon). The reflectivities of both CuCl/air and CuCl/Si are similar thus the extraction efficiency 

values achieved in both cases are similar. Ihe mismatch of maxima minima po.sitions for both curves 

originates in the pha.se.thift of electromagnetic radiation on CuCl/Si interface which is not a case for 

CuCl/air.

For the CuCl m air case the first maximum occurs at the bottom mirror. The maxima of extraction 

efficiency of the etched sample occur approximately where CuCl on Si has the minima. Both
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interfaces, CuCl/Air and CuCl/Si, are reflective as already mentioned. The difference in phase 

comes from the fact that on the CuCl/Si interface the wave undertakes a phase shift of 180°. The 

optical length of the CuCl layer thickness has to be of the integer multiplicity of ^ (even 

multiplicity of ^). In order to fulfil this condition, because of the mentioned phase shift on the 

interface, CuCl layer on Si has to be of the odd multiplicity of

Figure 4.16 shows the extraction efficiency plots for two different structures. The black curve 

shows the extraction efficiency from 410 nm thick CuCl layer on Si as a function of emitter 

position (the distance of emitter from the top of the CuCl layer). The thickness of 410 nm
9?vcorresponds to —' for X = 387nm m vacuum. The red curve shows the same dependence of 

extraction efficiency on the emitter position m the structure of 366 nm CuCl in air (etched 

substrate). The thickness of 366 nm corresponds to ^ = Y

Figure 4.16: Extraction efficiencies of CuCl on Si and CuCl in air vs the emitter position inside the 

CuCl layer. In these figures previously discussed phaseshift is clearly visible. Also the corresponding maxima 

and minima of extraction efficiency almost overlap for both curve.s.

As can be seen, maxima m both cases occur at the same positions with respect to the top of the 

CuCl layer. Also the extraction efficiency values are very close for corresponding maxima. This 

fact IS consistent with the reflectivity values of CuCl/Si and CuCl/air interfaces being of 20% and
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15.5%, respectively. All the analysis to date indicates that a higher reflectivity interface must be 

implemented if the extraction is to be sigmficantly improved.

Wavelength (nm)

Figure 4.17: The reflectivity of DBR as a function of wavelength for I to 7 SiOT TiOT pairs. The 

stack of 7 pairs of Si02/Ti02 guarantees the maximum reflecti\ity. Further increase of DBR pairs increases 

the complexity but not the reflectivity.

This can be achieved by placing the DBR structure on the bottom of the CuCl layer. S1O2 and T1O2 

are chosen as the materials to form a DBR. These materials have a high refractive index contrast 
and thus the number of pairs required to achieve a high level reflectivity is relatively low. In Figure 
4.17 the reflectivity of a S1O2/T1O2 DBR is plotted as a function of wavelength for different 
numbers of Si02/Ti02 pairs.

The mirror was designed for the central wavelength of CuCl excitonic emission at 387 nm. 

The thickness of Si02 was determined to be 66 nm, with a refractive mdex of 1.47 at 387 nm, 

whilst the thickness of Ti02 is 28 nm and has a refractive mdex of 3.41 at 387 nm. As the 

reflectivity of the DBR does not mcrease significantly above 5 Si02/Ti02 pairs this number was 

chosen as optimal. The extraction efficiencies of all three structures presented in Figure 4.14 are 

shown m Figure 4.18.
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Figure 4.18: Extraction efficiency of CuCl on Si, in air and with a Ti0/Si02 DBR. The curve 

presenting CuCl on Si layer is not in phase with CuCl in air thus extraction efficiency values look much 

lower. In fact extraction efficiency is similar for both structures, but maxima occur for different thicknesses.

As can be observed the extraction efficiency of the structure with the DBR in the place of the Si 

substrate has the highest extraction efficiency of all three structures discussed. As already stated, 

about 80% of radiation emitted towards the bottom CuCl interface was lost because of limited 

reflectivity of the bottom interface. Since both the CuCl/Air interface and the DBR do not change 

the phase of the wave, the maxima m extraction efficiency occur at the same positions for CuCl in 

air and CuCl on DBR. The increase in extraction efficiency is almost 50% for the DBR supported 

structure. In the growth and fabncation of structures for optimized emission the thickness has to be 

carefully adjusted to take account of the phase changes.

This air/CuCl/DBR structure is still a relatively weak cavity due to the low reflectivity at the CuCl 

interface. Given the bulk naure of this cavity it can be investigated whether placing another layer 

on the top to form a stronger cavity can provide any further improvements. The four different 

options considered are shown in Figure 4.19. Unprotected CuCl is unstable m the atmosphere due 

to ommpresent humidity. Thus, the potential CuCl device has to be protected in order to operate. 

The coatmg layer can have the protective function only or alternatively can also act as the top 

mirror and can influence the emission.
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Figure 4.19: Four cavity structures with a range of top mirror option and a 5 pair SiOy Ti02 DBR on 

the bottom. The top layers utilise the same materials as bottom DBRs. They are investigated as potentially 

protective layers for CuCl.

Figure 4.19a and Figure 4.19b show a single layer of Si02 and TiO^ respectively. These cases can 

be considered as protective layers only. In Figure 4.19c there is one penod of the previously 

discussed Si02/ T1O2 DBR structure on top of the CuCl layer. The last of the considered structures 

has the pair of S1O2 and Ti02 in order mversed according to the DBR. The Figure 4.20 shows the 

extraction efficiency achieved in four coated structures compared with that of Figure 4.14c. None 

of the coatings gave any improvement in terms of extraction efficiency enhancement in respect of 

uncoated CuCl layer. However, some of the coatings can be considered as potential protective 

layers. S1O2/T1O2 which is an inverse DBR pair does not modify the phase and has the same 

maximum extraction efficiency of 14% at 100 nm thick CuCl layer as uncoated sample. The 

extraction efficiency is limited by the CuCl/air interface refractive index contrast. Further 

improvement by the means of the cavity effect is impossible due to significant absorption of CuCl. 

Decrease of CuCl active region thickness would allow for possible improvement. The negative 

influence of coating is visible for thicker CuCl layers. The single layer of Ti02 also guaranties high 

extraction efficiency however for phase shifted CuCl layer thicknesses. The choice of coating 

would be determmed by the device design. If the design and fabrication capabilities would allow 

for CuCl thickness below 100 nm thus the Si02/Ti02 coating is reasonable. However, for CuCl 

thickness of 375 the layer of Si02 allows for the highest extraction efficiency, comparable to that of 

uncoated CuCl.

For CuCl the refractive index value is lower than for other wide band gap materials (i.e. 

GaAs). Thus, as discussed previously, the overall improvements that can be achieved by 

overcommg total mtemal reflection losses are less noticeable in CuCl. In this work the impact the 

implementation of a cavity structure can have on the bulk emitting medium was investigated. The 

sensitivity of the extraction efficiency to the thickness of the CuCl layer is a consequence of the 

interference effects and critical to optimization of the extraction efficiency. The significant increase 

of extraction efficiency is achieved by the replacement of Si subtrate by a DBR. However, further 

improvements due to modification of the cavity are not seen.
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Figure 4.20: Extraction efficiency of CuCl on DBR. There are four different coating layers 

compared to an uncoated sample. The extraction efficiency cannot be optimised significantly by the 

means of coating. However, pairing a particular CuCl thickness with an appropriate coating can 

give efficient emitter additionally protected.

Further the significance of absorption within the CuCl layer thickness will be investigated. It will 

be shown, that the absorption becomes the dominant loss factor in the high finesse cavity. In order 

to demonstrate the problem new DBR structure will be introduced. The smaller refractive mdex 

contrast between layers will allow for more gradual control over the DBR reflectivity. The 

reflectivity spectra in function of DBR pairs number for S1O2/AI2O3 mirror are presented m

Figure 4.21. To see the impact of the absorption, firstly, the extraction efficiency of the 

CuCl microcavities with and without absorption is presented m Figure 4.22. We find that the 

increase of extraction efficiency due to modification of spatial pattern is possible only m the case of 

a non absorptive medium mside the cavity, i.e m QW structures, where thm layers of active 

medium are placed m the antinodes of the mode and separated by the transparent spacers.
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Figure 4.21: Reflectivity of SiOyAhOj DBR as a function of the mirror pairs number. Du to 

relatively low refractive index contrast between SiO^ andAl20j the reflectivity can be controlled gradually.

Figure 4.22: Extraction efficiency into air from 190 nm thick (If) bulk CuCl microcavity as a 

function of top DBR pairs number. The black curve shows the results obtained for the real CuCl absorption. 

The red curve is calculated for CuCl without absorption (k=0).

In the case of the bulk structures, the absorption of the thick active region plays a 

significant role. The spatial pattern is modified in both cases, however the benefit of this 

modification is suppressed by absorption m the bulk cavity. In order to illustrate these points, the
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DBR constituent materials are changed to Si02 and AI2O3 which will allow for more gradua 

variation in the mirror reflectivity as a function of the number of mirror pairs. As was alread> 

discussed, T1O2 and S1O2 refractive indices differ significantly thus a highly reflective mirror 15 

obtained with only a few pairs. As few as two pairs can give a reflectivity of approximately 80%• 

90%, which makes a study of the impact of the mirror reflectivity with small variations over a

range impossible. With ^ pairs of Si02/Al203 the reflectivity can be controlled in smaller steps as 

shown in

Figure 4.21 The reflectivity of the bottom mirror should be as high as possible, 

thus 20 pairs of Si02/Al203 was assumed for simulation. The top mirror reflectivity is controlled by 

the number of S1O2/AI2O3 and this number is marked with colors as shown in the legend of

Figure 4.21 As can be seen in

Figure 4.21 h, due to low contrast of refractive indices Si02/Al203 allows foi 

smaller changes in reflectivity with increasing number of mirror pairs compared to the S1O2/T1O; 
mirror

In Figure 4.23 the farfield patterns for different structures are compared. The Figure 4.23a 

shows the polar plot of the radiation emitted from the low finesse cavity, while Figure 4.23b shows 

similar plot but for the high finesse cavity.

Figure 4.23: Farfield patterns of low (a) and high (b) fines.se for a IX CuCl microcavity. The 

emi.ssion from the whole CuCl volume is taken into account. Due to CuCl absorption the bulk CuCl 
microcavity cannot benefit from the emission profde modifications.

In both cases the bottom mirror is a DBR built of 20 pairs S1O2/AI2O3 stack The active region is a

190 nm thick CuCl layer which corresponds to lA. length of the cavity. The top mirror is also the

S1O2/AI2O3 stack, one pair of reflectivity below 5% for low finesse cavity and 18 pairs with the

reflectivity >90% for high finesse cavity. All the curves in Figure 4.23 represent the sum of

farfields calculated for twenty equidistant emitters along the CuCl layer thickness. As can be seen
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in Figure 4.23a, in the low finesse cavity the spatial profile is not significantly affected by the 

absorption of CuCl. The overall radiation intensity is suppressed approximately equally in all 

directions. In the case of the high finesse cavity. Figure 4.23b, the emission profile of the cavity 

with non-absorbing medium has a strong angular dependence with very sharp peaks at selected 

angles. The emission spatial profile of high finesse cavity with absorbing medium is almost flat, 

with little spatial variation of the farfield pattern.

4.6 Conclusions
The efficiency of extracting emitted photons from a semiconductor is significantly affected 

by the contrast of refractive indices of the emitting material and surrounding medium. The 

extraction efficiency for the vacuum case emitter is typically of only a few percent. One of the 

possible methods to overcome this drawback is by placing the emitter inside an optical microcavity 

which results in modification of the spatial emission pattern and makes it possible to redirect 

radiation into the extraction cone. In this chapter we have investigated the route to optimizing the 

extraction efficiency for a bulk CuCl structure with a view to bulk CuCL light emitting devices. A 

model to consider emission from a bulk emitting layer has been implemented. The extraction 

efficiency is shown to depend on the structure parameters, such as refractive mdex, absorption and 

thickness of the constituent layers. The largest increase m extraction efficiency is achieved when 

the bottom of the structure is a highly reflective mirror. Moreover, the extraction efficiency 

depends on the semiconductor layer thickness. This dependence is periodic, with the periodicity of

^ where A is the emission wavelength m the cavity. The maxima of extraction efficiency occur for

the CuCl thicknesses bemg the even multiplicities of The predicted extraction efficiency for 

bulk CuCl on a 7 pair Si02/Ti02 DBR mirror structure is of the order of 14% for a thickness of 95 

nm, slightly more than two times higher than what can be achieved for the same thickness of as- 

grown CuCl layer on Si. Stronger cavities do not lead to further increases m the extraction 

efficiency due to the effects of absorption thoughout the bulk CuCl layer. Therefore the top 

cladding layer while not improving the extraction efficiency is required to seal the CuCl material 

and provide stability for potential device performance, a Si02/Ti02 and monolayer of Ti02 are 

found to be good options.
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5 Cavity polaritons in CuCI based microcavities

5.1 Background

As was presented in chapter 2, copper (I) chlonde is a very promising material that can be 

considered as a potential competitor with already commercialised wide band-gap semiconductors 

such as GaN or ZnO. One area of intense mterest m recent years is the development of cavity 

polariton light emitting devices based on strong light-matter interaction in solids. One of the 

simplest results of light-matter interactions is the creation of an exciton. The electron-hole parr 

created by the photon m the solid can interact via the Coulomb attraction. The bound state of the 

electron and hole is a quasiparticle known as an exciton [1]. If such an excitonic medium is placed 

inside the optical microcavity, the exciton can further interact with the electromagnetic field 

creating a more complex quasiparticle or a new quantum state called a polariton. A polariton is 

sometimes called half-light, half-matter state, because it possesses features of both. On one hand it 

contams matter m the form of electrons. On the other hand it has a very low effective mass and 

importantly, unlike electrons polaritons tend to behave like bosons. The bosonic nature it exhibits 

allows for new effects that are unachievable with electronic devices. For instance polariton lasers 

can operate without the population mversion requirement [2], [3]. In this way these lasers can have 

thresholds of up to two orders of magnitude lower than conventional semiconductor lasers [4]. Also 

the phenomena of coherent polariton condensation can be used m polariton driven optical 

amplifiers [5], [6]. Polantons as bosons can constitute the collective state of a Bose-Einstein 

Condensate (BEC) [7-9] which is also expected to play a significant role m new generation low 

threshold coherent light sources. A BEC of polaritons in a semiconductor microcavity is also 

suggested as a possible mediator for electrons possibly enabling high temperature 

superconductivity [10].

The pioneering works addressing the cavity polaritons were presented m the early nineties 

by Weisbuch et al[\\\ The authors demonstrated that an absorbmg semiconductor placed inside a 

high fmesse cavity can periodically absorb and emit the cavity photon. In the begmning cavity 

polaritons were observed only at low temperatures m quantum well (QW) microcavities [12], [13]. 

Initially as an active medium the mature semiconductor material of GaAs was used. A quantisation 

of the active layer was necessary in this case because of the very weak exciton bmding energy in 

GaAs of 3.6 meV m bulk [14], which still remams below 20 meV m QWs [15]. Further progress m 

material fabrication and the introduction of materials with higher exciton binding energies helped 

to overcome many limitations of the initial cavity structures. With the introduction of wide band- 

gap semiconductors such as ZnO and GaN the observation of cavity polantons at higher
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temperatures [16], [17] and in bulk microcavities at low temperatures [18], [19] became possible 

Multi QW structures and sophisticated material growth techniques allowed for the fabrication of 

GaAs based polariton LED working at room temperature [20],

One of the most important factors makmg CuCl superior to other semiconductors in terms of light- 

matter interaction is its very high exciton binding energy of 190 meV [21], Another property of 

CuCl attributed to excitons is the oscillator strength value of the order of lO’Vcm^. For the 

absorb mg medium the oscillator strength is the quantity expressing the strength of the transition 

between the ground and excited quantum states. This value is approximately one order of 

magnitude higher than that observed m ZnO or GaN and two orders of magnitude higher than m 

GaAs. The oscillator strength indicates the probability of transition from the ground state to the 

excited state m medium. The higher the oscillator strength value the lower cavity finesse is needed 

to observe strong coupling in the structure. In this work evidence for strong coupling between the 

exciton and cavity photon m bulk CuCl microcavity at room temperature will be presented. Cavity 

polariton dispersion has previously been reported for bulk CuCl microcavities only at lOK [22], 

[23].

5.2 The light-matter interaction.
A structure containmg a semiconductor layer placed between two mirrors constitutes a 

semiconductor microcavity. The excitation of the active medium can be considered as an oscillator. 

Also the optical cavity bound by two separated mirrors can also be treated as a damped oscillator. 

The damping rate depends on the cavity finesse which depends on the reflectivity of the mirrors. 

Therefore, the semiconductor cavity system can be regarded as a coupled oscillators system. A full 

quantum mechanical explanation of light-matter interaction phenomena can be applied [24]. The 

basic properties of the semiconductor microcavity system will be discussed below.

5.2.1 The weak coupling regime
The interaction between the cavity and the intra-cavity semiconductor material takes place 

when the resonance of the cavity and the absorption line of the medium are comparable. In this 

situation two cases are possible. Firstly, the photon and the semiconductor may be in the ground 

state (not excited). Alternatively, the photon may be absorbed by the semiconductor and so its 

energy is contamed within the excitation state of semiconductor. The influence of the microcavity 

can be treated as perturbation for the exciton. The Hamiltonian of the whole system can be wntten 

as:

H = H,, + Hph + H,‘per (5.1)
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where, Hgi is the electronic (or excitonic) term of the Hamiltonian, Hp^ is the photonic term and 

//per is the perturbative term of Hamiltonian. In the weak regime of light matter interaction the 

spontaneous emission rate oiif can be controlled. Its relation to the density of final state //(F) 

describes Fermi's golden rule:

0)
2ti , ,2

= \ DiE) (5.2)

= JVf(r) HHfi(r)dr (5.3)

where is the transition matrix element or in Dirac's notation:

H,f = {f\H\i) (5.4)

where |i) is the initial state and {f\ is the final state.

Also the spontaneous emission spatial pattern can be modified by manipulating the optical cavity 

properties. In this case the cavity acts as a filter. The maximum emission intensity occurs when the 

medium emission wavelength and the cavity resonance are slightly detuned, as was discussed in 

more detail m chapter 4.

5.2.2 The strong coupling regime
When the cavity finesse is high enough to allow the photon to be reabsorbed and reemitted 

many times before it decays the cavity carmot be treated as perturbation anymore In this case 

rather than two separate states, a new quantum state is created. The oscillating quasiparticle of the 

cavity photon and semiconductor exciton is called the cavity polariton. It possesses the properties 

of both its constituents and so is described as half-light, half-matter. More precisely the effective 

mass of the cavity polariton is two orders of magnitude lower than the effective mass of the 

electron or hole.

5.2.3 The model

As discussed in Chapter 4, the propagation of the electromagnetic field within 

multilayered structures can be modelled for layers of known refractive indices and thicknesses. In 

this model the dielectric constant £(aj)of the active medium is expressed by the function:
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f >. foscR
£(aj) = +-------- 2-------5^-------

m£oCO^ -(xi^ - lYatOi
(5.5)

where fj, is the background dielectric constant, q and m are the electron charge and mass, 

a>o is the resonance frequency of an oscillator, ai is the central frequency of the Lorentzian, Yat is 

FWHM of the resonance line and fo^c is the oscillator strength.

The absorption coefficient is given by:

a(a)) = Vat
4(6j - ojo)^ + Yat (5.6)

and the real part of the refractive index:

n(a)) = - ffo
6(01 - «o)

2na}A-(a) - oio)^ + Yat
(5.7)

where Uq = ■2£omcyatL
cavity length.

IS an absorption coefficient for noo=l, c is the speed of light and L is the

Using multi-beam analysis, reflection fRJ, transmission (T) and absorption (A) of the whole 

structure can be calculated.

/?(m) =
(1 — e -I-

(1 - Re-^^YR -h ^Re-^^sivA
(5.8)

27r(a» — oiq) 47r(n(aio) — l^L^co(jj =----------------- 1--------------------------
^ FSR c

(5.9)

Where <p is the phase shift experienced by the field upon completion of the round-trip through the 

cavity, aL^ is single pass absorption and FSR = ^ is free spectral range of the empty cavity with 

length Lf..
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For Cl) = coq and if the oscillator strength is high enough the effect of strong coupling can be 

observed as line splitting in (T), (R) and (A). The value of the splitting energy can be calculated 

with the following formula:

n = FoCoLYexYph (.YexYph)^ (5.10)
n

Where F is cavity finesse, L is cavity length, Yex>Yph represent the dampmg of excitonic and 

photonic oscillators.

The Rabi splitting can be controlled by the cavity size and finesse which m practice is achieved by 

tuning the thickness of optically active matenal(s) and the reflectivity of cavity mirrors.

5.3 Investigation of a bulk CuCl microcavity

The bulk microcavity with CuCl as an active medium can be studied in order to observe the 

evidence of strong coupling The bulk CuCl intra-cavity layer is deposited by vacuum evaporation 

on a pre-grown distributed Bragg reflector (DBR) and topped with a metallic minor. The materials 

used to form the DBR component have to be transparent in the wavelength range of interest and 

provide sufficient refractive index contrast. From the available materials magnesium fluoride and 

titania were chosen because of relatively low absorption on the high energy side of the CuCl 

exciton line. Gold was used to form the top mirror, as will be discussed below.

The mirrors

The reflectivity of the MgF2/Ti02 DBRs was calculated using the transfer matrix model 

described m chapter 4 and the spectra as a function of the number of mirror pairs are shown in 

Figure 5.F The refractive index values of MgF2 and Ti02 were obtamed from the SOPRA webpage 

[25]. The thicknesses of MgF2 and T1O2 layers were determined to be 65 nm and 23 nm, 

respectively. These values correspond to a quarter of central wavelength, which was chosen to be 

370 nm (3.35 eV) m vacuum for the mirror.
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Figure 5.1: Reflectivity of the DBR structure as a function of number ofMgF2/Ti02 pairs.

As the number of MgF2/Ti02 pairs is increased the stop-band of the mirror becomes narrower and 

reflectivity increases. As can be seen in Figure 5.1 reflectivity close to 100% can be achieved in 

the range of 2.83 eV to 3.4 eV approximately. Such a high reflectivity is achieved with only few 

mirror pairs of DBR structure due to relatively high refractive contrast between MgF2/Ti02. As can 

be seen m Figttre 5.1 there is no significant difference in reflectivity between 7 and 9 pairs, however 

the difference between 5 and 7 pairs is noticeable. Thus, the optimal DBR consists of 7 MgF2/Ti02 

pairs. More complex stacks do not give any significant improvement in terms of mirror reflectivity. 

The DBR structure consisting of seven pairs of quarter lambda thick MgF2 and T1O2 was grown by 

a commercial supplier. In Figure 5.2 the expected reflectivity of the structure is compared with 

both the experimental reflectivity measured by the commercial mirror supplier and that measured 

using our own experimental setup described m paragraph 5.5.2. All spectra are consistent and give 

good agreement in the spectral range of interest from 350 nm to 450 nm (3.542 eV to 2.755 eV). It 

should be noted, that a wider stop-band would be more desirable for a study as function of 

detuning, but absorption in the UV of available materials made it impossible to shift the stop-band 

to higher energies. The stopband however does cover the most important range corresponding to 

exciton energy of CuCl.
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Figure 5.2: The reflectivity of the DBR (7 pairs). The solid (black) line shows the simulated curve 

calculated with MATIAB using TMM. The dotted red cur\’e shows the reflectivity of the mirror reported by 

the supplier. The dashed blue line shows the normalized measurement done on the mirror.

The bottom mirror has reflectivity above 80% for wavelengths ranging from 347 nm - 446 

nm. A lower reflectivity top mirror is required to allow the incidence light to penetrate the cavity. 

A top DBR mirror would provide more precise tuning of the top mirror reflectivity but this mirror 

would have to be deposited externally, and in the intervening period the CuCl layer properties 

would be compromised due the relatively high hygroscopicity of CuCl. The alternative is the 

deposition of a metal mirror. Additionally CuCl is a rather reactive compound and therefore 

aluminium which has very high reflectivity over the wide range of wavelengths of interest could 

not be used. Noble metals are non reactive. Gold was chosen as it could provide adequate 

reflectivity and its relatively low melting temperature was helpful m terms of thickness and precise 

growth rate control. A top mirror reflectivity of approximately around 37% at 371nm is obtained 

for a gold layer thickness of 45nm. The cavity formed usmg the top gold mirror and the bottom 

DBR mirror results m a cavity finesse not less than 58 m the wavelengths range 347 nm - 446 nm. 

The relatively low finesse is not a limitmg factor as it is compensated by the very high value of 

excitomc oscillator strength in CuCl. Even cavities exhibiting finesse value below 50 were proven 

to be sufficient to demonstrate strong coupling m ZnO based microcavities [18]. The oscillator 

strength of CuCl, of the order of lO'Vcm^, IS one order of magnitude higher than m ZnO [26]. 

Hence it is reasonable to expect evidence of strong coupling in such structures.
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5.4 The bulkCuCl microcavity

The microcavity used m these experiments is a planar Fabry-Perot resonator. The bottom 

mirror is a highly reflective DBR made of 7 pairs of quarter lambda MgF2 and T1O2 layers. Tbe top 

mirror a thin gold layer, vacuum deposited in situ with CuCl. The active medium is the vapour 

deposited layer of CuCl. The thickness of CuCl vanes from 90 nm to 140 nm, approximately. 

During the vacuum deposition the growth rate is controlled using a crystal oscillator. Further, the 

thicknesses of grown samples were verified with both DekTak profilometer and ellipsometry in 

order to determme optimal growth conditions. Based on the numerical simulations, for a refractive

index value of 2.2 and the exciton wavelength of 379 nm the ^ cavity corresponds to a CuCl layer 

thickness of 107 nm. Detuning of the cavity resonance and exciton resonance is achieved by 

varying the cavity parameters. Variation of the CuCl thickness between 90 nm and 140 nm covers 

the w'lde range of resonance frequencies mcluding CuCl exciton resonance. Other methods for 

investigating the exciton-photon detunmg include angle tuning and temperature tunmg As 

uniform layer thicknesses cannot be easily achieved by the vacuum deposition technique. The 

thickness uniformly changes across the vacuum deposited, providing conditions for investigation of 

the cavity-exciton detuning with mcreasmg cavity length across the sample. With angle detuning it 

can be difficult to ensure that there is no movement of the mcident light spot on the sample, and 

therefore for the measurements presented to investigate strong coupling m a the CuCl microcavity 

structure position detunmg was the preferred method.

5.4.1 Tuning the cavity resonance

The simulation of the reflectivity of the non-absorbmg cavity is presented in Figure 5.3 to 

investigate the position of the photon resonance as a function of the cavity length.

The cavity in this case is comprised of two mirrors filled with a non-absorbing material with 

refractive index of 2.2 (CuCl at 370 nm) and the value of the oscillator strength set to 0. The 

bottom mirror is the Bragg stack of seven pairs of MgF2/Ti02 layers descnbed in section 5.3. The 

top mirror is a layer of 30 nm of gold.

As the cavity length mcreases the cavity resonance moves to longer wavelengths There are 

four dips correspondmg to different cavity lengths 98, 107, 116 and 125 nm respectively. The 

photon energy of the same empty cavity plotted as a function of cavity thickness is shown m 

Figure 5.4.
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Figure 5.3; Reflectivity spectra of an empty ca\ity. Cavity length oscillates around - which 

found to he 107 nm for CuCl microcavity.
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Figure 5.4; The cavity resonance as a function of cavity thickness.
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The resonance frequency is given by the following condition:

Nc
f = A/-{1,2,3...}

(5.11)

Where 2d is round trip distance and c is the speed of light in the medium.

Hence, the resonant wavelength X is defined as:

2 =
2dw

(5.12)

5.4.2 The semiconductor cavity - theory
The Zi_2 exciton has peak absorption at 379 nm (3.27 eV). As such, a cavity of 107 nm 

length has resonance at the same energy as the Zi,2 exciton. Cavities of length below 107 nm are 

positively detuned m terms of energy thus their resonance will be at higher energies than the energy 

of the CuCl exciton of 3.27 eV An example is the black curve m Figure 5.3 representing the 

reflectivity of a 98 nm long cavity. The opposite is true for cavity length exceeding 107 nm, with 

resonance at energies below 3.27 eV. Such cavities are negatively detuned with respect to the Zi,2 

energy. In Figure 5.3 reflectivity spectra of these cavities are shown with blue and yellow curves.

The cavities discussed above are empty. The space between the mirrors is empty or 

alternatively filled with a medium having negligible absorption at cavity resonance. Much more 

interesting phenomena can be observed for the opposite situation. If the intracavity medium has 

significant absorption at cavity resonance the light and matter start to interact. In the case of a 

semiconductor material such light-matter interactions are well defined. The interaction type can be 

twofold, weak or strong. Thus together with an empty cavity there are three scenarios possible. In 

Figure 5.5 there are three simulated spectra presented.

The reflectivity spectra are for the same cavity, filled with three different active media. In 

the first case, the material has a refractive index corresponding to that of CuCl but is not absorbing, 

that IS, It has an oscillator strength value of zero. The dotted curve shows only the dip m reflectivity 

resulting from the cavity resonance. The red dashed curve shows the spectrum calculated for a 

cavity filled with a similar medium but having some absorption, at a value lower than the 

absorption m CuCl. The value of the oscillator strength in simulation was set to 5.6xl0‘^/cm^. The 

broadenmg of the absorption dip is a result of the interaction between the cavity photon state and
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the active medium exciton state. In this case the interaction strength remains within the weak 

coupling regime.

Figure 5.5: Reflectivity of empty cavity and cavity filled with weakly and strongly interacting media. 

The cavity length is of 107 nm, which corre.sponds to ^ value.

With increased values of oscillator strength the new quantum state becomes visible. The influence 

of the active medium cannot be treated as perturbation for cavity photon anymore. The splitting of 

the reflectivity line is evidence of the oscillating energy transfer between the cavity photon and the 

semiconductor exciton. The two dips in the solid blue curve correspond to upper and lower 

polariton bands. These bands are separated by the energy con esponding to Rabi splitting Q. The 

Rabi splitting can be determined from the anticrossing plots of polanton bands versus detuning 

energy. The Rabi splitting is visible as a difference in energy between lower polariton band (LPB)

and upper polariton band (UPB). Comparison of two cases of near ^ CuCl microcavities is 

presented in Figure 5.6. Figure 5.6a shows the two polariton bands obtained from reflectivity 

simulation at an angle of incidence of 0”. The cavity length varies from 98 nm to 132 nm. The 

cavity length of 107 nm corresponds to the resonant energy of the CuCl medium, thus the cavity 

resonance is tuned to the exciton. In Figure 5.6b the cavity length is fixed to 115nm. The detuning 

is done by changing the angle of incidence between 0“ and 60°. For the angle of approximately 36° 

the cavity resonance and exciton energy are equal. From the plot in Figure 5.6a the Rabi energy is 

determmed as 315 meV from the angle dependant simulation in Figure 5.6b the Rabi energy is of 

330 meV.
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Figure 5.6: Anti-crossing polariton bands in a CuCl microcavity where detuning was obtained by: a) 

changing the cavity length from 98 nm to 132 nm, b) changing the angle of incidence for constant cavity 

length of 115 nm.

5.5 The experiment

5.5.1 The sample
The sample used in the experiment is the following three layer structure;

1) Top mirror - gold.

2) Active layer-CuCl.

3) Bottom mirror - DBR

The samples used in the experiments were prepared by a vacuum deposition process at 

room temperature using an Edwards E-360 evaporator. The pressure in the chamber was 

lowered to the order of 10'^ mbar prior to evaporation. Commercially obtained mirrors 

described in section 5.3 were used as substrates. A layer of CuCl was evaporated in situ 

with the top mirror gold layer. The growth rate of both CuCl and gold was controlled in 

realtime with the help of the crystal oscillator. The rate was of approximately 0.3 nm/s for 

CuCl and similar for gold. The thickness of the CuCl layer varied gradually along the 

length of the sample from 98 nm to 132 nm. The wedge like structure was achieved by 

means of variable exposition of the substrate to the CuCl vapours. The thickness of 107 nm

corresponds to a ^ cavity. The boundary thicknesses of CuCl layers were chosen in

accordance to the stop-band of the bottom mirror. For the thickness values out of 98 nm - 

132 nm range, the cavity resonance would be out of the mirror stop-band, thus no cavity 

effect could be observed for such thicknesses. A 30 nm thick layer of gold was used as the
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top mirror. Due to CuCl instability the cavity was protected from atmospheric influence in 

a vacuum containers and a cryostat chamber all the time after the evaporation.

5.5,2 The reflectivity setup
The reflectivity spectra were measured using the following setup.

» I

Figure 5.7; The reflectivity measurement setup. The white light beam from the xenon lamp (I) is 

split by the beam splitter (4). 'The sample is placed within the cryostat (2). The lenses (3) and (5) help to 

focus the light. The final spectrum is measured using a .spectrometer (6) and liquid nitrogen cooled CCD (7).

A Hamamatsu xenon lamp was used as a white light source, which was directed to the beam 

splitter. The reflected fraction of the light was focused onto the sample The sample was held in the 

liquid helium cryostat. Use of the cryostat facilitated reflectivity measurements over a wide range 

of temperatures (10K-296K) and helped to preserve the sample, which is destroyed at atmospheric 

conditions. The beam reflected at normal incidence from the sample was again split by the beam 

splitter. The transmitted fraction was focused by a lens, onto a detector, a liquid nitrogen cooled 

CCD coupled to the Tnax 190 spectrometer, of 0.3 nm spectral resolution. The recorded spectra 

corresponding to three different detunings are presented in Figure 5.7.

5.5,3 The results

The reflectivity spectra taken at room temperature for the - cavity are compared with the

modelled spectra. For all measured values of detumng both upper and lower polariton bands are 

visible. This is the result of very high values of oscillator strength in CuCl and thus very high value 

of Rabi splitting reaching 275 meV. The simulation using the value of oscillator strength reported 

in literature gave an even higher value of Rabi splitting of 400 meV. Such strong splitting was not 

observed in practice. Decreasmg the value of oscillator strength led to more reliable results. The 

discrepancy between the reported and observed oscillator strength can be caused by the number of 

coinciding factors. Firstly, the layer of CuCl grown on the DBR is not a single crystalline. The 

structural defects can lead to nonradiative transitions decreasing the excitonic oscillator strength.

Secondly, despite precautions being taken m order to protect the samples some contact with the
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atmosphere was unavoidable. This could lead to partial CuCl degradation and affect the oscillator 

strength. Finally the physical evaporation is rather simple growth technique and the quality of 

layers achieved this way is always worse m comparison with more sophisticated techniques like 

epitaxial growth. Since the substrate on which CuCl was grown was incompatible MgF2/Ti02 

DBR, the CuCl layer was amorphous and as such comparable rather to the material grown on the 

glass.

The lower value of Rabi energy than expected is consistent with previously mentioned 

dependence of oscillator strength on semiconductor layer thickness. CuCl layer thickness in the 

range of 100 nm corresponds to approximately 150 Bohr radii of its excitons.

Figure 5.8: a) Measured and b) simulated reflectivity spectra of a - cavity. Dotted lines show a

positively detuned (black) and a negatively detuned (blue) cavity. The red lines show the reflectivity of a 

cavity for zero detuning.

In order to determine CuCl cavity polariton dispersion the reflectivity spectra are taken for the 

number of sample locations corresponding to different CuCl thicknesses. The renge of thicknesses 

was chosen so that the thickness of 107 nm at which the cavity is tuned to the exciton is included. 

In the Figure 5.9 the set of reflectivity measurements for CuCl microcavity is shown

The anti-crossing of lower polariton band (LPB) and upper polariton band (UPB) is shown in 

Figure 5.10. As can be seen the Rabi splitting reaches the value of 275 meV. As expected this is a 

much higher energy than that observed in GaAs or even GaN or ZnO. Previously reported Rabi 

energy values for different CuCl cavities at cryogenic temperatures were somewhat lower. The 

Rabi energy depends not only on the material properties, particularly on the oscillator strength, but 

also on the cavity design. The cavity discussed in this work is a similar structure to those 

investigated in [22-23], however there are significant design differences, i.e top mirror type. 

Moreover the cavity measurements performed for this work were taken at room temperature. Direct 

comparison between cryogenic and room temperatures in the case of CuCl is impossible because of 

the thermal dependence of absorption. The exciton line in CuCl is a combination of two excitons 

called zi,2 and Z3.
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Figure 5.9; The set of refectivity spectra of - CuCl microcavity. The detuning is done by the means of CuCl 

layer thickness variation. During the growth the layer of CuCl was formed into the ridge shape. The 

tran.dational .stage of the cryostat .sample holder allows for an adjustment of the sample position and thus the 

measured thickne.ss.

Figure 5.10: Anticrossing of polariton bands in a CuCl microcavity. Ihe lower polariton band 

(black squares) and upper polariton band (red circles) visible. Also the lines of a cavity photon (blue 

triangles) and CuCl exciton (inversed green triangles) are presented.
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At room temperature these lines are broad and overlap. Thus the spectrum of absorption is visible 
as a single peak zi,2 with only the shoulder of z^llV], At lower temperatures the spectral lines of 
both excitons become narrower and can be distinguished in absorption spectra.

The same is true for the reflectivity spectra of CuCl based microcavities. At low temperatures the 

couplmg has to be treated separately for zi,2 and Z3, As such, Rabi splittmg has to be determined 

separately. In Figure 5.11 the measured polariton dispersion is compared with the simulated data.

Detuning (eV)

Figure 5.11: Polariton bands vj energy detuning in CuCl cavity. Ihe solid figures and lines show 

the measured points. The empty figures and dotted lines represent the simulated data.

Over the simulation data represented by empty symbols and dotted Imes the experimental points 

are plotted with solid figures. The fit between simulation and experiment is very good.

5.6 Conclusions
Due to a very high exciton binding energy of 190 meV and the oscillator strength two orders of 

magnitude higher than in GaAS, CuCl is a great matenal for polanton driven photonic devices. By 

the vacuum deposition technique the thm layer of CuCl is deposited on a MgF2/Ti02 mirror. In 

order to constitute the optical microcavity the active layer of CuCl is covered with a 30 nm thick 

gold layer. Such a bulk microcavity is measured with the help of reflectivity setup. Reflectivity 

spectra taken at room temperature show the splittmg feature indicating the strong couplmg between 

the cavity photon and CuCl exciton. From the anticrossmg plots of cavity polantons the Rabi 

oscillation energy of 275 meV is obtamed. According to the author’s knowledge, this is the first 

time the evidence of strong light-matter couplmg in bulk CuCl microcavity at room temperature

has been reported. The Rabi energy values obtained for bulk CuCl microcavities at cryogenic
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temperatures are comparable [22], [23], In X thick cavity Rabi energies for Z3 and Zi_2 excitons are 

97 meV and 162 meV, respectively. Thus the sum of 259 meV is very close to the value obtained 

for X/2 cavity at room temperature presented in this chapter. The fact that relatively low finesse 

CuCl microcavity growth with the help of an inexpensive vacuum deposition technique is 

satisfactory to demonstrate strong light-matter coupling at room temperature makes CuCl a very 

promismg material for the growing field of polaritonic devices.

110



5.7 References

[1] J. J. Pankove, Optical processes in semiconductors, II,, 1 vols. New York: Dove 

Publications, Inc., 1975.

[2] S. Christopoulos et al., “Room-Temperature Polariton Lasing in Semiconductor 

Microcavities,” Physical Review Letters, vol. 98, no. 12, 2007.

[3] G. Malpuech, A. Kavokin, A. Di Carlo, and J. Baumberg, “Polariton lasing by 

exciton-electron scattering in semiconductor microcavities,” Physical Review B, vol. 

65, no. 15,2002.

[4] S. Tsintzos, P, G. Sawidis, G. Konstantinidis, Z. Hatzopoulos, and N. T. Pelekanos,

“Towards electrically-pumped microcavity polariton lasers,” status solidi (c),

vol. 5, no. 12, pp. 3594-3596, 2008.

[5] M, Saba et al., “High-temperature ultrafast polariton parametric amplification in 

semiconductor microcavities,” Letters to Nature, vol. 414, 2001.

[6] M. Saba, C. Ciuti, S. Kundennann, J. L. Staehli, and B. Deveaud, “Towards a room- 

temperature polariton amplifier,” Semiconductor science and technology, vol. 18, p. 

S325,2003.

[7] H, Deng and Y. Yamamoto, “Exciton-polariton Bose-Einstein condensation,” 

Reviews of Modem Physics, vol. 82, no. 2, pp. 1489-1537, 2010.

[8] J. Kasprzak et al., “Bose-Einstein condensation of exciton polaritons,” Nature, vol. 

443, no. 7110, pp. 409-414, 2006.

[9] P. Littlewood, “PHYSICS: Condensates Made of Light,” Science, vol. 316, no. 5827, 

pp. 989-990, 2007.

[10] F. P. Laussy, A. V. Kavokin, and I. A. Shelykh, “Exciton-Polariton Mediated 

Superconductivity,” P/iy5/ca/ Review Letters, vol. 104, no. 10, 2010.

[11] C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, “Observation of tire 

Coupled Exciton-Photon Mode Splitting in a Semiconductor Quantum Cavity,” Phys. 

Rev. Let, vol. 69, no. 23, pp. 3314-3317, 1992.

[12] R. Houdre, C. Weisbuch, R. P. Stanley, U. Oesterle, P. Pellandini, and M. Ilegems, 

“Measurements of Cavity-Polariton Dispersion Curve from Angle-Resolved 

Photoluminescence Experiments,” Phys. Rev. B, vol. 73, no. 15, pp. 2043-2046, 1994.

[13] R. Houdre et al., “Saturation of the strong-coupling regime in a semiconductor 

microcavity; Free-carner bleaching of cavity polaritons,” Phys. Rev. B, vol. 52, no. 

11, pp. 7810-7813, 1995.

[14] S. Adachi, Properties of group-1 V, Ill-V and II-VI semiconductors, 1 vols. Chichester:
111



John Wiley & Sons, Ltd, 2005.

[15] S. Tarucha, Y. Okainoto, and others, “Exciton binding energy in GaAs quantum wells 

deduced from magneto-optical absorption measurement,” Solid State 

Communications, vol. 52, no. 9, pp. 815-819, 1984.

[16] T. Tawara, H. Gotoh, T. Akasaka, N. Kobayashi, and T. Saitoh, “Cavity Polaritons m 

InGaN Microcavities at Room Temperature,” Physical Review Letters, vol. 92, no. 

25, 2004.

[17] L. van Vugt, S. Riihle, P. Ravindran, H. Gerritsen, L. Kuipers, and D. 

Vanmaekelbergh, “Exciton Polaritons Confined in a ZnO Nanowire Cavity,” Physical 

Review Letters, vol. 97, no. 14, 2006.

[18] F. Medard et al., “Experimental obseiwation of strong liglit-matter coupling in ZnO 

microcavities: Influence of large excitonic absorption,” Physical Review B, vol. 79, 

no. 12,2009.

[19] N. Antoine-Vincent et al., “Obseiwation of Rabi splitting in a bulk GaN microcavity 

grown on silicon,” Physical Review B, vol. 68, no. 15, 2003.

[20] S. I. Tsintzos, P. G. Sawidis, G. Deligeorgis, Z. Hatzopoulos, and N. T. Pelekanos, 

“Room temperature GaAs exciton-polariton light emitting diode,” Applied Physics 

Letters, vol. 94, no. 7, p. 071109, 2009.

[21] K. L. Shaklee, R. F. Leheny, and R. E. Nahory, “Stimulated Emision from the 

Excitonic Molecules in CuCl,” Phys. Rev. Lett., vol. 26, no. 15, pp. 888-891, 1971.

[22] G. Oohata, T. Nishioka, D. G. Kim, H. Ishihara, and M. Nakayama, “Exciton 

polaritons in bulk CuCl microcavities grown by vacuum deposition,” physica status 

solidi (c), vol. 6, no. 1, 2009.

[23] G. Oohata, T. Nishioka, D. Kim, H. Ishihara, and M. Nakayama, “Giant Rabi splitting 

in a bulk CuCl microcavity,” Physical Review B, vol. 78, no. 23, 2008.

[24] C. F. Klingshim, Semiconductor optics. Berlin; Springer-Verlag, 1995.

[25] “SOPRA Thin Films,” SOPRA Thin Films. [Online]. Available: http://www.sopra- 

sa.com/.

[26] S. Faure, T. Guillet, P. Lefebvre, T. Bretagnon, and B. Gil, “Comparison of strong 

coupling regimes in bulk GaAs, GaN, and ZnO semiconductor microcavities,” 

Physical Review B, vol. 78, no. 23, 2008.

[27] L. O'Reilly et al., “Growth and characterisation of wide-bandgap, I-VII optoelectronic 

materials on silicon,” J. Mater. Sci. -Mater. Electron., vol. 16, pp. 415-419, 2005.

112



6 Conclusions and future work

6.1 Conclusions

This work was initially motivated by the development of CuCl on Si as a material system. As 

was described, CuCl has a small lattice mismatch of <0.4% with Si, offering the possibility of a 

wide bandgap material with a reduced number of defects relative to other contemporary material 

systems, such as GaN and ZnO. The study presented m this thesis followed two parallel paths. 

Firstly the basic parameters were investigated in order to evaluate the materials’ quality. The 

accurate values of such parameters are also required in the numerical simulation process. 

Secondly, computational models were developed to investigate potential optoelectronic 

applications of CuCl, and in some cases to verify experimental results.

In the first part of the thesis the optical properties of copper chloride on Si, and related 

materials of the same group, namely copper bromide deposited on Si, were investigated Many 

characteristics of the temperature dependent photolummescence spectra were analysed to extract 

the parameters which could subsequently be used to assess the optical quality of the material, and 

could be used for compansion with CuCl deposited on less suitable substrates, or characteristics of 

single crystal CuCl. Both CuCl and CuBr were studied. XRD spectroscopy confirmed that the 

structural quality of the grown semiconductor is very high. The preferable direction of growth of 

the CuCl layer is (111) on both (111) and (100) oriented Si. The layer was found to be 

polycrystallme. The low temperature CuCl emission spectrum consists of four peaks. Analysis 

attributed the peaks to the free and bound excitons and biexcitons, and not to phonon replica 

features. In the case of the low temperature CuBr PL spectra there was no evidence for biexcitonic 

peaks. As a result of exciton-phonon interactions, thermal broadening of excitomc peaks is 

observed. For both CuCl and CuBr the free exciton peak width as a function of temperature was 

analysed The coupling strength parameters for exciton-phonon interactions were obtained. At low 

temperatures up to 150 K, exciton peak broadening is driven by exciton - acoustic phonon 

interactions. Over 150 K, the interaction between excitons and optical phonons becomes dominant. 

CuBr PL spectra suggest that exciton interaction with acoustic phonons is lower than in CuCl, 

which is consistent with literature data for CuBr quantum dots. The exciton-optical phonon 

interaction m CuBr is also lower than m CuCl, which is also expected. The analysis of the PL 

intensity as a function of temperature lends insight into the process drivmg the luminescence 

quenching. For both halides thermal activation energies of quenching processes are determined. For 

CuCl the activation energy is determined to be of 167.8±6.5 meV and for CuBr of 59±7 meV. This 

energy determines the thermal dissociation of excitons. As a possible p-type dopant for CuCl the 

oxygen was mvestigated. The PL quenching is more complex than in case of pure CuCl samples. 

From the spectra of the PL intensity as a function of temperature new mechanisms were introduced
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as a consequence of the doping, which manifested as a negative thermal quenching feature in the 

temperature dependence of the PL mtensity. The thermal activation energies associated with these 

processes were estimated. However, if the electrical experiments would confirm that the holes 

concentration is really increased due to oxidisation, oxygen can be considered as a p-type dopant.

One of the most important optical parameters of semiconductors is refractive index. In order to 

successfully simulate and design the optical aspects of the device one has to know the complex 

refractive index of all the constituent materials. For CuCl the refractive index was obtained from 

ellipsometry angles measured on a set of CuCl on Si samples with CuCl layers of different 

thicknesses. The complex refractive index was determined the range 244-1600 nm, which includes 

energies greater than the band-gap. This refractive index data was subsequently used for the 

simulations of CuCl microcavity structures.

Due to its low absorption m parts of the THz range, copper chloride is also investigated as 

a potential material for photonic crystal THz mirrors. The band-gap maps calculated usmg the 

plane wave method can be used to determine lattice parameters for which 2D CuCl photonic 

crystals act as THz mirrors. In the range below 3 THz high reflectivity of 0.99 is achievable only at 

low temperatures. For frequencies above 8 THz reflectivity of 0.9 occur, even at room temperature. 

The simulations of designed triangular lattices show that CuCl can compete with THz materials 

like alumina or steatite and can potentially be applied in THz mirrors and filters.

Placing a semiconductor m a microcavity affects the emission rate and the emission spatial 

pattern. Such a cavity can work in both, weak and strong coupling regimes. The influence of a 

cavity can be weak, in which case the cavity is considered as a perturbation for the exciton. 

Modification of the spatial pattern can be used to increase the extraction efficiency of light from the 

emitting medium. A number of CuCl structures were studied in order to optimise the thickness of 

the CuCl layer and multilayer structure m terms of light extraction. While the influence of the 

microcavity is expected to be reduced for a bulk emitter, the simulations shed light on the optimum 

parameters and influence replacmg the Si substrate with a distributed Bragg reflector. Overall an 

extraction efficiency of ~14% could be achieved for a 95 nm thick CuCl layer, with a DBR 

substrate. There was little benefit from the addition of a top mirror, however as CuCl is highly 

sensitive to water moisture m air a number of cappmg options were considered and the their effects 

assessed. Depending on the desired CuCl thickness the appropnate coatmg can be determined. For 

95 nm thick CuCl layer satisfactoiy results are obtained with S1O2/T1O2 pair. In this case the 

extraction efficiency is not affected with regard to the uncoated CuCl on DBR. Also, a monolayer 

of Ti02 does not suppress the light extraction, however due to the high refractive index the phase of 

the radiation is changed, thus the maxima of extraction efficiency occur for different CuCl 

thichnesses.
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In the case of bulk CuCl, increasing the cavity finesse does not help to increase the 

extraction efficiency. The spatial pattern of low finesse cavity is very similar for both, bulk and 

QW emitters m a microcavity. In case of a high finesse cavity the directional modes visible in the 

farfield for a QW emitter seem to be suppressed by the absorption of the bulk CuCl layer. Thus the 

enhancement due to cavity effects is much less significant in the bulk case.

A high finesse cavity is capable of containing the photon long enough that it undergoes 

multiple absorptions and re-emissions in the active medium. In such a case the cavity cannot be 

considered as a perturbation only and a new quantum state is created. The quasiparticle resulting 

from the strong coupling of the semiconductor exciton and the cavity photon is called the cavity 

polariton. Evidence of this new quantum state in a planar bulk CuCl microcavity at room 

temperature has been observed for the first time. A CuCl microcavity was designed and fabricated. 

The final design used a bottom 7 pairs of MgF2/Ti02 DBR mirror, CuCl bulk intra-cavity layer and 

a top 30 nm thick gold mirror. The anticrossing of the upper and lower polariton branches has been 

measured and an enormous Rabi splitting of 275 meV is achieved.

6.2 Future work

The work presented m this thesis is only a small step towards successful device fabrication. 

Future work may follow parallel paths, keeping m mind a number of milestones. Firstly the 

matenal quality of evaporated CuCl on various substrates, however good, is not optimal. 

Alternative growth techniques such as liquid phase epitaxy (LPE) are already under investigation 

with a view to achieving monocrystallme CuCl layer growth. Potential devices utilising higher 

quality CuCl layers would benefit from significantly decreased defect densities which would 

increase device longevity and efficiency. Another issue requiring further research is doping. The 

studies of n and p type doping with zinc and oxygen are rather preliminary up to date. In order to 

move forward towards p-n junction more detailed dopant analysis should be carried out, and other 

potential dopants, such as Sn or Ba, should be mvestigated. Once the techniques of doping are 

developed and stable, p and n type layers of CuCl can be grown, creating the simplest LED CuCl 

device. The doping study would also benefit from higher quality single crystal layers. Due to 

stoichiometry variations m evaporated CuCl, and difficulties in dopant concentration control, it was 

difficult to perform precise quantitative charactensation of doping. The electrical properties of 

oxygen doped CuCl also require further characterisation. It was observed that the variation of 

measurable optical parameters like thermal quenching or PL peak broadening between various 

vacuum evaporated samples could be significant. As mentioned above improved uniformity of 

CuCl samples is potentially achievable with more advanced growth techniques such as LPE, 

Molecular Beam Epitaxy (MBE) or atomic layer deposition.
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These techniques, with greater control of the growth parameters, would also dramatically 

improve the precision of the layer thickness. The thickness is a key parameter for the microcavity 

based devices. Particularly, the accurate control of CuCl thickness is needed m order to grow CuCl 

based quantum wells or other dimensionally reduced structures.

Copper chloride being a member of the group of copper halides shares a number of 

properties with compounds such as copper bromide or copper fluoride. While the band-gap 

energies of these materials are slightly different all of them are wide band-gap semiconductors 

capable of UV/blue emission. Alloys composed of two or more of copper halides have yet to be 

researched with a view to band-gap engineering. The resultant alloys or compounds can also be 

potentially applied in the design of CuCl based Bragg reflectors or as transparent spacer layers m 

the structures implementing Cu-Ha QWs.

In chapter 4 the influence of the cavity on the extraction efficiency was discussed. The 

computational simulations showed that due to significant absorption the bulk microcavity 

extraction efficiency cannot be improved by the presence of the cavity. On the other hand if the 

absorbing medium thickness is decreased the extraction efficiency can be significantly improved 

with proper cavity design. The design of vertical cavity LEDs or lasers requires the active layers to 

be placed in antinodes of the cavity again demandmg precision of the layer growth. The last 

chapter of this thesis presents the demonstration of strong coupling between the cavity photon and 

CuCl exciton mside a microcavity. In the work reported to date the relatively simple structure of a 

bulk CuCl layer placed inside a low finesse cavity was used. Due to the very high exciton binding 

energy of 190 meV and strong CuCl excitonic oscillator strength, the cavity polantons were 

observed in the bulk CuCl microcavity at room temperature. In order to make GaAs or even GaN 

microcavities operate in the strong coupling regime, the temperature had to be decreased and the 

active layer thickness reduced in order to mcrease the exciton binding energy. These steps were not 

necessary m the case of CuCl. The large Rabi energy of 375 meV in the bulk CuCl microcavity 

could potentially be further increased with Cu-Ha QWs or a higher finesse cavity However, 

limited control over the CuCl layer thickness has curtailed the potential for study of cavity- 

polaritons in tailored structures. In order to further progress in this field of research, and ultimately 

Cu-Ha based cavity polariton lasers, more advanced growth techniques will be of great importance.

In summary, some milestones for the future can be outlined. Firstly, work towards a p-n 

junction should be contmued. This mcludes further study of dopants controllmg the conductivity in 

CuCl m terms of concentrations and species. Besides preliminarily investigated zmc and oxygen, 

other elements like Ba or Sr should be considered. Once a p-n junction is achieved, the band-gap 

modification will become of high importance. Again it could be achieved by CuCl doping, or 

alloying with, for example, other copper halides like CuBr. The weak coupling regime study gave 

some insight mto extraction efficiency of light from the CuCl emitter. Also, the influence of the
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protective cladding was investigated. Due to its relatively low refractive index, copper chloride is 

less affected by the extraction efficiency suppression on the emitter/air interface than other higher 

index materials such as GaAs. However due to its sensitivity to air moisture the CuCl layers have 

to be protected. Very strong exciton-photon interaction was observed in bulk CuCl microcavities 

and even higher Rabi splitting can be studied m the future usmg quantum well or higher finesse 

cavities. In the THz range CuCl based photonic crystals can potentially find an application as 

mirrors and filters. As the features of the PCs are measured m tens of microns in the lower THz 

frequencies (<3THz) and in microns for high frequency THz (>8THz) relatively straight forward 

etching techniques should be suitable for fabrication.
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