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ABSTRACT

An indirect band-gap precludes the possibility o f eflBdent luminescence from SL 

The w ide^read use o f Si in electronics and rapid advances in Si device processing and 

design justifies the seardi fiir St-based Hÿkt emitters can pave the way for Si- 

based opto-electronics. In this work, the molecular-beant-q*ita)gr (MBE) growth and 

characterization o f Eu:CaF%/Si( 100) layers is presented and an electrolunnnescent 

device fiibricated firom this materials system is demonstrated. The MBE growth o f the 

Eu CaFz layers was carried out in an Intevac MOD Œ N -n  ^stem . The post-growth 

surfitce ordering ofE u CaFz was studied in situ by monitoring reflection-hi^-energy- 

dectron-dififraction (RHEED) patterns. The surfrce morphology o f the EuCaFz layers 

was studied ex situ using atomic-fiirce-microscopy (AFM). X-ray photoelectron 

qxectroscopy (XPS) was used to study the effect o f h%h Eu contait in the EuiCaFz 

layers. Photohmnnescence (PL) studies showed that 1 9  to 8.0 atomic % Eu can be 

incorporated into the MBE-grown layers without reduction in the integrated PL 

intoisity at 10 K and 293 K from the E u^ ions. The electrical propmties ofEuCaFz 

layers were mfinred firom the anafysis o f current-versus voltage and high-frequency 

capadtance versus voltage measurements on metaWnsulator-semiconductor (MIS) 

structures frbricated from these layers. \%9>le electrohiminescaice (EL) is observed at 

room temperature 1^ curroit injection into MBE-grown Eu CaF; layers containing 7.5 

and 8.0 atomic percent Eu. The EL ^ectra  are broad with peaks around 600 and 700 

nm. The ability to generate EL using relative^ small DC voltages makes this system 

promising fiir Snbased opto-electronics and diqilay applications.



Chapter 1 

Introduction

1.1 Motivation

1.1.1 Si-bascd opto-dcctronics

Aa indirect band*gi9  precludes the possibility o f efiBdent luminescence fiom SL 

The w ide^readuse o f  S iin  electronics and r^ id  advances in Si device processing and 

design justifies the search fi»r Si-based fight emitters vAidt can pave the way fixr Sir 

based opto-electronics. In the past, attenopts have been made to either incorporate an 

opticalty active center in Si (Er-doped Si) or to modify the microscopic structure o f Si 

itself (porous-Si). E r-dt^ed Si offers a promising material for 1.54 pm emitters on 

silicon. Er luminescence in this tystem is achieved by impact excitation ofE r^  ions in 

the Si sangrle [1,2]. Although quantum eflBdendes o f this tystem are lower than 

direct-grq; figbt emitting diodes (LEDsX significant progress has bear made towards 

achieving a reliable device. H ie emission ^ectra o f E r^  makes it a very good 

candidate fi>r fiber-based opto-electronic tystems on Si but does not make it viable firr 

Si-based di^lay applications.

Nficroscopic Si wires, referred to as porous-Si, Abricated on bulk Si surAces 

using electrodremical means have demonstrated room temperature photoluminescence 

(PL) and electroluminescence (EL) [3]. It is believed that the luminescence in these 

structures is either due to quantum confinement effects in the Si quantum wires or 

radiative recombination involving surAce states in this tystem. Hie PL spectra fiom



this material (porous-Si) is broad with peaks détendent on the size o f the columnar 

stnictures and the excitation wavdength. A porous-Si LED, Abricated using 

traditional Si processing techniques, has been demmistrated recently [4], however, it is 

not clear if  either the optical qpectrum or intensity o f the device remains stable for 

continuous DC operation. Further, the veiy nature o f porou^Si makes the optical 

properties o f the active region sensitive to processing conditions. Full device 

intégration o f porous-Si widr Si electnmics however seons promising in the foture.

Him film EL devices have gained wide accqptance in the display industry due to 

their reliability, low power consumption, and compactness. Two key issues in thin film 

EL device design are robustness o f the EL devicq and the need to mrnimize the 

physical volume oco^ied by di^lay drivers. The monolithic integration o f the diqilay 

region and the display drivers offers a solution that addresses both these issues. Hie 

use o f MBE-grown Eu:CaF%/Si thin fihn EL devices, \riiich has been demonstrated in 

this woriE, has the potmtial for such monolithic integration of the light-emitting 

material (EuzCaF;) and diqilay^driver circuitry (Si-based).

1.1.2 MBE-grown rare-earth doped materials

Interest in the optical diaracteristics o f rare-earth (RE) ion-doped crystals 

started with the aim o f investigating the rid i and distinctive optical spectra o f these 

ions, nAich arise due to transitions o f electrons from the 4f* ground state o f the RE ion 

to higher energy levels o f the 4 f  or 4f^'5d configuration. The emission qiectra 

involving RE ion levels o f the 4 f  configuration alone are not strongly affected by the 

strength o f the crystal field due to the strong shielding of the 4f" core electron by the



outer electrons o f the RE ion, however transitions involving Sd electrons may show a 

ggnificMit dqiendence on the crystalline environment [5]. The origin o f the optical 

^ectraofR E  Urns is discussed in greater detail in C h ^ e r  3. In the past, s tu ^  o f RE 

im s in crystals was confined to RE ion-doped bulk crystals [S,6 ], were typical^ 

grown fiom a molten solution o f the host crystal and RE compounds, and the h i^  

temperatures involved resulted hr fimnation o f RE ion aggregates firr h i^  RE ion 

concentrations hr the meh. The firrmationofRE ion aggregates was detrimental to the 

radiative eflBcien^ o f the RE km as the aggregates provided non-radiative 

recombination charmels and, consequoitty, the highest concentration o f RE ion that 

could be incorporated into bulk grown crystals without causing quenching of optical 

luminescence fiom the RE ions, was typical^ < 1 mole % [3,6 and references therein]. 

Both room temperature and low temperature lasers have been fiibricated using optical^ 

punped RE ion-doped crystals, ahhou^  thresholds for lasing in these systems are high 

due to the small nuntber o f active carters that are available for excitation. RE ion- 

doped phosphors have been used to coat fluorescent screens on video monitors, and 

latefy several RE ion-doped pho^hors are finding wide^read application in thin fihn 

EL devices [7].

The advmt o f molecular beam epitaxy (MBE) enabled hétéroépitaxial growth 

of materials systems with small lattice mismatdL The growth temperatures involved in 

MBE are typica% lower than that o f mdt-grown crystals and the incorporation o f an 

atom or molecule at a particular lattice she during MBE growth is dictated by both 

kinetics and thermodynamics at the growing surfiice. The kinetically fevored lattice she



duxing MBE growth can be dififerent fiom the thermodynamical^ fivoied site during 

growth fiom a mek and this difierence in growth mechanisms has been mq^loited to 

incorporate very high cmxcentrations o f RE ions in MBE-grown layers without 

formation o f RE ion clusters [8-12]. MBE allows fin  very precise control o f the 

anwwmt o f atoms OT mokcules that are incident on the growth surfiice, and this enables 

precise thickness and compositional om trol o f the grown layers. MBE-grown RE ion- 

doped materials are thus very promising candidates fin  thin fihn EL devices.

CaFj, a good host fi>r RE ions, has been grown epitaxialty on Si substrates 

using MBE by various groiqis [13]. High-quality CaFz epilayers can be grown on Si 

(111) and Si(100) substrates due in part to a less than 1% lattice mismatdi at room 

tenqierature, although thermal mismatch and the lack o f a plastic defiirmation 

mechanism near the interfiice tends to produce cradcs in CaFj layers on Si (100). It has 

been shown that high concentrations o f E r^  andN d^ can be incorporated in MBE- 

grown CaF} layers [8-11]. Both these ions emit in the infirared (IR) and the potential 

application fi>r these ^sterns are fiir fiber-based opto-electronic devices which can be 

integrated with silicon electronic circuitry.

Bulk CaFz doped with Eu^ and E u^ has been studied by several groins in the 

past [14-18]. Both Eu^ and Eu^ ions occupy Ca sites in the CaFz crystal and the E u^ 

ion is diarge compensated by a neighboring or distant charged negative charge. Eu^ 

produces a broad photohmnnescence (PL) pectrum  extending fiom 400 nm to  500 nm 

and has broad ultra-violet (UV) absorption bands, vriiile Eu^ has very sharp 

fluorescmice and excitation pectra whose positions are governed by the nature o f the



chaige compensating center [9]. The strong bhie-violet himinescence from Eu^ ions in 

Cap2 lead to attempts to make a solid state laser, but the presence o f excited state 

absotptum in this material prevented laser actum [18].

The first s tu ^  o f MBE-grown EuzCaF, layers on Si (111) attengrted to use the 

zero-pbonon line o f the low temperature PL spectrum o f E u^ ions in these kyers as a 

probe o f ebstic strain in the CaF% epilayers [19,20]. Later, detailed s tu ^  o f MBE- 

grown Eu:CaF2/Si(100 ) layers w o e  presented [12] nAich constitutes the preliminary 

results that win be discussed in this woriL It was establiriied that to 7.5 a t % Eu

could be incorporated into the MBE-grown CaFz layers on Si(100) without quenching 

the in t^rated  vibronic side-band intensity o f the low^temperature PL from these layers. 

This indicated that higb ccmcentrations of Eu^ ions can be incorporated into the CaFz 

layers, making them viable fi>r opto-dectronic applications. As part o f the present 

woric, EL has been demonstrated fiom MBE-grown EuiCaFj layers with 7.5 and 8.0 at. 

% Eu content [21]. The EL spectra from these devices are very broad with peaks at 

600 and 700 nm. The fitbrication o f visible room tenq»erature EL devices on Si opens 

up opportunities fi>r Si-based thin fihn di^lay devices with monolithic d i^lay drivers.

1.1,3 Advantages of EutCaFi/Si over other Si-based l%ht emitters

MBE-grown EuiCaFz layers can withstand h i^  temperature (~1000*’C) 

processing without degradation o f optical or crystalline quality. Metallization and 

patterning ofCaFz is f id ^  straightforward and compatible with Si processing. The Eu 

content in CaFz and the CaF; layer thickness can be predsety controlled, providing 

accurate reproducibility o f device structures. CaFz is opticalty tramparent over a wide



wavelength range and can be used to build planar optical wave-guides on silicon. 

Further, CaFz can be doped with other optically active RE ions wAich have potential for 

thin fihn EL devices based on dectnm-impact excitation. Such CaF2 thin fihn EL 

devices have been demonstrated cm glass substrates [22]. Thus EuiCaFs/Si is a 

promising candidate for the s tu ^  o f foture Si based thin fihn EL devices.

1.2 Properties of Eu:CaF2 and tmdoped CaF? bulk crystals.

1.2.1 Optical and electronic properties of CaF: bulk crystals.

The electronic and optical properties o f undoped CaF: provide an insight into 

the physical diaracteristics o f the host crystal, ^ lid i is key in understanding the 

bdiavior o f a dopant ion in CaF: CaF: is a strongly ionic crystal with a fluorite 

structure. The C a^ ions form a foce-centered-cubic (FCC) sub-lattice and the F  ions 

form a sinqple cubic lattice, hi an uhravlolet-photoelectron-^ectroscopy (UPS) and X- 

ray photoelectron ̂ ectroscopy (XPS) study o f thermal^ evaporated CaF:, SrF:, and 

BaF: films, it was indicated that the electronic energy levels o f the outer electrons of 

Ca^ and F  are influenced by the Madehmg potential at these ion sites and that the 

widths o f these energies are sensitive to the degree o f overlap between the electron 

wavefimctions o f nei^boring ions. Based on these findings the authors [23] proposed 

a rigid-ion model for these crystals, \diere the interaction o f the overlapping electron 

wavefimctions (repulsive energy) leads to an increase in the inter-ionic elastic potential 

energy ( Le. the repulsion betweoi outer electrons in neighboring ions does not drform 

the interacting electron wavefimctions, but causes a change in the relative position of 

the ions). Albert et aL [24] have calculated the band structure for CaF: using a



combmed ti^t-bmdmg^seodopotential method. Their cakuktioiis indicated that the 

iq^er valence band for CaFz originates fiom the overiap o f the p-oibitals o f the F  ions, 

with the top o f the valence band being at the X-poinr o f the BriHouin zone, and that the 

conduction band states were derived fiom the 4s and 3d orbitals o f the C a^ ion with 

the lowest tying ctmduction band at the Gamma pmnt and formed by overlapping Sr 

orbitals o f the C a^ ions. The calculated dectnm energies in Albert et sL’s work are in 

good agreement wifo t^tical reflectivity data fiom CaFz Ekombe and Pryor [25] have 

obtained phonon dispersion curves for CaFz using indastic neutron scattering. Their 

woric has provided insight into the symmetry o f the phontms involved in the 

electron-^honon transitions o f the fluorescence and absorption ^ectra  o f RE ions in 

CaFz [26].

Several d ^ c t  carters have been identified in CaFz bulk crystals [27]. the 

shqplest ones being the F-centers, M-centers and Vk centers. The F-center is a fluorine 

ion vacancy rdiidi is occiqpied by an electnm. F-centers in CaFz are known to be 

formed during low-tençerature X-ray irradiation o f CaFz crystals containing impurities. 

F-coiters have broad optical absorption band peaked at 376 mrr. M-centers consist of 

two adjacent fluorine ion vacancies tying along the ( 100) direction and occiqried by 

electrons. The absorption qiectra o f M-centers odribit optical dichroism with 77 K 

absorption peaks at 366 nm (Mp) and 521 run (M). M-centers have a fluorescent band 

peaking at 586 nm, rdiidi produced by the excitation o f both M and Mp bands. The 

lifetime o f the M-center is independent of temperature in the 77-300 K range [27]. X- 

ray irradiation o f RE-doped CaFz bulk crystals produces self>trapped holes or Vk



centers. These holes reside near 2 nearest-neighbor F  ions and exhibit strong optical 

didiroism. The optical absorption oftheVK center involves electronic transitions 

between molecular states formed by the VK center, and produces a broad aqmmnetric 

band peaking at 320 nm [27]. Recombination himinescence o f a Vk center proceeds 

via the c^ tu re  of an dectron at a Vk site, resulting in the fimnation o f an exdtonic 

conqilex, which radiativdy decays producing polarized luminescence peaked at 279 nm 

[27].

DC conductivity in CaFj arises almost e n tir^  fiom the drift o f fluorine ions 

and vacancies throuÿr the lattice. The presence o f Otygen or RE ions is known to 

increase the DC conductivity in CaFz hr a recent UPS stutty o f CaFz bulk crystals, it 

was observed that eiqposure to 21.2 eV UV radiation dramaticalty increased the DC 

conductivity [28]. This increase in the DC conductivity was attributed to  the creation 

oTVk centers by the UV radiation. The activation energy o f the UV generated Vk 

centers was measured at 0.30 eV vdndr was consistent with previous measurements o f 

activation energy o f Vk centers in CaFz

1.2.2 Optical properties of Eu^rCaFz

The eatiiest optical studies o f CaFz doped with Eu^ ions were done by 

McClure and Kiss in 1963 [29]. The absorption ^ectra o f bulk E u^ CaFz crystals 

exhibits two bands in the ultraviolet and at low temperatures (~ 10 K), the lower energy 

UV-band exhibits some structure with discernible peaks. The PL qiectrum o f 

Eu^CaFz crystals is broad with a peak in the bhie-violet region o f the optical spectrum 

and shows red-shifted vibronic structure at low ten^eratures. The E u^ ion in CaFz



occupies a subsdtutkmal C a^ site and the crystal field has cubic synunetry. The low 

oiergy UV absorption band (320 nm - 400 nm) o f E u^ is due to an electric dipole 

transition between the 4f^ ground state and the lowest excited state o f the 4f^Sd 

configuration [6]. The dectronic interactions ofthe4f^Sd configuration o f the Eu^ 

ion in CaFz has been analyzed in detail by Weaklim [30] and the best agreement o f the 

theoretical model fi>r these interacticms with experiments is obtained by including both 

the crystal fidd interactinis with the Sd E u^ orbitals and die coulomb interaction 

between the 4f^ core and the crystal f id d ^ h t S d k v d o fth e  excited state. Details 

regarding the emission and absorption spectra ofEu^:Cap2 will be presented in 

Chapter 3.

1.2.3 Opticnl properties of Eu*̂ :CaFz

Like Eu^, the Eu^ ion occiqiies a substitutiond C a^ site in the CaFz lattice.

The excess positive charge o f the E u^ ion is typical^ compensated by an interstitial 

fluorine ion either bound to the E u^ ion or present at a distant location in the CaFz 

lattice. The presence o f ions in CaFz can also provide diarge condensation fiir 

Eu^ sites. The opticd absorption and fluorescence o f E u^ ions in CaFz involves 

dectronic transitions between the 4f^ states o f the Eu^ioiL The shidding o f the 4f^ 

electrons firom the CaFz crystd field leads to excited states having long lifetimes and 

the absorption and fiuorescmice showing very narrow lines. The energy and qiHtting o f 

the ^ec tra l lines provide infiinnation about the crystal field symmetry o f the E u^ ion.

A detailed study o f low teuderature opticd transitions involving Eu^ ions in an 

oiqrgen fi%e bulk CaFz crystd is presented in ref [17], with a list o f aH the observed



excitatkm m d fluorescence lines. Optical studies o f 0^*conçensated£u^ centers in 

CaFz cm  be flnmd in re f [31]. The distmctdiflference in the optkai properties o f Eu^ 

and E u^ in CaFz is due to the nature o f the dectronic transitions that are involved in 

the two ions. Optical transitions in E u^ are finced-dÿole. Le. they take place between 

states (4f^) having the Mme parity and the dÿol^moment for transitions between such 

states is very small The transition moment integral is non-vanishing due to  the 

lowering o f the cubk tym m ettyofflm Eu^ ion site Ity the presence o f a charge 

compensator. However, even with charge compensation, the 4 f ̂ 4 f  ̂  transition

probabilities are -10^ times smaller than 4f^ 4f*5d transition probabilities. This

gives rise to sharp absorption and fluorescence ^ectra fiom charge compensated Eu^ 

ions. In the Eu^ ion, the lowest energy 4f^5d excited states are located at much higher 

energies than the lowest energy 4 f ̂  excited levels [32], whidt precludes transitions 

fiom the ground state to  the 4f^5d states by visible photons. Therefore in Eu^, the 4f^ 

4f^ transitions can be excited with visible fight sources and the wavelength o f the 

fluorescence fiom 4 f ̂  levels don’t  overlap with fluorescence fiom other levels, which 

singififies their detection. Due to the low transition cross-sections, very intense sources 

(like ^ e  lasers for e g.) are usualty engiloyed to study the fluorescence fiom E u^ in 

CaFz.
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1.3 MBE-grown CaF2 and RE.'CaFÿ on Si and other 

substrates.

13.1 MBE growth conditioiu and morphology of CaFi/Si epitaxial layers

The stucty o f ̂ itaxial insulators on silicon was prompted hy the need fi»r silicon 

on insulator (SOI) tedmology for 3-D integration, an improved gate didectric material 

and the possibility o f integrated opto-dectronic circuits on silicon. The earliest resuks 

o f q>itaxialtygrown CaFz on Si(100X ( 110) and ( 111) suffices wasrq»orted1tyAsano 

and Ishiwara [33]. The quality o f the qiitaxid layers in that woric was determined 

using Rutherford backscatteiing (RES) imi-channdmg. The temperature range 

required for low diannding yield (< 5%) was established for the three diflEermit 

substrate orientations. These optimal growth temperatures for obtaining high 

ctystallinity in the q>ita»d layers were confirmed by RES, r^ection-high-energy- 

electron-diflfractimi (RHEED), and scanning-dectron-microscopy (SEM) anatysis o f 

MEE-grown epitaxid CaFz layers on Si by Schowaher et aL [34]. Rapid therm d 

anneal (RTA) was enqiloyed to inq»rove the crystaUinity o f MEE-grown CaFz/Si(100) 

films [35]. The RTA however produced cracks in the q>itaxid CaFz layers due to 

therm d mismatdi between Si and CaFz. The problem o f cracking was considerabty 

reduced by employing a thermd soak after the RTA [35].

\ Surfice energy plays a key role in the qiitaxid growth mechanism. An epitaxid

thin film can grow on a substrate by three different medumisms. The epitaxid layer can 

grow in a layer by layer fishion (Frank-van Der Merwe or 2-D growth), it may grow in
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the fi>nn o f  islands instead o f layers (Vofaner Vfdber or 3-D growth), or it may initial^ 

grow in a layer hy l^ e r  Ashimr but beyond a certain q)üayer thickness, grow in a 3-D 

island mode (Stransld-Krastanov growth). Althoug|i thermodynamic considerations 

(Bke surfiice energy fiir example) alone cannot successfid^ predict the nature o f MBE 

epitaxial growth (wdiidi is dictated by a combination oftherm o^nam ic and kinetic 

ctmsideratimisX fiir CaFz on Si, surfice energy considerations alone provide a good 

estimate o f  the growth mode cm various substrate orientations. A low-energy-electron- 

microscopy (LEEM) study o f growth dynamics in the mcmolayer coverage regime fiir 

CaFz/Si(l 11) has shown that the exact growth mechanism is determined by a 

combinaticm o f thermodynamic and kinetic processes [36].

The thermodynamic arguments fiir qihaxial growth wiH be discussed first 

because they can be easity extended to the diflferent orientations o f the Si substrates 

((100), (110), and ( l llX  finr example) that are o f interest, where as a detailed stuify of 

growth kinetics o f CaFz cm Si exists onfy fiir the (11 l ) 6 rientaticm [36,37]. The surfiice 

energy o f CaFz can be obtained by considering the layer arrangement o f ions in the 

CaFz lattice parallel to  the planes o f interest. It can be shown that the (111) and (110) 

oriented surfiices can be built by stacking electrically neutral layers, ccmtaining ions of 

opposite charges, and that the net dqiole-moment generated ly  stacking these layers is 

zero [38]. The net zero dipolo^moment ensures that the suiftce energy does not 

diverge with layer thickness fiir the (111) and (110) oriented layers. The 

eigerimentaUy determined (111) surfiice energy o f CaFz is between 450-550 ergs/cm^ 

and the theoretical value o f (110) surfiice energy is -1 .5 times higher than that o f the

12



( I l l )  suxfiices [39]. Epitaxial^ grown CaFj (110) layers on Si(110) exhibit fiiceting 

^ lid i  exposes the low energy (lll)su ifiic e  o f the CaFsqiilayer. This has been 

observed in MBE-grown ̂ flayers using SEM and atomio-fbrc^microsc<vy (AFM) 

[38,40]. The surfiice energy of a ( 1 00 ) oriented CaFj ^ D ^ e r diverges with increasing 

layer thickness due to thenon^zero dipole moment in eadi dectricalfy neutral layer of 

ions that are stacked to build the ( 100) oriented layers [38]. As a result, epitaxy on 

Si(100) also causes fiiceting to reveal the lower sur6 ce energy (111) sur&ces. It has 

been r^ o rted  that a 700"C growth temperature after initiating growth at 550X  resuhs 

In a significant reduction o f these fiiceted features, although the mechanism o f surfiice 

reconstruction in this growth method is not understood [13].

Lattice and thermal mismatch between the qiilayer and the substrate can 

produce strain during growth or during post growth anneal and cool down. Strain in 

epitaxial CaFs layers on Si has been quantified using RBS dianneling techniques [13]. 

This method relies on the tetragonal distortion o f the CaFj cubic unit cell by the 

underfying Si substrate. Angular diM ineling yields about the <110> and <114> axes in 

the {1 1 0 } plane can be used to determine the distortion o f these axes firom their 

equilibrium positions. These measurements indicate that CaFj heteroepita?^ does not 

proceed pseudomorphicalfy and the strain due to lattice mismatdi at growth 

tenqierature is relieved via misfit dislocations. It has been observed that MBE-grown 

CaF} layers on Si with thickness <70 nm have considerable strain after cool down from 

the growth tençerature. The strain reduces with epilayer thickness and is not 

measurable for CaFz layers thicker than 300 nm [13]. This epilayer thickness
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d^endenceofstnm  has been explained using thenno^nam ic energy aiguments. It 

has been suggested that strain rd ief in thick CaFj ^üayers on Si takes place by the 

production ofnewm isfit dislocations at the CaFj/Siintetfiice during cool down, hffisfit 

dislocations produced at growth temperature are Aozen-in during cool down and 

cannot produce strain reHeC in diicker layers, the energy required to produce new 

interfiice misfit dislocatiinis is lower than the strain energy that would exist in the 

^flayer without these dislocations, thus dislocation finrnatkm at the CaFi/Si 

energetical^ finrorable. Crack-finee ^ ih ^ e rs on lattice mismatched hetero^itaxial 

systems can be obtained if the dislocatimis that rdieve epilayer strain are free to move. 

Pinning o f strain-relieving dislocations can be caused by impurities or defects in the 

^flayer. MBE-grown CaFz ^ilayars on Si(100) show extensive cracking if  pyroHtic 

boron nitride (PEN) crucibles are used in the CaFz effiision cell [34]. This cracking has 

been attributed to  the presence o f bonm impurities in the CaFj epilayers udiich can pin 

strain relieving dislocations in the epilayer during cooWown. The use o f a graphite 

crucible instead o f PEN crucibles has resulted in crack-free CaFj epilayers. The extent 

o f cracking o f CaFj epilayers due to thermal mismatch between CaF; and Si can be 

reduced by employing a two temperature (2-T) growth procedure where epita?^ is 

initiated at a higher tenq>erature but after a few monolayers o f growth, the substrate 

température is lowered and the remaining CaFz epilayer is grown at this lowered 

temperature. Cool down from a lower temperature produces less thermal stress in the 

epilayer, thereby producing fewer cracks.
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13J2 Electrical properties o f MBE-growm CsFj/Si epilayers

The etectronic stnicture o f the CaF2/S i(lll)  ^ e m  has been c?q>lcied using 

hi^-resohitkm  coie-levd ^ectroscopy, angle resolved photo-emissMm and 

polarizatum dqpendent near-edge X-ray absoiption studies [41]. These studies have 

revealed the presence o f both Ca-Si and F-Si bonds at the CaPj/SiC 111) interfiice, Ca 

being in its +1 ionization state and F in its -1 ionization state. For CaFz ^flayers ̂ lich  

are thicker dum 2 tr ^ k  layers, the Fenm>kvd was found to  be pinned at the valence 

band maxhnum o f Si and the ofl&et between the Si and CaF% conduction bands was 

measured to be 2.2 eV.

Electrical studies o f MBE-grown CaF: ^ ib ^ers on Si(l 11) have been carried 

I out by Fathauer et aL [42]. In that study metal-insulator-semiconductor (MIS)

structures were fobricated using thermal^ evaporated A lto make electrical contact to 

the CaFz epilayer. Current versus voltage (I-V) and capacitance vosus voltage (C-V) 

measurements were done on these structures at temperatures ranging firom 80 K to 293 

K. In that stuffy ten^eratured^endenthigh-firequency C-V curves obtained firom MIS 

structures with CaFj q>ilayers grown onn-type S i( l l l )  substrates showed large 

modulation in the capacitance at room tenq>erature and negligible modulation in the 

capacitance at low temperatures. The CaFj layers in that stwfy were grown using the 

2-T growth procedure. CaFz ^Oayers grown at a constant temperature exhibited large 

hystereas in their high-firequoicy C-V duracteristics. No modulation in capacitance 

was observed in the hi^-firequency C-V measurements on MIS structures with CaFz 

on p-type Si ( 111) substrates. This was attributed to the pinning o f the Fermi-level at
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the top ofthesOfconvalaice band for CaFj ^flayers oap>type S i( lll)  substrates, and 

the measured c^acitance wastbat oftbe CaFj Uyer ahme.

Room temperature 1"V measurements on CaFa/Si(lll)-n MIS structures (also 

rqiorted m the aforementioned s tu ^  [42]) mdubb an a b n ^  increase in the layer 

conductivity ̂ e n  the qppKed electric fidd exceeds 3 MV/cm across the CaFj epilayer. 

This abrtqn increase m current at bigb fidds wasnon*catastropbic and reversible (as 

opposed to permanent didectric breakdown). It was rqiorted that current densities of 

-0 .3  A/cm^ could be sustained tb ro u ^  the Cap2 epilayer before the onset o f 

irreversible didectric breakdown. Ib is abanced conductivity is temperature 

d^endent and decreases with decrease in temperature and disappears for temperatures 

lower than 190 K [42]. The general features seen in the I-V and C-V curves o f MBE- 

grown CaF2/S i(I ll)  are ind^endent o f growth temperatures, substrate miscut and 

substrate pr^aration.

The 2-T growth tedmique has been reported to produce the best quality CaFz 

layer with low noise in the I-V and low hysteresis in the C-V curves. A tterrpts have 

been made to explain the temperature dépendait C-V and I-V curves using various 

models. One o f these models can eipbûn the modulation and temperature dependence 

o f high-frequency C-V curves by assuming q^riori knovriedge o f the tenperature 

dependent I-V curves, in  this model, it is argued that the capacitance modulation seen 

in the high-frequency C-V curves oftheCaFi/SKI ll)-n  MIS structures is not caused 

by a transition from accumulation to inversion o f the Si dqiletion region by the applied 

bias but instead is a measure o f the modulation in the conductivity by the applied bias.
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The &ct that oqpacitance modulatioii m the C-V curves is not seen at low temperatures 

corroborates the assertion regarding true accumulation at the C aPyS i(lll) intetûce. 

The modd does not attempt to explain the origin o f the tengierature dependent high- 

conducttvity observed with large dectrk fields and the medumism fiir this reversible 

high-conducttvity remains unknown to date.

Smith et aL and People et a l [43,44] have studied the electrical properties of 

epitaxial CaF2/Si(1 0 0 ). An inter&ce state density o f 10*̂  an ^eV ' was infetred fi>r this 

inter&ce fiomC-V and cmiductance versus voltage (G-V) measurements on MIS 

structures made firom these layers. Breakdown field strengths o f ~0.5 MV/cm are seen 

in CaF2/Si(100) layers. RTA has been employed to increase the breakdown field 

strength ofCaFz(100) layers and unpin the Fermnlevel in Cap3/S i( lll)  layers[3S,13]. 

Electron beam anneal using an MBE RHEED gun has also been shown to hrprove the 

electrical properties ofCap2/S i( lll)  layers [13]. The XPS woric o f Rieger et aL [41] 

indicated that the pinning o f the Fermi-level at the top o f the Si valence band is 

probabty due to the presence o f excess fluorine ions at the interfiice uhich act as 

electron traps. It has been conjectured that the unpinning ofthe Fermi-level in 

CaFj/SKll 1) layers, inferred firomhi^-fiequency C-V measurements, involves the 

desorption o f these excess fluorine atoms fix>m the CaFi/Si interfiice, i^hidi can be 

accomplished by a high tenqierature anneal or e-beam ejqiosure. Several questions 

about the CaFj/Si hétéroépitaxial system, fer example the nature o f the CaF%/Si( 100) 

interfiice and the origin o f the tenperature dépendait high-field conductivity through 

the MBE-grown CaFj layers, still remain unanswered. Answers to these questions will
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better understand the charge tran^ort properties o f CaFj and the chemical nature 

o f the CaFi/Si(100) inteifiice.

1 3 3  MBE-grown rare-earth doped CaF% epilayers

The eariiest attempts to gtowRE-doped CaF% using MBE were made by Bausa 

et a l [8,9]. T h ^  demonstrated that 1 9  to 6  wt. %  o f N d^ could be incorporated in 

homoqiitaxial CaFjiNd^ on CaFz substrates before the onset o f huninescaice 

quoidiing. Etetero^itaxial Nd^:CaFz and Nd^:(Ca, Sr)p2 were also grown by the 

same groiq^ on Si and GaAs substrates req»ectiv^, and it was shown that for 

hétéroépitaxial layers up to 3.5 wt. % N d^ could be incorporated into these layers 

before the onset o f emission quendiing. The MBE growth ofNd^CaFz was carried 

out by co-evaporating CaF; andNdFs from sqpamte effiision cells. The fluorine ion 

required for charge conqiensation ofN d^ comes fiom the extra (> 2 ) fluorine atom in 

NdFa. PLfrom N d^ ions in CaFz results fl%im transitions between the ^ 3/2 and 

levels ofthe 4f^ configuration and produces the luminescence at 1.047 pm. Interest in 

Nd^:CaF2 arose because optical^ punned Nd^;CaF2 solid-state lasers had been 

fobricated using bulk crystals and the emission o f N d^ in CaF2 peaks near 1.045 pm 

uhich coincides with the attenuation rnmmmm o f some optical fibers.

In Nd^:CaF2, the aggregation o f N d^ ions leads to a reduction in the PL 

emission intensity (emission quendiing) ̂ e n  the crmcentration o f N d^ ions exceeds a 

certain value. This value o f Nd^ concentration above uhid i emission quenching is 

observed is much higher for MBE-grown Nd^:Cap2 than Nd^-doped bulk Cap2 

crystals. This higher concentration o f N d^ in MBE-grown layers has been attributed
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to the lower growth temperature involved in MBE as compared to  the growth 

temperature o f hulk crystals grown from a m d t Cho et a l [10] have demonstrated 

that MBE-grownNd^:CaF2 films on A l(lll) /S i(Ill)  containing 1.9 w t % N d^ 

produces strong PL and the ability to grow the N d^ CaFz layer on a reflective Al 

coated suiftce is essential for devdoping cavity resonators.

DaranetaL [11] have grown E r^  CaF; layers using MBE on CaF:(100) 

substrates and have shown that iqt to 35 mole % Erbium can be incoiporated in the 

CaFi qpilayers befi>re the int%rated PL intensity starts decreasing with increase in Er 

content. Er has a strong PL emission peak at 1.54 pmwhidt coincides with the 

attenuation mhihnumofcertain optical fibers. The room tenqperature PL spectrum 

from MBE-grown E r^  CaF; layers was ctmsiderabty broadened compared to the 77 K 

PL ^ectrum  but the integrated PL intensity fi>r both tengieratures were nearty the same 

indicating that even at h i^  Er concentrations (35 mole %) and high temperatures, non- 

radiative processes don’t  dominate the relaxation mechmign at these sites [11]. Later 

the sanoe groip also studied the effect o f E r^ on the refractive index of CaFz and 

predicted the possibility o f single mode Er^:CaF: planar wave-guides at optical 

wavelengths o f 1.54 pm and 0.98 pm [45]. This is an important step towards realizing 

a single mode laser with the Er^rCaFz as the active region. Like Nd^:CaFz, MBE 

growth o f E r^ CaF; is carried out by co-evaporating CaFi and ErFa fiom separate 

effiision cells, with the excess (>2) fluorine atom in ErFa providing the necessary 

interstitial fluorine ion for charge compensation.
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1.4 Summary

This Charter presented an ovefview o f the optical and electronic properties o f 

RE-doped and undoped CaFz hulk and MBE-grown layers. In the following Chapters 

various steps taken towards the realization o f  an EL device using MBE-grown 

EurCaFj/Si layers win be presented. Some o fthe inferences drawn from the 

ejqierimental results presented in the following Chapters w31 be based on comparisons 

with results discussed in this Chapter. Discussions involve comparisons with 

previous worit that is closdÿ related to the experimental results presented in this work 

win be relegated to the relevant sections o f later C h in o s.
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Chapter 2 

MBE growth of CaFa and Eu:CaFz on Si(100)

2.1 Introduction

The first demonstiition ofhigli-quafity epitaj^ o f CaFj on Si was made by 

Ishiwara and Asano [33], v*o  grew epitaxial CaF% layers on S i( lll) , (100) and (110) 

surfiices by thermal evaporation o f CaFz fi»m a Ta boat in a vacuum chamber with base 

pressures o f- 10^ Torr. The crystaUinity o f these films was dunacterized using 

Rutherfi>rd backscattering (RBS) ion dumnding of 1-2 MeV ^ e *  ions. RBS 

channeling minmnmi yields o f < 5% (\diich is indicative o f good-quality single-crystal 

CaFz layers) were obtained fi>r CaFz films grown on Si(l 11), ( 100) and ( 110) surfiices 

with MBE growth temperatures in the ranges o f600-800, 500-600, and 800"C 

repectively. Schowaker et a l [34] and Philips et. al [35] later used commercial MBE 

systems to grow CaFz on Si(l 11), ( 100), and (110) substrates and confirmed the results 

o f Ishiwara and Asano.

MBE growth ofCaFz layers is typical^ carried out by thermal evaporation of 

CaFj from a Knudsen efifiision cell with graphite or gnphite-coated PBN crucibles. 

Plastic defiirmation o f CaFs thin films during postgrowth cool-down compensates fi>r 

the large thermal expansion mismatch between CaFz and Si and prevoits cracking of 

CaFj thin films. The pinning o f dislocations by boron impurities (which are introduced 

by operating the PBN crucibles at high temperatures) in CaFz films, hinders dislocation 

propagation during substrate cool-down and prevents plastic defirrmation ofthe CaFz 

film [13]. This problem seems to be alleviated by the use o f graphite or graphite-
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coated PBN ciucibles. Hie desoiptionoffliioiiac; from CaFisuiftces under e>beam 

eigosure restricts the use o f RHEED during growth. However, post-growth surûce 

structure can be studied using RHEED hyfimiting the e-beam eiqiosure to the surfiice 

and minimizing surfiice

2.2 MBE growth of Cap2 on Si(l00)

2.2.1 Substrate preparation

The diemical nature o f the Si surftce plays a pivotal role in the MBE growth of 

qpdayers on SL The cleanliness and unifisimity ofthe Si surfiice is in obtaining 

high-quality MBE-grown fihns on SL The surfiice preparation ofthe Si substrates 

exploits the stability ofthe native oxide (SiOj) on Si and typically sudi a technique 

enqiloys the fiirmation o f a thin surfiice oxide layer vriiich is desorbed in ultra-high 

vacuum (UHV) at ~800*C. However, Auger electron spectroscopy (AES) o f these 

surfiices have shown significant carbon contaminatioo, vriiidi can onfy be removed by 

heating the Si substrates at tenqieratures > lOOO^C. This high temperature processing 

ofthe Si substrate can lead to dopant diffusion and an increase in the dislocation 

density o f the Si substrate. To avoid these problems associated with high temperature 

processing, Ishizaka and Shirald [46] have devdoped a low temperature oxide 

desorption technique whidi, allows the fiirmation of atondcalfy clean Si sur&ces by 

thermal desorption o f a chendcal^grown SiOz layer in UHV at -800"C. The cleaning 

involves fi)ur basic steps.

22



Hie firsi s t^  involves degreasing the Si wafer to get rid ofhydrocaibon 

contaminants on the native SiÛ2 layers. This is done by boiling the Si substrates in tii> 

diloro-eth^ene (TCE), acetone and methanol (in feat orderX and followed by a de> 

itmized (DI) wateriinse. in fee second s t^ , metal contaminants on and near fee Si 

suifece are removed by boiling fee substrates in HNQj. This stq i also increases fee 

SiOi thickness. The SiOz layer is then strÿped by doping fee substrates in an HF 

solution and an oxide layer is formed again by rinsing fee substrates in DI water. The 

growing and strip ing  ofthe oxide layer by fee HNO3 boil and fee HF d ÿ  is carried out 

several times (2-3) to remove several atomic layers o f Si near fee suifece o f fee 

substrate as these layers are most susc^tible to contamination and crystalline damage 

during substrate poHshing. The third stqi involves boiling in an NHiOHzHzOz sohitioiL 

The NH(OH dissolves heavy metal contaminants which were not affected by HNO3, 

and fee HzOz reacts wife fee Si surfece forming a diemical oxide, vfeidi is etched in an 

HF solution to reveal a clean Si surfece. A DI water rinse after fee HF etch produces a 

thin protective oxide layer. The fourth and final stq> involves boiling fee wafers in an 

HClHjOz solution to form a volatile chemical oxide that can be desorbed at low 

tenq>eratures in UHV. The C f from HCl he%*s reduce fee carbon contamination ofthe 

Si surfece by attadxing to active sites on fee Si surfece, and thereby preventing these 

sites from bonding wife hydrocarbons.

Both Si( 100) and Si( 111) substrates cleaned using fee aforementioned process 

exhibit significant^ lower oxide desorption temperatures, 750 and 710"C, repectivefy. 

The time taken to  desorb fee oxide varies linearfy wife fee thickness o f the chemicalfy
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gfovm  SiOz layer. AES ofthe Si suffices ejqiosed after the desoiption o f Shirald- 

grown oxide in UHV does not Aow any carbon contaminatioiL RHEED patterns from 

these surftces show a recanstructhm ofthe Si atoms on die surfiice uAidi is 

characteristic o f an oxid^free surfine.

2J2J2 Growth conditions

Growth o f CaFz on Si(100) was carried out in a Varian Mod Gen-H MBE 

^stem . 3 m di diameter Shiraki-cleaned Si substrates were held in place by a retaining 

ring and several small pins around the retaining ring so that the substrates could be 

mançulated in the MBE chamber. The substrates were out-gassed at ~300**C for 1 

hourinthebufikrdiam ber. The Shiralri-grown oxide was thermaHÿ desorbed in the 

growth dum ber (oxide desorption temperature was -750"C and the base pressure was 

_ 10-io T on) and RHEED patterns from the Si substrate were monitored during oxide 

desorption to  dieck for the creation o f an oxide-free reconstructed Si surfiice. The 

growth o f CaFz was carried out at a temperature of580**C which was measured using a 

thermocoiqile in physical contact with the back o f die Si substrate. CaFz was thermal^ 

evaporated from an EPI, inc., dual-zone hiÿi temperature efifiision cell with a graphite- 

coated PBN crucible. Beam flux was measured using a nude ionization gauge in the 

path ofthe CaFz flux. The substrates were rotated at 5 r.pm . during growth to 

improve layer unifiirmity. The background pressure during growth was ~10*‘° Torr 

Î and a CaFz beam-equivalent-pressure o f ̂ 10** Torr led to growth rates o f ~ 2 0  A

/minute. The CaFz layer thicknesses were measured using a Tencor, Inc., surfiice 

profiler.
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2 .2^  RHEED pattenu

RHEED ptttem s provide information about low range (several unit cells) 

snifiice atomic order, /n n ltt RHEED was peifoimedtm the CaFz epilayers to monitor 

surfiice quality. The exposure ofthe CaFz Ityers to the RHEED gun dectrons was 

minimized to  reduce e-beam induced damage to  the CaFz surfiice. RHEED patterns 

were obtained just after CaFz growth and after in situ n^id-thermal^anneal

(«)

(b)

(c)

[110] [100]

Rgure 2.1 The RHEED patterns fixim the (a) a»-grown,(b)aimealed, and
(c) post anneal cool-down surfiices o f the CaFz layer are shown 
in this figure. The incident e-beam was directed along the 
[110] and the [100] azimuthal direction, as indicated in the 
bottom ofthe Figure, for the two sets o f RHEED patterns 
shown.
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R guie2.1 shows RHEED patterns obtained with the RHEED gun along the 

[110] and [100] mzhnuAt Figure 2.1 (a), (b) and (c) are RHEED patterns from an as  ̂

grown CaFz surftce monitored at the growth temperature (S80**CX after a 900**C 

anneal fbr3  minute, and after cooling down to 580*C after the 900"C anneal, 

re ^ e c tiv ^ . it can be seen that the RHEED from the a»>grown CaFz sutfice. Figure

3.1 (a), is spotty, indicative o f 3-D surftce features. This can be ef^lained by the 3-D 

growth and ftrceting o f CaFz(100) layers grown on Si(100).

As discussed in C luster 1, the net dipok-moment o f a CaFz(100) layers 

diverges with increase in CaFz layer thickness [39] vdiidi makes thick ( 100) oriented 

layers thermoffynamicalty unstable. The energy o f this system is lowered by the 

formation o f fecets comprised oflow  surfece energy ( 111) planes inclined to the ( 1 00) 

substrate. This feceting is reqionsible fi>r the 3-D diffiaction q»ots seen in the RHEED 

pattern. Annealing the layers to ~900**Cfi>r~3 minutes produces streaky RHEED 

patterns as seen in Figure 2 .1(b). The transition from a ^ o tty  to streaky RHEED 

pattern is indicative o f a smoothing ofthe CaFz surfece by the annealing step, ^h id i 

gives rise to a surfece i^ iid i is almost con^letety void o f any 3-D fecets. The cooling 

ofthe substrate fiom the «memHng tenperature (900*C) to the growth tenperature 

(580"C) produces a slight broadening o f the RHEED streaks (Rgure 2.1 (c)). This 

may be due to the rppearance o f cracks on the CaFz layer during cool-down after the 

anneal The therm al^ induced strain in the CaFz layer during RTA, owing to the 

thermal expansion mismatdi between CaFz and Si, is relieved by dislocations created in 

the CaFz layer, near the CaFz/Si inter&ce. The unhindered motion o f these dislocations
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during cool-down is key in obtainmg cnck'fiee layers. It is possible that the cooling of 

the q»ilayer after the hig)t temperature anneal reduces the mobility o f dislocations (le. 

freezes them out) and thus prevents dislocations from idieving strain in the CaFz layer, 

and this leads to cracking o fthe CaFz layer.

2.2.4 Scanning-dcctroii-imcroscopy (SEM) analysis

SEM o f CaFz/Si(100) layers was carried out ««mg a JEOL JSM880 microscope 

(15 kV, 10** A emission current). The CaFz layers studied were sputtered with ~200 A 

o f Au/Pd to improve conduction across the CaFz surfiice. Figure 2.2 (a) shows the 

SEM micrograph o f a CaFz layer with an equivalent thickness o f—2 0 0  A grown at 

580"C on Si(100). This layer does not provide complete coverage o f the Si substrate

Figure 2.2 Rgure (a) is an SEM o f a 200 A thick CaFz/Si(100) layer
without a post-growth anneal and (b) is a 900 A thick 
CaFz/Si(100) layer ̂ d c h  was annealed at -9 0 0 ^  fi>r ~3 
minutes. Boftt layers were grown at 580%.

and rectangular islands dominate the Si surfiice. Similar rectangular islands have been 

reported in a transndssion-electron-microscopy (TEM) study o f MBE-grown CaFz on 

Si(IOO) [47], and in that study it was concluded that these islands have (110) planes at
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their base and the sides are comprised o f 6  dififerent (111) planes. The islands seen in 

Figure 2.2 (a) may have a similar origin. It should be noted that the island-like 

structures seen in Rgure 2 .2  (a) are present even for thick (> 1 0 0 0  A) unannealed CaFz 

layers* although the coverage ofthe Si substrate is more complete for the thicker 

layers.

Figure 2.2 (b) is an SEM micrograph o f a 900 A thick CaFz layer grown at 

580"C and in situ annealed at ~900*C for 3 mimites. This layer shows complete 

coverage ofthe Si substrate and does not diow a pr^m iderance ofthe islands seen in 

Rgure 2.2 (a). The surftce ofthe annealed layer in Figure 2.2 (b) appears to have 

microscopic cracks and a few feceted features. The annealed layer is more 2-D in 

nature than the umumealed layer. The cracks seen in Rgure 2.2 (b) are possib^ 

produced to relieve thermal-mismatdr induced strain in the CaFz qpilayer.

2.3 MBE growth of Eu:CaF2 on Si(l00)

23.1 Introduction

The interest in the incorporation o f RE elements in epitaxial thin films o f the 

alkahne-earth fluorides is motivated by potential applications in solid state microfilm or 

nucrocavity lasers. Eu*doped bulk fluoride crystals have been investigated quite widety 

in the past [6 , 14-18,29,30,48-50]. Most studies o f Eu in CaFz were done in samples 

^ e r e  the Eu ion enters the CaFz crystal at a C a^ substitutional site and can either be 

in its divalent or trivalent state. The optical properties o f these sites are fidrfy well 

understood, hi the following, the MBE growth procedure ofEuCaFz on Si(100) will 

be described and the study of surfiice morphology and conqiositional analysis using
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atonric-foic^microscopy (AFM) and X-ray photo-electnm ^ectroscopy (XPSX 

reqpectiv^ win be presented.

2.3Jt Growth conditiona

The MBE growth ofE u CaFz layers on Si(100) was carried out by the co

evaporation o f CaFz and elemental Eu 6 om s^arate eA shm  cells. The amount of £u 

in the CaFz layer is modified by mdq^endentlÿ varying the beam fluxes o f Eu and CaFz 

which is adiieved by accurate control ofthe eflfiiskmcen temperature (+/- 0.05**C).

The Sisubstrates were cleaned using the Shirald method and the oxide was desorbed at 

~800**C in UHV. The layer structure o f the fihns consisted o f an undoped 400 A layer, 

a 3600 A Eu-doped layer and an undoped 200 A c ^  layer. The thicknesses o f these 

layers were estimated fiombeannfluxvs. layer thickness data from undoped CaFz 

layers grown on Si(100) substrates and verified using surfiice profiler measurements 

and eOqisometry. The substrate temperature was maintained at 5W C  during growth 

and the substrate was rotated at ~S r.pm . during growth to improve uniformity o f the 

Eu CaFz ^flayer. EuzCaFz layers containing up to 7.5 a t % Eu were grown for initial 

studies. The relative concentration o f Eu in the layer was estimated using beam flux 

ratios o f Eu and CaFz as described in [12]. An Eu:CaFz/Si( 100)-p* layer with 12.0 at. 

% Eu was also grown for studying the effect o f h i^  Eu concentration on the Eu XPS 

peaks.

2.33 RHEED patterns

Surfiice morphology o f the as-grown layers was monitored in situ using a 

RHEED gun operating at 9.5 kV and an angle of incidence of 1°. The e>q>osure to high
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energy electxons was mmimized in Older to  drcumvent problems associated with 

fluorine desorption firom CaF:. The EurCaFi layers were annealed in siAf at llO O X for 

-2  minutes to improve surfime morphology The unannealed samples show a ^ o tty  

RHEED pattern wiflt a (2x1) surftce reconstruction as in the case o f unannealed 

undoped CaF] layers discussed eariier. The effect ofthe rapid>thermal>anneal on the 

surftce morphology is evident &om the RHEED patterns, which are ^ o tty  for the 

unannealed as-grown EurCaFz samples and become streaky after the insitu  anneal, just 

Bke the RHEED patterns ofthe undoped CaF% discussed in an earlier section. The 

amount o f Eu in the CaF% layers does not seem to afifect the RHEED patterns although 

there appears to be « gnificMit surftce roug^ess with increase in Eu content when the 

layer is viewed with a Nomarsid contrast microscope.

2.3.4 Xnray photo-electron spectroscopy (XPS) compositional analysis

XPS was used to estimate the amount o f Eu in the Eu CaFz layers. The XPS 

e?q^eriments were carried out at roomtengierature in an adjoining anafysis duunber 

idrere the sanqples were trar sferred without breaking UHV. An Al K ai^ source (hv = 

1486.6 eV) operating at IS kV and 10 mA emission current was used as the X-ray 

source. A VGIOOAX hemiqrherical electron energy analyzer was used to measure the 

energy o f the X-ray induced photo-electrons. A plot o f the XPS intensity o f the Eu 

3dv2 and Eu 3dv2 peaks for sangle with dififerent Eu content is shown in Figure 2.3. 

f The intensity ofthe Eu XPS peaks increases with Eu contort and this bdravior has been

reported in Ref [12]. Although a 200 A imdoped CaFz cap layer would be rather thick 

for sufficient number of photo-electrons to penetrate (XPS has a typical sartgrling depth

s-

30



o f 3 monoUiyers or ~15 A), the post-growth in situ RTA step probabfy causes enough 

dififiision o f Eu to  produce a sizable concentration near the surfiice.

i

e

-1100•1140 •1120

BindngEnafoyCoV)

Hgure 2.3 The Eu 3dac and 3ds/2 XPS peaks are shown in this figure.
Hie peak positions are indicated in eV.

The Eu XPS peaks firom samples with higher Eu content (> 4.0 at. %) show 

satellite peaks at both hiÿier and lower energies with re je c t to the central peak. The 

higher binding energy satellite peak is probabfy associated with an inelastic loss 

mechanism or a diflfigent dhenricai state ofthe Eu ion. The lower binding energy peak 

is most Hke^ due to a different chemical state o f some ofthe Eu atoms than the 

majority ofthe Eu atoms. Since Eu can exist in its neutral, singly, doubly and tr^fy 

ionized state, the associated satellite peaks may arise firom different relative 

concentrations o f Eu atoms with different diarge states or could be due to lattice 

distortion effects caused by h i^  Eu content. Fluorescence ^ectroscopy o f these layers 

(discussed in the Billowing chapter) reveal that there is a significant amount o f Eu^
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ions in the EuiCsFz layers «hhnng^ this does not preclude the possibility o f other 

charge states ofE uv^ose optical absorpthm bands nmy not coincide with the 

excitation wavdength or wiiose «^ticaltransitknis probabilities nu^ be small

2 .4 AFM stiufy of surface morphology

Atomic-force microscopy (AFM) was done ex ai/u in air in contact mode using 

a Topometrix E^qilorer H microscope with SyNi tÿ s  having radius o f curvature o f 50 

nm and a 45* slope. Rgures 1 (a), (b), (c) and (d) show the AFM scans from four 

~3600 A thick (measured using surfiice profiler and verified with eI%sometry) MBE- 

grown Eu:Cap2/Si(100) samples containing 0,1.0,4.5 and 7.5 a t  % Eu. The features 

seen in the 10 pm x 10 pm AFM scan are representative o f larger area scans (100 pm x 

100  pm). The surfiice morphology shows a definite tr a d  with increase in Eu content. 

The sangles with higher Eu contait show a higher density o f fiiceted features which 

have also been observed by SEM Detailed line scans o f these features from samples 

containing 4.0 and 7.5 a t % Eu are shown in Rgure 2.5.

Hgure 2.5 (a) shows the AFM image o f a pyramidal fiicet and an adjoining 

depression, and horizontal (X scan) and a vertical (Y scan) line scans across the AFM 

image, both o f^ iid i are along <110> directions, from a 4.0 a t  % Eu sample. The 

features seen in Rgure 2.5 (a) are common to all Eu CaFz and undoped CaF; layers 

grown on Si (100), however, the daisity o f these features increase with increase in Eu 

( content as seen in Figure 2.4. The horizontal line scan (X scan) in Hgure 2.5 (a) shows

that the 2  opposite feces o f the pyramidal structure along the direction o f the scan, are 

at a ~26* angle with re je c t to the substrate, wAereas the upper vertical scan (Y scan.
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scan I) shows that one ofthe âces ofthe pyramid, is inclined to the surfiice at an angle 

o f 36** wtiilg the other is indined at an angle o f 26* to  the surfiice ofthe substrate. It

Figure 2.4 AFM scans o f MBE-grown Eu:CaFySi( 100) layers containing 
0 ,1 .0 ,4 .0  and 7.5 at. % Eu are shown in Rgure 1 (a), (b), (c) 
and (d) reqpective^. The scan areas are 10 pm x 10 pm and 
the gray scale used in the image represents vertical heights in 
the range o f 0-30 nm

should be noted that the depression adjacent to the pyramid-like structure has a 

maximum depth o f-35 nm. A similar asymmetry is seen in the slopes o f this 

depression in the lower vertical line scan (Y scan, scan 2) in Figure 2.5 (a) through that 

feature.

Figure 2.6 shows a line scan through a typical &ceted area firom the 7.5 at. % 

Eu layer. This feature has more structure than the one in Figure 2.5 (a) but the shapes 

and angles are very similar. Step heights o f - 2 0  nm can be resolved in the smoother
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regions ofthe surfiice firom this scan, in Rgure 2.5 (bX the depth ofthe deepest feature 

(~7S nm) is smaller than the thickness ofthe q^ilayer. Based on the angles measured

ngure 2.5(a) A  phase-contrasted AFM image and line scans throuÿk a 
pyramidal fecet on a 4.0 a t % Eu:CaF:/Si(100) layer.
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Figure 2.5 (b) The line scans th ro u ^  the phase-contrasted AFM image in
Hgure 2.5 (a) are shown in this Figure. The X scan and the Y 
scans were along < 110> directions as indicated in Figure 
2.5(a). The scan area was 1 pm x 1 pm
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liy the AFM scans in Rgure 2.5 (a) we ctmchide that this pyramidal stractuie does not 

arise fiom (111) planes Intersecting a (100) surfice.

»

40

0
0 600 1200 1800 2400 3000:

Figure 2.6 A phase contrasted AFM image and a line scan, along the line 
shown in the image, through a ficeted feature on a 7.5 a t % 
Eu:CaF2/Si(100) layer are shown in this figure. The scan area 
was 3 |u n x 3  pm

It is interesting to note that the angle o f inclination o f a ( 111) plane with respect 

to a (110) plane is 35.26". in fluorites, the <111> surfiices have the lowest surfiice 

energy and the o^osure o f these surfices produces a thermo^namically fiworable 

surfiice morphology, in a TEM study o f MBE-grown CaFz on Si(100) [47] it was 

shown that quasi one-dimensional CaFz islands nucleate on Si(100 ) surfices. These 

islands have a ( 110) plane as their base and their exposed fiices are conqirised o f 

intersecting (111) planes. Although such a structure can explain the inclination o f one 

o f the fiices (36") seen in the pyramidal structure in Figure 2.5 (a), it does not ejqilain 

the inclination ofthe other fiices (all o f^ ric h  are -26"). It therefiire seems that the 

pyramidal structures in Eu:CaFz/Si(100) may have a different origin.
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The smoothing ofMBE-gro%vn CaFj/SKlOO) layers using rapid«themial>anneal 

has been conjectured to be due to the formation o f a large number o f Schottky defects 

v^iidi distribute hr foe CaFz b ^  in such a way as to reduce foe net d^ole-moment o f 

foe ( 100) oriented sur&ces, thereby miking them foermo^ttamicalfystaUe [40]. The 

interaction o f these defects with Eu hr foe CaFz layers can produce complex defect 

equilibria \foidr hr turn can affect foe denshy o f morphological features on foe EuCaFz 

epilayers as a fonction ofE u corrterrt This may explain foe observed dqrendence of 

roughness on Eu conterrt.

2.5 Conclusions

hr this c h ^ e r , foe MBE growth, surfece rrrorphology and layer corrqrosition of 

Eu:CaFz/Si(iOO) layers were discussed. In  situ nqdd-foerrrralranaeal improves foe 

surfece morphology o f as-grown undoped CaFz and Eu CaFz layers as evidenced by 

appearance o f streal^ RHEED patterns after foe RTA step. The incorporation o f high 

concentratiorrs o f Eu leads to a rougher surfece r ^ d r  has feceted features as seen from 

AFM scairs. The AFM study has shown that foe roughness does not produce any 

significant increase in foe surfece area o f foe layers and nor does it lead to features with 

high aspect ratios, ^ lic h  could act like field emitters thin fihn metal electrodes 

are dqiosited on this surfece. The appearance o f satellite peaks in foe Eu 3d XPS 

qiectra is suggestive o f Eu being incorporated in dififerait chemical states in layers with 

high Eu content. Thi; possibility o f Eu existing in different chemical states in Eu:CaFz 

layers with high Eu content may have a role to play in foe electroluminescence (Chapter 

S) observed from these Eu CaFz layers.
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Chapter 3 
Photoluminescence spectra of MBE-grown 

Eu:CaF2/SI(100) layers

3.1 Introduction

3.1.1 Origin of optical spectra of RE ions

The RE ions/atoms show rich optical ^ ec tia  due to transitions between a 

plethora o f states that are formed by the incomplete 4 f riieU ofthe RE atom. In a free 

RE ion/atom the ground state is the lowest energy level ( t^ c h  is d^ermined from 

Ihmd’s rule) in the 4f* configuration (excqtt in GdT, nhere the ground state belongs 

to the 4f^5d configuration), vriiere n  is the number o f electrons in the 4 f shell The 

excited states ofthe RE ion/atom are conyrised o f levels ofthe 4 f  configuration or 

the 4f^^5d configuration.

For divalent RE ions, the energy ofthe lowest ̂ g  4f* excited states are 

congsarable to the energies of the lowest fying 4f*‘*Sd excited states irirereas in tri

valent RE ions, the lowest fying 4f" are much lower in energy than the 4f^^5d excited 

states. In firee RE atoms^ons, transitions between the 4 f  levels are dipole-forbidden, 

while the 4 f  4f^'5d transitions are dÿole-allowed due to the parity selection rule. 

The 4 f shell in these atoms are shielded by the 5s and 5p shells (i^udr are filled), and as 

a result when a RE ion enters a substitutional cationic site in a crystal the crystal field 

does not dramatical^ alter the line widths o f transitions involving only 4 f levels. The 

crystal field, however, modifies wavefimction symmetry ofthe RE ion’s 4flevels, such 

that 4f" —> 4 f  transitions that are d^ole-forbidden in the free atom/ion are now
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allowed for the substitutioiial RE ion. Ifowever, the d^ole-momemt matrix element o f 

these transitions are still several orders o f magnitude (*^10^ less than the parity-allowed 

4f*->4f**^Sd transitions. The crystal fidd can substantially modify the width and 

position o f the Sd levds o f an RE ion. Consequently, optical transitions (absorption 

and fluorescence) involving only 4f* levels o f an RE ion in a crystal are spectrally 

narrow and similar to optical transitions in a flee atom or ion uhereas transitions 

involving 4f*and 4f**‘Sd levds are usually broad.

As in fiee RE kms/atoms, for trivalent RE kms in crystals, the lowest ying 

excited levels in the 4f* configuration are much lower in energy than the lowest ying 

excited levds o f the 4f*'‘Sd configuration, while for dh-valent RE ions in crystals the 

lowest ying excited levels o f the 4f*and 4f**'Sd configurations have conqiarable 

arergies. Therefore for trivalent RE ions in crystals, optical ̂ ectra in the visible or IR 

region arise firom transitions between levds o f the 4f* configuration whereas for di

valent RE ions in crystals, both 4 f  4f* transitions and 4f* -*  4f^'5d transitions may

be involved, although the former are nmch weaker than the latter (due to the parity 

selection rule). The 4f* 4f* transitions in divaloit RE ions can be selectivey excited

in two-photon absorption e?q>eriments [51, 52], because the two-photon operator has a 

large matrix dement between states with like parity.

The energies o f the excited levds o f the 4f* configuration can be determined 

firom optical absorption and PL m^eriments. Both divaloit and trivalent RE ions have 

been studied in fluorite crystals (Ca, Ba and SrFz) extensivey [S, 6]. The optical 

properties o f E u^ in fluorite crystals has received a lot o f attention in the past [14, 18,
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26,29,30,32,49-50]. These studies were initiated with the intent o f developing a 

solid state laser using the strong room temperature FL emission from 4f^5d -*  4f^ 

transitions o f the Eu^ km. Laser action was not observed in this qrstem due to excited 

state absorption [18]. In the following sections, the optical and electronic properties o f 

E u^ in bulk CaFj crystals are discussed with the objective o f delineating previously 

reported results that are relevant in interpreting the results obtained in this work.

3.1.2 Optical spectrum of Eu'* in CaFi

Photon emission from the Eu'* ion in CaFz can be addeved by optical^ exciting 

the ion using photons with wavelengths in two primary bands as seen in the room 

tenDçerature absorption ^ectra  o f Eu'* CaF; in Figure 3.1. The absorption arises from 

an electric-digiole transition between the 4f'('S?/2) ground state and the 4f^5d excited 

state o f the Eu'* ion. The fluorescence spectra at 10 K and 293 K o f MBE-grown 

Eu CaF; bulk crystals are shown in Figure 3.3. Both qiectra peak at around 420 nm 

The spectra at 293 K is structurdess and foows an anti-Stokes conponent, ^ d le  a 

distinct zero-phonon line along with several vibnmic peaks are seen in the spectra 

obtained at 10 K.

The origin o f these qpectra can be explained by considering the various 

electronic atergy levels o f the Eu'* ions that are involved. The ground state term of 

the 4 f ̂ configuration is 'S 7/2, udiich is ^H t into 3 closed qsaced levels due to spin orbit 

coupling and the interaction with the crystal field. The transition from this state to the 

4f^5d state is parity allowed. The Sd electronic levels o f the Eu'* ion are ^ Ih  by the 

cubic crystal field into Sd (e,) and Sd(t3|)  states, uhere the terms in the brackas are
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Rgure 3.1 293 K absoiption spectra ofEuiCaFz bulk crystal with 0.6
mole % Eu. After Re£ [49].

conventioiialnotatioiis used for irreducible representations o f the octahedral point 

groiç (Oh). The lowest fying excited state in the 4f^Sd configuration o f the Eu^ ion is 

the 4f^( ̂  F)5d(e|J term  and the lower energy portion of the UV absorption band arises 

due to transitions from the 4f^ ground state to the 4f^(^F)Sd(eg) state. Transitions 

firom the 4f^ ground state to the 4f^( ̂  F)5d(t%) state contributes to the higher energy 

UV absorption band o f the E u^ ion [49]. The interaction o f the 4f^ electrons and the 

Sd electrons, although non-vanishing, is not very strong. The absorption qiectrum 

(Figure 3.1) reveals a staircase structure r^resentative ofthe ^Fj(j=0-6) levels of the 

4f^ configuration ̂ d d i  is siq>ermg)osed on the low energy eg band o f the Sd 

configuration [49].

3.1.3 Luminescence quenching and origin of excited-state absorption

The h ip est concettratian o f E u^ ions in bulk CaF; crystals that have been 

studied for photohuninescence characterization, has been 0.6 mole % [49]. This upper 

limit is due to the deterioration o f the optical properties o f crystals containing high RE 

ion concentrations. RE ion-doped bulk crystals are typicalty grown using the Bridgman
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or Czodmlsld methods vAere the host crystal and the dopant are crystallized fiom a 

mohen state. The h i^  tanperatures ( >1000*C) involved in this process leads to the 

aggregation o f RE ions into clusters \die& the RE ion cmiceatntion in the meh is high. 

RE km clusters tend to inhibit fluorescence because they provide akemate non- 

radiative dec^diannels for an excited RE kmiidiich is near a duster. Cluster 

formation can also lead to a dumge in the site ^mmetry o f the RE ion ̂ u d r  can lead 

to the dectnmic wavefonctions ofthe km having symmetries that are unflrvorable for a 

d^ole-aHowed transition between the ground and excited state o f the RE ion. The 

aggregation o f Eu ions in CaFs would therefore leads to a decrease in the fluorescence 

intensity fix>mthe crystals.

Fluorescence lifetimes and quantum effidency ofthe E u^ CaFz bulk crystals 

doped with 0.01-0.6 mole % Eu at 10 K and 293 Khave been studied by Kobayashi et 

a l [49]. The quantum efBdency ofthe Eu in these crystals was 62 % and did not vary 

agnificantfy with temperature. The half>width of the PL emission reported in the same 

study was 30 nm and 22 nm at 293 K and 78 K  re^ectrve^. With a quantum 

effidency o f 62 % and a fluorescence lifetime o f 0.8 microseconds^ E u^ CaFz was a 

potential candidate for building lasers, but laser action has not been achieved, most 

likefy due to  exdted-state absorption (ESA) in this material [18]. The existence of 

ESA in Eu^rCaFj was established using a punq>-probe measurement technique idrere 

the sangle was excited using a pulsed (3 ns pulse width) N ; laser and the fluorescence 

recorded using a fest scope. The probe was a pulsed dye laser (wavdength timable) 

that was inddent on the sanq>le, after it had been excited using the N% laser, whose
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attemudoii th io u ^  the sample was recorded as a fimction ofthe dye laser (probe) 

wavelength. The 337 nm radiation firom the Nz laser pulses causes an dectron in the 

4f^ ground state ofthe E u^ ion to  be raised to the 4f^5d(e^ state, idrere it rdaxes 

rapidly ( «  3 ns) to the lowest energy levd ofthe excited state manifold and then 

interacts with the ^  laser pulse idnd : can raise it to a h%ber energy state if  the 

photons have the q»pn^riate energy. This «périm ent revealed a broad ESA qiectrum 

whidi extends firom 660 to 400 nm ofthe probe beam wavdength. It has been 

suggested that the state in vdiidi the ESA terminates lies within the CaF; conduction 

band [18].

Photoconductivity measurements on Eu^ CaFzbulk crystals using an MgFz 

tra n ^ a m t bulk electrode and a variable wavdength UV excitation source were 

performed by Pedrini e t a l [48]. A thrediold at 3.8 eV was observed before the onset 

o f photoconductivity in the sangdes indicating that the ‘S7/2 ground state o f the E u^ ion 

lies 3.8 eV bdow the conduction band ofCaFz The photoconductivity data in 

conjunction with the ESA data can be used to infer the positions ofthe energy levels o f 

the Eu^ ion relative to  the CaFj conduction band. The onset o f ESA takes place at 2.9 

eV and the photoconductivity threshold is at 3.8 eV. This puts the onset o f ESA 

terminating at 1.01 eV above the bottom ofthe CaF; conduction band, peaking at 1.6  

eV above the bottom ofthe conduction band and extending to 2.25 eV above the 

conduction band minimum (Figure 3.2). These data strongty suggest that ESA 

terminates at a CaFz conduction band level, although an accurate conqputation o f the
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dÿole-tnmsitiim matrix betweoi the Eu^ Sd and the Ca 4s oibital is required to 

validate such an assignment.

Radiative tnuuitioa 

-> Noo-iadialive Uansition

4fY F)
5d

4 f \ 'W

2.25 eV
1.86 eV 3.10 eV

2.95 eV 3.80 eV
CaFt Conduction band

4f\'S7«)
Exdted-State-Aheorption Pboto-cooductivi^

Hgure 3.2 Energy levels o f the ground and excited states ofEu^C aFz
relative to the CaFz conduction band based i^o n  data from 
excited-state absorption [18] and photoconductivity [48] data.

3.2 PL studies of MBE-grown Eu:CaF^Si(l00) layers.

3.2.1 Experiment

Eu^ has two broad absorption bands in the UV as mmtioned earlier. Low 

tençerature PL studies on EucCaFz sanqtles were carried out by exciting the PL using a 

325 nmHe>Cd laser for excitation; the ^ectra  were recorded by an S20 photo- 

multçlier tube (PMT) connected to a photon counting unit in conjunction with a I m 

Spex double-grating monodiromator. For room temperature PL studies, the 365 nm 

line from an %  lanq* was used to excite the fluorescence. Initial^, some room 

tençerature PL qpectra firom sanyles with various Eu contents were also obtained 

using the 253.7 nm Hg line as excitation but no measurable differences were found
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between these spectra and those obtained using the 365 nm Une. Therefore, in later 

room temperature PL eçeiim ents, the 365 nm line was used for excitation. Some o f 

the earlier room temperature M, qpectra were recorded using a Hamamatsu H*5784-01 

PMT and a lodc-in amplifier in conjunction with a Jarrd Adi monoduomatorudiile a 

CCD ^ectrom eter (Ocean Optics S2000) with a fiber optic coupler was used to 

measure some ofthe later room temperature PL qpectra. For experiments using Hg 

excitation, the Kÿit fiomdie Qg kmp was passed through * prism monodiromator and 

a UV-pass filter befince being incident on the sample in order to reduce the scattered 

light firom other Hg lines \diidi could overiqi with the fluorescence from the sangdes. 

Care was also taken to make the angle o f incidence ofthe excitation source such that 

the scattered Hÿit from the source into the collecting optics was minimized. These 

measures were effective in reducing the background firom the Hg source to levds close 

to the dadt current ofthe PMT in the qiectral range \diere the fiuorescaice firom 

Eu^ CaFz was recorded. For spectra recorded with the CCD detector, only a UV pass 

filter was employed to filter out the visible part ofthe Hg lanç emission. The 

background firom the Hg lamp in the qiectral region o f interest was much lower in 

intensity than the fluorescence from the sanyles.

3.2,2 Analysis of Eu:CaF% FL spectra

The optical excitation o f Eu^ ions in CaF; using wavdengths in the absorption 

band shown in Figure 3.1, leads to strong fluorescence in the blue-violet region ofthe 

optical qiectrum as shown in Figure 3.3. Rich structure is seen in the low tenyerature 

PL o f samples with low Eu content (< 1%). This structure arises from coupling
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between the excited state ofthe E u^ km and the CaFz lattice and the peaks in the PL 

pectin  are associated with different phonon modes o fthe CaFz lattice. Stracture in the 

low temperature (1 0  K) photohuninescence qiectra o f E u^  CaFz arises due to the 

simultaneous partic^ation o f phonons and photons in an ekctrenic transition. The 

initial and final dectronic levds diat particçate in optical transitions involving a single 

photon have opposite parity and, as a result, the electron + phonon (vibronic) 

transitions can onfy involve phonons that have even parity at the Eu^ site. Hobden 

[2d] has detennined that for the CaFz lattice, locd vibration modes due to the F usions

 T>2BK
 T-10K

i
I
Î

ie 2IS 2 24 a a  27  a s  a s  ao a i 342 24.3
(xKPenr')Vmii—«whw (KlOf»gir<)

Figure 3.3 10 K and 293 K photohuninescence qiectra o f an MBE-grown
Eu CaFz/Si ( 100) layer (5600 A thick) containing 0 .8  atomic % 
Eu. The Rgure on foe r i ^  shows the vibronic side-band 
peaks (Table 1) from foe same data on an ej^anded scde with 
arrows indicating foe relevant side-band peaks.

do not possess foe required parity for vibronic transitions. Only two of foe six phonon 

brandies at foe L and X points in CaFz BriHouin zone have foe necessary tymmetry, 

after reduction to foe point group, for particçating in a vibronic transition o f an Eu^ 

ion. At foe center o f foe BiiUouin zone, onty foe Raman active mode [T ẑs] has foe
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required symmetiy. However, there is absence o f a Stokes peak due to this mode in 

the qpectrum, huthasbeen ejqilainedhy the low density o f states ofthe Raman-active 

mode [26]. Table 3.1 lists the positxm ofthe various vibronic sidd>and peaks observed 

in the low temperature ^ectra  ofEuzCaFz bulk crystals [26] and MBE-grown EuiCaFz 

layers on Si(IOO) substrates [12]. The peaks at 197 cm'̂  and 261 cm'̂  have been 

associated with the phonon density o f states maxima at these energies [26].

Table 3.1

Vibronic side band peaks in the 10 K PL spectra of bulk and MBE-grown
EutCaF;

Distance o f vibronic side-band peaks fiom the zero-phonon line (in cm ')
Bulk

crystal
183 197 230 240 261 278 289 341 383 389

&4BE-
grown

175 195 230 weak 260 275 weak 340 385 390

A quantum medianical descrqrtion o f this process can be found in several texts 

on optical excitation of molecular complexes [S3]. The particqiation of a particular 

crystal phonon branch in a vibronic process involving dectronic transitions o f an 

inqmrity atom^on in a crystal is allowed if  the direct product between the point group 

representations o f the final electronic state o f the impurity atom^on, the crystal phonon 

branch and the electric-dçole operator contains the point group representation to 

uAich the initial electronic state o f the inqrarity atom^on belongs.

A graphical descrÿtion o f vibronic processes can be given with the aid o f 

configuration coordinate diagrams. A sinq*le harmonic oscillator model can be used to 

describe the interaction between the excited electronic state o f an mq>urity ion and the
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lattice vibradons. H ie Hamfltonianofthclattice energy is given by Ho = 1/2M(P  ̂

+(MwQ)^X P = M (du/dt), Q = n, i^ e re  u is the lattice distortion and P (= M ) is the

restoring force cmstant.

A configuration «^ordinate diagram is a plot o f the vibrational HamOtonian Ho 

as a function ofthe vibrational di^lacement Q. For a simple harmonic oscillator the 

dependence ofH  on Q is quadratic with a mrnmmm at Q=0. ffthe perturbation ofthe 

lattice energy caused by an electronic transition o f an in^urity atom is linear in its 

vibrational co-ordinates then, the perturbed Hamfltonian is given by H=Ho-E*Q, i^ e re  

E is the ‘force* ofthe dectronio-vibrationai interaction between the excited electron of 

the in^urity atom and the vibrational modes (phonons) ofthe host crystal This new 

vibreriond Hmmiknrniam H  has m mmrnmm which is (a) lower in energy than the un

perturbed Hamfltonian Ho by -E^/2 P and (b) diq^laced by an amount E/p relative to the 

minimum ofthe unperturbed Hamfltonian Ho. The dectron-lattice coupling, E, is 

proportional to the ‘Thiang-Rhys” fiictor, S, and the lattice force constant P is 

proportional to the square o f longitudinal-optical (LO) phonon frequency {<s? = p/M). 

The ‘Thiang-Rhys” foctor is the number o f phonons that are emitted by an excited 

electronic state, before it relaxes to its new metastable minimuin.

Figure 3.4 is the configurational co-ordinate diagram o f an impurity center 

whose ground state lies in the band gap o f the host crystal The dectronic states ofthe 

impurity atoms are coiqtled to the vibrationd modes o f the host crystd and the 

interaction leads to vibronic (vibrationd + electronic) levels. Thus, the energy levels o f 

the impurity atom are now a superposition o f electronic and vibrationd energies. The
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separation in electronic energies o f the impurity atom are typicaHÿ much larger than the 

energy ofthe discrete vibrationnl levds associated with each electronic levd ofthe 

impurity atom.

The excitation o f a vibronic state by opticd or other means dumges both the 

dectronic and vibrational state ofthe ingmrity atom process (a) in Figure 3.4). During 

the excitation process, transitions between initial and final vibronic states having the 

same configurational coordinate (Q) are more H k^than  others (Franck-Condon 

princÿle). Therefore, the vibronic excited state typicalfy has more vibrational quanta

Energy

Exdted Electronic State

vibrational states

AE: — 02 hdphooMiGround Electronic State

vibrational states

Configurational

Figure 3.4

Coordinate (Q)

Configurational co-ordinate diagram o f an inqmiity atom^on 
with ground and excited dectronic states in the band-gap o f 
the host ciystaL The horizontal lines are the vibrational states 
associated with the ground and excited electronic states.

than is thermodynamical^ fitvorable. This excess energy (AEi) o f the excited vibronic 

state is lost via non-radiative relaxation ̂ lich  results in the emission o f n l phonons as 

shown in process (b), and leads to a rapid relaxation of the excited vibronic state to a
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State with fewer vibrational quanta without any change in the electronic energy. The 

vibrational relaxation time is much less than the fifethne ofthe excited electronic state. 

The next step process (c))involves the emission o f a photon due to  an electronic 

transition. This transition lowers the electronic energy and, again owing to the Franck- 

Condon princÿle, the final vibronic state has more vibrational quanta than is 

themKKfynamicalfy fitvorable. Rnalfy, these excess vibrational quanta are lost by 

phonon emission (process (d)). The emission o f phonons during the relaxation o f 

vibronic states immediate^ after excitation (mechanism (b) in Figure 3.4) and after 

photon emission (medianism (d) in Rgure 3.4) costs energy = AEi + AE2, ^ ^ c h  shows 

1 9  as a difference in the energy o f the «citation photon and the energy o f the emitted 

photon. Le,

h  (V abnfbed  “  Vcautted) =  A E i  +  A E 2 .

3.2.3 Effect of Eu content on PL spectra

The low tenq>erature PL qiectra fiom Eu CaF2/Si(100) containing various Eu 

contents, shown in Figure 3.5, reveal the effect o f Eu contait on electron-phonon 

coupling in this system. In sanqiles with low Eu content (<1 at. %), the PL ^ectrum  

shows a strong and sharp zero-phonon line (ZPL) and distinct phonon side-bands 

nhich arise from reduction in photon energy due to creation o f lattice phonons during 

4f^5d —> 4f^ vibronic transitions ofthe optical^ excited E u^ ion. The peaks in the 

vibronic side-band ofthe PL ^ectra  can be identified with the different phonon modes 

ofthe CaF2 crystal that participate in the vibronic transitions and can be compared with
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shnHmr features observed m the spectrum ofEuzCaFz bulk crystals, as shown in Table 

3.1.

The eflfect of Eu content on ZPL intensity and integrated side-band intensity is 

shown in Figure 3.6. The bdiavior ofthe sideband intensity as a fimction o f Eu 

content indicates that most ofthe Eu atoms in the CaF; qnlayer are at E u^ sites, 

however the ZPL broadens and decreases in intensity with increase in Eu content 

beyond 1.0 at. %. The broadening o f the ZPL may be attributed to inhomogmeity o f 

the Eu^ sites due to impurity^induced crystal disorder. However crystal

427 424

WkMiMiUti (nm) 
420 417 413 410

10 K

I

23400 23000 23800 24000 24200 24400

WkvNunbarCcnrl)

Rgure 3.5 10 K PL ^ectrum  o f MBE-grown Eu:CaF:/Si( 100)-p sangles.
The ZPL peak heights have been adjusted to  accommodate all 
spectra. The relative ZPL intensities are shown in Rgure 3.6. 
The Eu content is in atomic %. PL was excited using a 325 nm 
He-Cd laser.
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mhnmnggneiiy and hunmescence quenching caonot eqilam a reduction in ZPL intensity 

^ n k  the integrated side-bmd intensity increases with Eu content.

ft is known that the strong interaction between the Sd levd ofthe E u^ ion and 

the crystal field produces broad optical absorption bands. A diange in the crystalline 

mvironrnent can afi&ct this interactiorL The smearing out o f vibronic structure and 

reduction in ZPL intensity in the low temperature Eu:CaF2 spectra, with increase in Eu 

content suggests an increase in dectron-lattice cot^ling ofthe 4f^Sd excited state o f 

the E u^ ion with increase in Eu content A ««wlar effect has been observed in the low 

tenqierature absorption spectra o f F-centers in various aDcali-halides [54], where sharp 

vibronic structure and ZPL is observed in crystals where the electron-lattice coupling is 

weak and smooth feature-less vibronic sideband and a very weak ZPL line is observed 

in crystals with strong dectron-lattice interaction.

a
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o
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Figure 3.6 ZPL intensity (filled circles) and integrated side-band intensity 
(opat circles) o f 10 K PL ^ectra  from MBE-grown 
Eu;CaF2/Si(100)-p layers containing various Eu 
concentrations. A 325 nm He-Cd laser was used to excite the 
PL.
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Figure 3.7 shows the room tempenture (RT) PL ^ectra  o f Eu:CsF%/Si( 100)-p 

samples obtained «sing the 365 nm ^g  line as exdtatkm. At room temperature, the 

presence o f a significant number o f phon<ms (with diffèrent energies) in the CaFz 

lattice, whidi can particÿate in the vibronic process o f the E u^ ion, smears out any 

structure in the ^ectrum . The inhomogenous broadening present in the san f les 

with higft Eu content is evident at room temperature too Hie inset shows a plot o f 

integrated M. intensity versus Eu content. A hhou^ the room tengierature integrated 

PL intensity increases with Eu content as seen in Rgure 3.6, a comparison with the 10 

K integrated PL intensity plot (Hgure 3.6) A ow sthat while at 10 K, the integrated PL

500

400

f  300 fC s  T

200
Eu Content (AL %)

&

T-300K
100

[E u l»  1 .0 % ^  

(E u )- 4 .0  %

5504 00 450 500 600 6 60

Wavdength (nm)

Hgure 3.7 PL ^ec tra  and integrated side-band intensity fi:om MBE-
grown Eu:CaF2/Si(100)-p layers containing various Eu 
concentrations (in atomic %) at 298 K. The 365 nm line o f an 
Hg lamp was used to excite the PL.
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intensity scales almost Hneatty with Eu content, the same is not trae about the room 

temperature integrated PL intensity. This difference may arise from the Act that at 

higher temperatures, more nonrradiative decay channels are present (espedalty in 

sanyles with hiÿk Eu content %*ere dustering ofEu canleadto the creation o f 

significant nonrradiative decity diannels). The increase in non-radiative dunmels can 

cause a significant firactkm ofthe excited E u^ ions to lose their energy via non* 

radiative decay. Integrated PL intensity as a fimction oftenqierature has been rq»orted 

for a sanq>le containing 0.3 a t  % Eu and the integrated PL intensity was found to  be 

relativety insensitive to temperature in the range o f 10-300 K [55]. Similar «tyeriments
i
i with sangles containing h i^ e r  Eu concentrations will lead to a better understanding o f

I non-radiative medumism in the samples with high Eu content

3.3 Conclusions

In this Chapter the room temperature and 10 K fluorescence qiectra o f MBE- 

grown Eu CaFz were discussed. Possible origins o f the inhomogenous broadening o f 

samples containing high Eu concentrations were presented The position ofthe energy 

levels ofthe E u^ ion relative to CaFz conduction and valence band was discussed 

based on eariier studies on ESA and photo-conductivity measurements in bulk 

Eu^CaFz crystal The dependence o f integrated sideband intensity o f the room 

tenqierature and 10 K PL qpectra fi’om Eu:CaFz/Si(lGO) samples are presented as a 

fimction o f Eu content. The optical properties o f the Eu CaFz materials tystem 

discussed in this Chapter will heh> in understanding possible EL mechanisms in MBE- 

grown Eu:CaFz/Si(100) layers that are presented in a later Chapter.
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Chapter 4

Electrical Characterization of Eu:CaF2/SI(100) MIS
structures

4.1 Introduction

Hie electrical propetties o f metaWnsulator-semicanductor (MIS) stractuies 

fiibricated fiom Eu:CaFySi( 100)-p heteroq[»itaxiaI layers were studied using h i^ - 

fiequea^ capacitance versus voltage (C-V) and current versus voltage (I-V) 

measurements. Although CaFs has a wide band-gip (12.2 eV), MBE-grown CaFj 

layers have been reported to echibit large leakage currents and an anomalous increase 

in conductivity ̂ e n  electric fields exceeding 10̂  vohs/cm are present across this 

material [42]. The objective o f this chapter is to describe the electrical properties of 

EuiCaFs layers and provide a fiameworic for the understanding o f the nature of 

electrical conduction through this material

4.2 Experiment

MIS structures were fiibricated fiom Eu:Cap2/Si(100)-p layers by thermal^ 

evaporating thin metal films, ~2500A thick, in a h i^  vacuum evaporator (base pressure 

-10^ Torr) throuÿi shadow masks to define the metal patterns. MIS structures with 

aluminum and Cr/Au electrodes were fiibricated using the above mentioned process. 

The back side o f the Si substrates were metallized by therm al^ evaporating aluminum 

onto it. The MIS structures were annealed fiir -3  minutes at 4S0X  in forming gas (80 

% Nz and 20 % Hz) after metal deposition. I-V and high-fiuquency C-V measurements
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were pcffonned usmg aa HP 4140B pico-ammeter and an HP 4284a LCR meter, 

le^ectivefy. The sample was held on a vacuum diudt to nunmnze contact jitters and 

Pt/fr or W metai probes were used to make dectrical contact to the metal electrode on 

top o f the EuiCaFz sur6ce. There was no measurable difiference between 

measurements taken using either the Pt/Ir or W probes; the W probes had smaller tÿ  

radii than the Pt/Ir probes and were therefore more convenient for making contact to 

smaller m etaipattons. The P t/ir probes, due to their large tq> radii, were less prone to 

scratdi and damage the metal contact By using a microscope and by taking adequate 

precaution idnle pladng the probes on the metal dectrodes, damage to  the metal 

electrodes by either land (Pt/B or W )ofprobes was successfolty avoided. Tri-axial 

connectors were used all the way firom the instrument leads to the sample stage to 

isolate the chassis ground from the device ground and reduce inteference from other 

sources. An open circuit correction was performed to subtract out the efifect o f lead 

inqpedance on the C-V measurements, fo vdut follows, maintaining the metal electrode 

of the MIS structure at a higher positive potential thm the Si substrate is defined as 

positive bias.

4.3 Results

Rgures 4.1 and 4.2 (a) show typical I-V curves from rq>resentative MIS 

structures fiibricated from layers with various Eu content. Representative C-V 

modulation curves from various MIS devices frbiicated with Al electrodes are shown 

in Figures 4.1 and 4.2 (b). Although the Figures 4.1 and 4.2 (b) only show C-V curves 

for a 10 kHz ac signal, nearfy identical curves were obtained at I kHz, 100 kHz and
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I M I ^  with peak values ofthe ci^aciUiice at eadifiequency within 10 % of each 

other. MIS structures firinicated with Cr/Au and indium-tin*oxide (TTO) electrodes also 

edubited shnilar C-V curves.
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Figure 4.1 The room tenqterature I-V and 10 kHz C-V curves ofMIS
structures fiibricated firom Eu:CaF/Si(100) MBE-grown layers 
containing various 0.1 and 1.0 at. % Eu are shown in Figure
4.1 (a) and (b) re^ectivefy. Thermally evaporated -  630pm 
diameter aluminum dots, were used as the metal electrode.
The open circle and open square are data fi*om 2 different MIS 
structures in each sanqile. The C-V and I-V data are firom the 
same MIS structure.
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I-V and C-V curves from MIS structures firinicated with undoped CaFz layer also 

ejdilbit very bdiavior; Le. there appears to be a non-hnear con^onent to the 

current in n^ative bias Ddiere as the current varies almost linear^ with bias in the
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Figure 4.2 The room tengierature I-V and 10 kHz C-V curves o f MIS
structures fiibricated firom Eu:CaFz/Si(100) MBE-grown layers 
containing various 4.0 and 7.5 at. % Eu are shown in Figure
4.2 (a) and (b) re^ectivefy. Thermally evaporated ~ 650 pm 
diameter ahuninum dots, were used as the metal electrode.
The open circle and open square are data fi’om two dififerent 
MIS structures in each sanqile. The C-V and I-V data are 
fi*om the same MIS structure.
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positive dixectioiL I-V plots o f mn undoped CaF2/Si(100)>p MIS structure and a (7.5 

aL %Ett):CaF2/Si(100)>p MIS structure with Cr (2000AyAu (lOOOA) electrodes, are 

shown in Figure 4.3.

0LO1O

•0012 0 a•3 •2 1 3•1 4 -3 -2 3-1 0 21 4
BUS (veil) 8iis(Vots)

Figure 4.3 I-V curves firom MIS structures with undoped CaFz (left) and 
(7.5 a t % Eu):CaF2/Si(100>>p (right) as the insulating layer.
Cr/Au electrodes (450pm x 450pm) were used fi)r both the 
MIS structures. The inset shows a plot o f c u rra t versus bias^ 
fi>r both the positive and negative biases (the negative biases 
have larger currents than the positive biases). The two 
^m bols used on the I-V firom the 7.5% Eu MIS structure are 
fimr two dififerent devices.

4.3 Analysis

43.1 C-V data

The high-fiequency C-V measurements on all the samples containing 0.1 to 7.5

at. % Eu did not reveal any modulation o f the capacitance between 5 to 5 volts.

Beyond these biases, the leakage current through the device is too high for reliable
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cqiadtance measurements. The lack o f capacitance modulation in the high-frequency 

C-V curves in Rgures 4.1 and 4.2 (b) indicates a pinned FetmHlevel, possibfy due to a 

high density ofintetfrtce states at the CaFj/SiClOO) inteffiice. Angl^iesohred 

photoemission studies o f MBE-gioiwn C aF i/S i(lll) have shown that the CaFi/Si ( I I 1) 

inteffiice contams both Ca-Si and F-Si bonds [56]. It has been conjectured that the F- 

Si bonds at the inteffiice act like electron «nks (acceptor states) wherein a valence band 

electron from Si is transfisrred to the fluorine atom is in its negative state (F). 

Thus eadi fluorine atom at die mterfiice acts as an acc^ to r state ̂ l id i  pins the Fermi 

level just below the valence band of SL If  this situation exists even fiir the (100) 

oriented substrates (there are no detailed photoelectron studies to date which parallel 

the studies on the (111) oriented substrates) then fi>r p-type Si substrates, the 

CaF2/Si( 100) inteffiice wifl be in accumulation and the measured capacitance will be 

that ofthe CaF% epilayer. Using this assumption, the high-frequency (IkHz-lMHz) 

dielectric constant (relative permittivity) o f the EuiCaFz layers is obtained by measuring 

the capacitance at zero bias and using the epilayer thickness value. This leads to a 

relative permittivity (k) o f ~6-7 fiir all the EmCaFj layers studied. Variations in k with 

Eu content was not quantifiable because variations in k within a sample with the same 

Eu content were conqiarable to variation in k with Eu content. This variation of k 

within a sample could possibty be due to sanqile inhomogenehy or dififerences in 

eflfective contact area from one structure to another (the use o f shadow masks for metal 

patterning can lead to significant variations in the effective contact area). A relative 

permittivity between 6-7 is very reasonable and similar values have been reported in the
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ï:

C-V measuiements o f MIS stiuctuies with MBE-grown undoped CaFz on S i( lll)  

substrates [13].

The use o f nqpid thermal anneal (RTA) (both in situ  and in an A r ambient) has 

been rqiortedto improve the electrical pr«q»etties ofMBE-gtown C aFz/S i(lll) and 

CaFz/Si(100) layers. For MBE-grown CaFz/Si(ll 1) layers, the RTA has been r^orted  

to increase the breakdown field strength ofthe CaFz layer, and for p-type S i ( l l l )  

substrates, the RTA unpins the Fermi levd at the CaF%/Si(lll) in terfile  [43]. For 

CaFz/Si( 100) layers, it has hem  shown that RTA inqproves the dectric fidd breakdown 

strength ofthe didectiic but does not unpin the Fand levd [13]. Thus, it is not very 

surprising that the use o f the in situ  h i^  temperature post-growth RTA step in the 

Eu:CaFz/Si(100) layer does not unpin the Fermi level at the CaFz/Si interfiice either. 

During capacitance measurements, the LCR meter is configured to model the MIS 

device as a capacitor in paraUd with a resistor, and for large negative bias to the MIS 

structure the value o f this paraUd resistance drops by more than an order o f magnitude 

firom its value at zero bias. This lower paraUd resistance constitutes a large a.c. load 

on the sinusoidd vohage source o f the LCR meter, ^ d t  typical^ operates at 50 mV 

r.nLs. The large currents drawn firom the LCR meter's a.c. voltage source distort the 

shape ofthe vohage waveform and causes serious discrepancies in the measured 

capacitance values. This can m^lain uhy the cqiacitance drops o ff and in some cases 

has a negative value for large negative biases as shown in Figure 4.2 (b). The origin of 

the excess parallel conductance at large negative biases is not clear. It is not related to 

differences in the <Lc. conductance in positive and negative bias because the 1-V curves
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shown in Figure 4.2 (a) show that the parallel conductance and trans-conductance 

(di/dv) in positive and negative bias for all samples have comparable magnitudes. 

Therefore the large a.c. conductance measured in the negative bias may be associated 

with losses due to electron/hole cqiture and re-emission from trap states at the 

interfiice. The lack o f any modulation o f the cqiadtance with bias voltage precludes 

the determination o f t r ^  densities fiom the C-V data.

I-V data

The I-V data shown in Rgure 4.2 indicates that the MIS structures are very 

leal^. in  an earlier woric, leakage current densities o f~ I amp/cm^ have been reported 

in the I-V measuremmts fiom MBE-grown Al/CaF%/Si(ll l)-n MIS structures [42]. In 

that work, the large leakage current through the MIS structure did not cause 

destructive breakdown. The origin o f this leakage current remains unknown. In the 

aforemoitioned study [42], it was also found that the large leakage current disappeared 

^ e n  the sample was cooled down to ~190 K. This indicates that the current flow 

process has an activation energy of ~1.1 eV. The conduction band discontinuity 

between Si and CaFz is 2.2 eV [56] and the potential barrier between the CaFz 

conduction band and the Fermi level ofthe Al electrode is probabfy larger (Al has a 

woric function o f 4.25 eV and recent calculations have shown that CaFz has a slightly 

negative electron afiBnity [57]). Thus current injection into the CaFz layer across such a 

barrier carmot explain the observed I-V duracteristics. It has been conjectured that the 

current injection in these MIS structures may be associated with an interfiice related 

defect structure which enhances current injection into the CaFz conduction band [13].
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The I-V curves m Rgure 4.1 and 4.2 fiom the Eu CaFz MIS structures do not 

ejdiibit a voltage threAold fi>r the onset o f current conduction as reported in Ref [42]. 

This suggests that the origin o f the leakage current shown in Figure 4.2 may be 

different fiom that rqiorted in R ef [42]. Tke room temperature conductivity in bulk 

CaFz is ~ 10*'̂  cm*' [58] and with electrode areas o f 2 x 10 ̂  cn^, the resistance of 

a 4000 A thick undoped CaFz layer can be ^ rox im ated  usmg the «qiression r=p*t/A 

where t is the thickness ofthe CaFz layer, A is the electrode area and p is the resistivity 

ofthe layer. This simple approximation gives a value o f 2 x lO'̂  Cl fi>r the resistance of 

an MIS structure with undoped CaFz as the insulator. For a 1 volt bias, the current 

through the structure win not be measurable using a pico-ammeter. However, 

significantly larger currents flow througli these MIS structures as seen in Figures 4.2 

and 4.3. A plot of I vs. reveals a straight line as shown in Figure 4.3 and this 

depmtdence of I, particularly in the negative bias, is observed in afi Eu:CaFz/Si(100) 

and undoped CaFz/Si(100) MIS structures.

There appears to be a correlation between the Eu content and the leakiness of 

the MIS structures as seen fiom Rgures 4.1 and 4.2. Eu CaFz layers with higher Eu 

content exhibit a larger leakage th ro n g  the MIS structures. It should be noted that the 

leakage current through the MIS structures did not cause destructive breakdown o f the 

dielectric. There was no change in the high-fiequency capacitance and parallel 

conductance at zero-bias befirre and after current injection. The high-fiequency C-V 

curves did not exhibit any significant changes after current injection either. If  the large 

leakage current through the dielectric is due to an enhancement o f electron injection
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into the CaFz conduction band hydisIocation*mduced inteiâce states, as conjectured in 

Ref [13] fi>r leakage throuÿkundt^cd Cap2/S i( lll)  MIS structures, then a correlation 

between the leakage current and Eu content can be ej^lained by looking at the surfrce 

morphology o f Eu:CaF2/Si(100) layers with large Eu content as discussed in Chapter 2. 

It was shown that the surAce o f EuiCaFi layers with high Eu content were roug)ter 

than those containing less Eu. The h i^ e r density o f fiiceted fixtures in Eu CaFz layers 

with hig^ Eu content may arise fiom dislocatnm induced structures on the sur&ce o f 

the layer. C lea^ , if  current injection into the Eu CaF; layer is enhanced by dislocation 

induced surfiice states, then a higher density o f surfiice dislocations will lead to more 

efiBcient current injectimi into the layer and may «glain  vAy Eu CaFz layers with high 

Eu content are more leaky.

Other p o s^ le  reasons for higher leakage through the MIS structures with 

increase in Eu content in the Eu CaF; layer include field-emission from metal deposited 

in the foceted depressions seen in layers with high Eu content (discussed in Chapter 2), 

hopping conduction via Eu induced defects in the CaFj layer and local breakdown of 

the dielectric under the metal electrode.

The possibility of field-emission is ruled out by considering the aq»ect ratio o f 

the fecets shown in the AFM scans in Chapter 2. The fiiceted depressions have slopes 

<36° % ^ch precludes any significant dectric fidd enhancement due to electrode 

structures formed during metd dqiosition. Hopping conduction through trap levels in 

a didectric can be modeled by a Poole-Frenkel like mechanism. Such a conduction 

mechanism can be identified by plotting the log(current) versus (voltage)'^ (a Schottlty

63



plot), and would leveal a linear d^endoice for large electric fields [59]. Schottky 

plots o f I-V curves fiom EuiCaFz MIS structures ctmtainmg 1.0 and 7.5 at. % Eu are 

shown in Rgure 4.4. The 7.5 a t  % Eu plot shows a reasonabfy linear d^endence for
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Figure 4.4 Schottky Plots o f I>V data from Eu:CaF%/Si( 100)-p MIS with 
7.5 a t % (left) and 1.0 at. % Eu (right) and Cr/Au electrodes.
The two curves riiown in each gn^h coire^ond to  currents 
during positive and negative biases. Magnitude o f the current 
in negative bias for high electric fields is larger than the current 
in positive bias for high dectric fields in both the 1.0 and 7.5 
at. % Eu samples. The two sets o f data in each plot are 
obtained with different bias polarities as indicated.

large fields, and a relative permittivity o f 4.9 is obtained by fitting a straight line to the 

linear region o f the curve and assurcing a Poole-Frenkd like conduction mechanism, 

and that the entire voltage appears across the dielectric (the latter assunqttion is valid in 

this case because the Fermi level is pinned below the valence band maxima, creating 

accumulation at the CaFj/Si interfiice). This is less than the relative permittivity of 6.7 

calculated using the measured high fiequency (10 kHz) capacitance value o f the same 

MIS structure. The Schottky plots shown in Figure 4.4 do not show a linear region
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panning several orders o f magnitude o f current Further, if  a Poole-Frenkel 

mechanism is responsible for conduction through the didectric then the Schottky plots 

would reveal the same slope in the linear regions (large electric field) for both 

directions o f current conductiou [59]. Cfeariy this is not the case for the 1.0 a t % Eu 

sample, as seen in Rgure 4.4. Therefore it seems unlikety that the dominant current 

conduction mode in die 1.0 at. % Eu sample is by a Poole-Frenkd like medianism. 

Ahhouÿi the slopes o f the linear regions of die 7.5 a t % Eu sample in Rgure 4.4 in 

both positive and negative biases are very clos^ the fiict that the linear region does not 

^ a n  several orders o f magnitude in current and the discrqiancy in the rdative 

permittivity obtained finomthe Sdio ttl^  plot and that determined fi*om capacitance 

measurements, hinders an unambiguous msdgnment o f the current conduction 

mechanism in the 7.5 a t % Eu sample too.

The surfoce roughness ofE u CaFz layers with large Eu content produces locd 

variations in the didectric thickness and the ro u ^  features are possibly associated with 

dislocations or other crystalline d^m ts. It is therefore conceivable that the breakdown 

field o f the epilayer is substantially lowered in regions with high concentration of rough 

features. This can lead to a larger number of current leakage paths per unit area in MIS 

structures febiicated on epilayers ̂ l id i  have a rougher surfiice morphology. Therefore 

Eu CaFz MIS structures with high Eu content, vdiidi have a ro u te r  epilayer surfece, 

may exhibit a larger degree o f localized didectric breakdown under the electrode. It 

should be noted that the electrode areas used for the MIS structures (both A1 and
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Cr/Au) have dimensimis of-500pm  across v^iidi is large enough to accommodate 

several fiiceted features, especially in the samples with h i^  Eu content

The V ' d^endence o f I suggests a ^ ac e  diarge controlled conduction 

mechanism However, the location oftheqpace charge region is not clear firom the 

existing data, ft should be pointed out that some MIS test structures febricated on 

Si(100)-p substrates (resistivity 10 Q  cm) with native SiOz layer as an insulator 

revealed a similar dqiendence ofL  Since ahmmnimdectrodes, annealed for 5 

minutes at 450**C in forming gas, were used in this structures, it is very hke^ that the 

aluminum was making an ohmic contact to  the substrate. The back side o f these MIS 

structures were metallized with aluminum too. One possible ecplanation fi»r the I-V 

bdiavior o f this structure is the formation o f p-p* junction within the substrate since the 

back o f the substrate is usually heavify doped and the surfiice is Hgfit^ doped. Space- 

charge generation in p-p* junctions [60] can lead to rectifying bdiavior and 

dependence on I in finward bias. More work is required to unambiguousfy ascertain 

the origin o f the dependence o ff  in these MIS structures.

4.4 Conclusions

In this dupter, the electrical properties o f MIS structures fiibricated firom 

Eu:CaFz/Si( 100)-p MBE-grown layers were studied using high firequency C V and I-V 

measurements. The C-V measurements revealed a pinned Fermi level with ro  

modulation o f the capacitance as a fimction o f applied bias. The I-V measuremmts 

show that the dielectric is very leaky and current conduction through the MIS structure 

obeys i  law which is indicative o f qiace charge conduction. A correlation was
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found between the amount o f leakage cunent and Eu content in the EuiCaFz layer. It 

is proposed that the enhancement o f conduction in EuiCaF; layers with h iÿ t Eu content 

ispossibfydueto a higher density o f surfiice dislocations in these layers, vAich provide 

a hiÿi density o f interfice states for the efficient iagection o f current into the EuiCaFz 

layer or due to an inm ased amount o f local didectric breakdown due to  a hiÿier 

defect density under the dectrode. The origin o f voltage squared dqiendence o f 

current through the MIS structures remains uncertain hut may be due to  qiace-diarge 

limited conduction th ro u ^  the didectric or a p-p* junction in SI
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Chapter 5

Study of electroluminescence from MBE-grown
Eu:CaF2/Si(100)

S.t Introduction

This chapter describes electrohunmescence (EL) fiom MBE-grown 

Eu:CmF%/Si( 100)-p layers. The EL qiectrm o f these devices are broad with broad peaks 

around ~600 nm, —700 nm and -800 nm. Operating at less than SO volts, these devices 

offer a new qiproadi fi*r fiibricating reliable optical devices on silicon. The MBE- 

grown Eu CaFz layers can withstand high processing temperatures (-lOOOX). 

Metallization and patterning of CaFz epilayers is fimfy stra i^ t forward and conq»atible 

with Si processing [35,43,44]. The Eu content in CaFz epilayers and the CaFz layer 

thickness can be precise^ controlled, providing accurate rq>roducibility o f material 

con^osition and device structures. CaFz is optical^ tranqiarent over a wide 

wavelength range (125 nm - 9.0 pm ) and can be used to build planar optical 

waveguides on silicon. Further, CaFz can also be used as a buffer layer fi>r growing 

other EL materials on Si. The above nm tioned properties o f this materials system 

make the study o f Eu CaFz as a material fi>r Si based thin film EL devices relevant fiom 

a technological stan<^oint.

5.2 Experiment

The Eu CaFz layers studied were grown by MBE on lightfy doped (3-7 ohm* 

cm) p-type Si(100) substrates. The layer structure is comprised o f a 400 A CaFz buffer
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layer, a 3600 A EuiCaFz layer and a 200 A CaFz cap layer. Eu was incoiporated into 

the EuiCaFz layer using a separate ̂ fiision ceD, allowing variation o f the Eu 

concentrathm by varying the Eu cell temperature. The substrate temperature was kq»t 

at 580*C during growth, and the growth rate was 20 A per minute. An in situ post

growth anneal at llOO ’̂C was carried out for 2 minutes to improve the surfiice 

morphology and crystaOmity o f the samples [12]. The concentration o f Eu in the 

samples was determined using Eu to  CaFz beam flux ratios and confirmed using X-ray 

photo-electron ^ectroscopy (XPS) as described dsevriiere [12].

Initial sangles for EL studies were prqiared by depositing (using DC

I magnetron guttering with an Ar plasma) tran^arent, conducting indhim-tin-oxide
I

(ITO) contacts either on the bare CaFz surfiice (for the 7.5 at. % Eu layer) or onto a 

CaFz surfiice covered with approximate^ 100 A o f thermal^ evaporated aluminum (for 

the 8.0 at. % Eu layer). The contact area for both the devices was ~0.2S cm^ The 

substrate was kqit at 230°C during the q[»uttering process and the Ar background 

pressure was 26 mTorr. The ITO layers were -2500 A thick with a sheet resistance of 

12 (Am/O and >80% transmittance over the spectral range in vriiidi the EL ^ectra 

were obtained. Electrical contact was made to the ITO layer using Pt/fr probes and the 

back ride (Si substrate) was mounted onto a copper plate with silver paint.

Room temperature PL pectra were obtained for Eu CaFz samples containing 

4.0, 7.5 and 8.0 at. % Eu, using the 365 nm line o f an Hg lamp as the excitation source. 

PL pectra from the same samples excited with the 253.7 nm Hg line did not show any 

features that were dififerent from the 365 nm excitation. The collimated light from the
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samples (finr both the PL and EL ^ e c tn )  was opticaDy diopped and coiq^led to a 0.25 

m grating monoduomator. AHamamatsaHS704-01 PMT(long wavelength cut-off at 

750 nm)c(Mmected to a lock'in amplifier was used to record the spectra. Both the EL 

and PL ^ectra  were corrected fi>r the qpectral respmtse o f the measurement ^ e m  

^ lid i  was determined using the measured versus known ^ectra  o f a 3200 K black 

body source.

EL devices were also fiibricated by evaporating 500 pm diameter senu- 

tran^arent aluminum dots on 8 a t %Eu:CaF2/Si(100)*p MBE layers, and the back of 

the Si substrates were metallized with aluminum. These metallized layers were 

annealed in fiirming gas (20 % hydrogen, 80 % nitrogen) fi>r -2  minutes at 450X. The 

EL spectra fi’om these devices were recorded using an Ocean Optics S2000 

^ectrom eter with a 360-850 nm qiectral range grating and a 2048 pixel Si CCD array 

with a 0.3 nm resolution. An optical fiber was used to coDect the EL signal and coiqile 

the light to the spectrometer. The EL qiectra were corrected for the qiectral recensé 

o f the collection optics and spectrometer using measured versus known 3200 K 

blackboify spectrum.

5.3 Results

Figure 1(a) shows EL ^ectra  for 7.5 and 8.0 at. % Eu sanqiles (with the ITO 

and Al/rrO electrodes, re^ectivefy) along with normalized PL qiectra for 4.0, 7.5 and 

8.0 a t % Eu samples. The EL ^ectrum  o f the 7.5 at. % Eu sanqile was obtained with 

the rrO  electrode held at +14 voks relative to the substrate and an injection current o f 

465 mA, vhile the 8.0 at. % Eu EL qiectrum was obtained with the TTO/Al contact
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hdd at -18.5 voks rdative to the Si substrate and an injection current o f240 mA. Note 

that the 8.0 at. % Eu sample edubits more intense EL than the 7.5 a t % Eu sample at 

about half the current levd (240 mA versus 465 mA). This difference could be due to
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Figure 5.1 E L ^ectra of7.5 and 8.0 at. % Eu samples and normalized PL 
qiectra o f 4.0,7.5 and 8.0 a t % Eu samples are shown in 
Rgure 1(a). The EL ^ectrum  o f the 7.5 at. % Eu sample was 
obtained with the ITO electrode held at +14 voks relative to 
the substrate and an injection current o f465 mA, \diile the 8.0 
at. % Eu EL q»ectrum was obtained with the TTO/Al contact 
held at -18.5 voks relative to the Si substrate and an injection 
current o f240 mA. The PL ^ectra  o f 4.0,7.5 and 8.0 at. % 
Eu samples were excked with the 365 nmHg line. The 
symbols are data points and the curves are regressions on the 
data. Kgure 1(b) shows the EL intensity versus bias fi>r the 
7.5 at. % Eu sangle monkored at 600 and 700 nm. The EL 
spectrum o f this sançle is shown in Figure 1. The 700 nm 
peak is excked at lower vokages than the 600 nm peak. The 
biasing configuration o f the device is shown in the inset.

71



the dififecent contact stnictures between the samples, though the role o f sli^tfy  higher 

Eu content cannot be ruled o u t b ^ o u ld  be pointed out that the emission from 

eleciTodes with large areas was not uniform across the entire dectrode and could also 

have contributed to the observed dififerences in intensities from the two samples.

The room temperature PL spectra are consistent with previously published low 

temperature PL qpectra for MBE-grown EuiCaF; layers [12,61]; the main difference 

being that thermal broadening effects completey obscure the zero-phonon line and 

vibronic side-bands. Note, however, that the 7.5 and 8.0 at. % Eu sangiles exhibit 

significant inhomogenous broadening with more emission between 450 nm and 600 nm 

than the 4.0 a t  %  Eu sample. Additional long-wavelength features in the PL q»ectra of 

Eu^ ions in Eu^:Sri..BaxF2 and Eu^:Cai.%Ba«F2 mixed fluorides with a few percent Ba 

was attributed to  the strong influence o f a large cation (Ba) near the E u^ ion [14]. The 

presence o f nearest neighbor E u^ ions in the higher doped Eu CaFz samples may be 

re^onsible fiir a similar effect.

Rgure 1(b) shows EL intensities at 600 nm and 700 nm for the EL device with 

7.5 a t % Eu and an ITO electrode as a fonction ofbias vohage. It can be seen that EL 

emission at 700 nm occurs at lower voltages, indicating that there may be more than 

one excitation path involved in this system This sample was tested with the ITO 

contact biased positive relative to the Si substrate. A hhou^ injection currmU was 

similar, reversing the polarity o f the bias resulted in no detectable optical signal In 

contrast, the EL device with ITO/Al contact on the 8.0 at. % Eu sanq>les produced 

bright EL with the ITO contact biased negative relative to the Si substrate, while
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reversing the polaiity produced veiyfimit EL. This electrode>nuterial dependence is 

not understood at this point but may be due to band alignment and interfice states 

affecting current injection eflBciency. A sinnlarpolarityd^endent EL efficiency was
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Rgure 5.2 The room tengierature EL qiectra as a fimction o f applied bias 
is shown in this figure for an EL device fibricated firom 8 at. % 
Eu:CaF%/Si(100) structure with a semHtran^arent aluminum 
electrode. The bottom most spectrum, shown with the dotted 
curve, was obtained with a bias o f +45 Voks. The inset shows 
a plot o f integrated EL intensity versus applied bias for this 
device. The EL device structure is also foown in the Figure.
The voltage bias is the potential between the electrode and the 
Si(100)-p substrate.

reported by Summers et a l using an MBE-grown layer structure o f 

rrO/CaF3/ZnS:Mn/Cap2/Si(l 11) (the ITO was guttered after MBE growth of the 

undeffying layers) [62]. They observed that, D.C. EL emission could not be excited in 

the ZnS:Mn layer with the ITO held negative relative to the Si substrate but was 

obtained in the reverse polarity. It was suggested that the band a lig n m e n t oflTO/CaFz
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is unâvonble Ibr dectnm mjection fiom ITO into the CaFj layer. A similar 

phenomenon may explain the observed polarity d^endence of EL in the 

rrO/EuiCaFi/SiC 100) devices. EL structures with the ITO or ITO/Al cm tacts have 

been operated fi>r over 24 hours (cumulative) at a current injection o f240 mA without 

any measurable degradation in EL mtensity or diange in the EL ^ectrum

Room temperature EL spectra under different DC biases for an EL device made 

fiom Eu:CaF2/Si(100)-p containing 8.0 at. % Eu and provided with senm-tran^arent 

aluminum electrodes* is shown in Figure 5.2. Strtmg EL fiom this device was obtained 

with the ahiminum electrode hdd at a negative bias relative to the Si substrate. 

Reversing the polarity o f the bias and tpptying the same vohage produced very fidnt EL 

with no changes in the EL pectrum ( EL pectra shown with a dotted curve in Rgure

5.2 fi>r a positive bias o f+45 voks ). The magnitude o f the injection current was 

independent o f the polarity of the bias and was nearty linear with repect to the applied 

bias in the region ̂ e r e  EL was observed. Similar EL devices have also been 

fibricated using Eu CaFz layers containing 7.5 and 4.0 at. % Eu. The EL intensity 

fiom devices with 4.0 nt. % Eu is weaker than the EL fiom devices made with Eu CaFz 

layers containing 7.5 and 8 a t % Eu. The inset in Figure 5.2 shows the integrated EL 

intensity as a function o f applied bias fi>r the device ̂ o s e  pectra is shown in Rgure

5.2. A threshold o f ~I5 Voks can be seen in this curve after ̂ c h  the EL intensity 

increases Hnearty with applied vokage. There was no measurable change in the 

intensity or the pectrum  of the device for I hour o f operation at -40 voks. Further, 

the biases and currents used in the device did not produce irreversible changes to the

74



device duncteristics. This was verified by observing that the EL ^ectnim , integrated 

EL intensity and injection current at a given reduced bias (-25 volts) befi>re and after 

prolonged operation at higher biases (-45 voks) were identical (within instrument 

error).

5.4 EL mechanisms

5.4*1 Excitation of E u^

The EL qpectra in Figure 5.1 (a) do not Aow any sinnlarity with the PL ^ectra, 

indicating that EL in these sangles may not involve the excitation o f E u^ ions, hr an 

Ar ion excitation experiment o f bulk EuCaFz crystals [15], peaks at 600 nm and 700 

nm in the luminescence ^ectra  have been attributed to  E u^ ions, although the PL 

qiectra o f these samples was not r^orted . The fisatures at 600 and 700 nm in the EL 

^ ectra  may thus be evidence o f E u^ ions in these layers. Optical studies o f E u^ in 

CaFz bulk crystal have shown that Eu^ ions charge conq>ensated with ions at 

neighboring fluorine ion vacancies have a broad UV absorption band peaked at 256 nm

[16] and a corre^onding PL peak 600 nm, and that E u^ ions charge compensated with 

interstitial fluorine ions have several sharp optical absorption bands near 525, 580,465, 

390 and 400 nm yielding PL peaks near 590,610,650,690 and 700 run [17]. The 

absence o f600 run PL features with 253.7 nm excitation suggests the lack o f otygen 

compensated Eu^ centers, but does not exclude the possibility o f F  compensated Eu^ 

centers in MBE-grown Eu: CaFz layers on SL

It is usefiil to corrgrare these resuhs with an earlier study o f an Eu CaFz EL 

device on UO-coated glass substrates using ZnS and YzOz buffer layers and a
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thennmüÿ evqiorated EurCaF: layer [22]. Ih that woik the EL device, wMch appears 

to  have been «Rented with a.c. voltages of~100 voks, «diibked a stnmg emission 

around 420 nm and a weak broad emission around S90nm. The position and shape of 

the S90 nm feature in their EL qiectnim  is similar to EL qpectra from the 

EuzCaFj/SiClOO) EL devices, possibfy due to a common origin o f this feature. PL 

^ec tra  o f their material with 365 nm excitation showed the 420 run luminescence 

associated with Eu^ ions but did not diow  any emission in the 590 nm range. This 

suggests that electric fidds and/or dectron impact are necessary for obtaining the lower 

energy emission around 590 nm. The excitation o f E u^ requires less energy ( -2.5 eV) 

than E u^ (> 3 .1  eVX as evident fiom opticd absorption ^ectra o f these two centers 

in CaFz [17,49]. The absence o f peaks at 420 nm in the EL ^ectra  o f Figure 5.1 (a) 

suggests that the dectric fields involved are unable to  produce dectrons with kinetic 

energies suffident to excite Eu^. Therefore k  seems possible that EL fiom 

Eu:CaFz/Si(100) layers may be due to the impact excitation o f Eu^ ions.

5.4.2 Excitation of inherent defect levds in CaFz

It is possible that Eu interacts with defects in the Eu:CaFz layers and that the 

EL arises either fiom these defects or their interaction with Eu. Very feint EL fiom 

undoped 3600 A CaFz/Si(100)-p layers using senu-tranqiarent aluminum dectrodes for 

current injection (Rgure 5.3), in feet, has been observed. The EL signal strength fiom 

this structure was over an order o f magnitude less than Eu CaFz EL devices under 

similar biases. The EL qiectrum fiom this device, shown in Figure 5.3, has a qiectral
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Hgure5.3 Room temperature EL intensity versus wsvdength firom an
undoped CaFi/Si(100) with 550 pm diameter semitran^arent 
ahiminum electrodes is shown in this figure. The potential of 
ahiminum electrode was *45 vohs rdative to the Si substrate 
and the curroit throuÿi the device was 150 mA. The inset 
shows a sendriog plot o f EL intensity versus photon energy.

width similar to the Eu CaFz devices hut, unlike the EL qiectra from 

Al/Eu:CaFz/Si( 100) devices (Rgure 5.2), lacked any features around 580,600, and 700 

nm  ^pfy ing  higher biases to this device lead to irreversible reduction o f EL intensity, 

possibfy due to degradation o f the structure. This result suggests that EL in EuzCaFz 

may arise from radiative recombination at defect sites in CaFz and that the 

incorporation o f Eu possibfy increases the density o f these d ^ c ts , modifies their 

dectnmic levels (which leads to structure in the EL ^ectra  o f Eu doped sanities, a 

feature that is absent in the EL qiectra of the undoped sample) and/or enhances their 

excitation probability.
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5.43 Eliminatiag Si-bascd cminion mechanisms

Si*based emisskm mechsmisms vvhkh can produce in the wavelength range 

o f the observed EL emission include emission fiomporous>Si [4], reverse biased Sip-n 

junctions [63,64] and reversed biased porous-SiSdiottl^ junctions [65]. in  the 

following, arguments win be put forth ̂ l id i  stnmgl^ suggest that the observed EL 

emission cannot be «plained by either offoese Sirbased emissions.

As discussed earlier in this chu ter, the room temperature and 10 K 

photohnmnescence pectra, with 365 and 325 run UV excitation re^ectivefy, fiom the 

Eu:CaF2/Si(100) samples do not show any features that resemble the EL spectra or the 

broad PL that is associated with porous*Si [66]. ffporous>Si structures were present 

in the EurCaFi/SKlOO) layers, then PL emission from these structures should have been 

detectable in the PL studies. Further, current injection through semt*transparent 

aluminum electrodes deposited on the bare silicon substrate, adjacent to  the Eu CaFz 

epilayer, (there is an outer rim on the MBE-grown substrates W üdt is devoid o f any 

q»itaxial material due to madcing by the substrate holder retaining ring ) did not 

produce any detectable EL. This shows that the substrate cleaning/oxide-desorption 

steps do not create changes on the Si surfoce ̂ lic h  can explain the observed EL Thus 

it seems unlike^ that porous-St-like structures may be present in the MBE-grown 

layers.

Light emission has been rqrorted fiom avalanche breakdown in reverse biased 

Si p-n junctions [63,64]. The pectrum  o f this emission is very broad and has been 

reported in R ef [64]. A similar phenomenon has been attributed to the light emission
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obsecved from reverse biased Scbottl^ junctions on porous>Si [65]. Three arguments, 

which are presented m die fiiflowing paragrqihs, can be made to  exclude this as a 

mechanism responsible fiir EL emission from the Eu:CaF2/Si(100)-p layers.

Strong EL is observed from the EuzCaFz devices with the seml-tran^arent A1 

dectrodes hdd at a negative potentid rdative to the Si substrate. Since the substrate is 

p-type, the i^H cation o f a n a t iv e  potentid to the m etd electrode can onfy increase 

the degree o f accumulation at the CaFj/Si interfiice and cannot produce or widen a 

depletion region. Therefiire increasing the negative bias on the m etd dectrode o f the 

Al/Eu:CaF2/Si(lOO)-p MIS structures cannot lead to an increased probability o f 

avalandie breakdown in that structure. This precludes the possibility o f avalanche 

multÿlication at the EuzCaFz/Si intetfice ^ e n  the m etd dectrode is at a negative bias 

relative to the Si substrate.

The emission ̂ ec tra  finm Si p-n junctions are very dififerent in the forward and 

reverse biases as reported in R ef [64]; in forward bias, the qiectra consist o f an 

extremely narrow emission band peaked at 1.1 eV (the band-gap o f Si), vAereas under 

reverse bias, the emission qiectra is very broad and extends up to  3.4 eV on the high 

energy side and beyond 1.1 eV on the low energy side. It can be seen from Figure 5.2 

that idiile the intensity o f the EL emission is quite dififerent under positive and negative 

biases, the shape o f the qiectra does not diange with the polarity o f the bias (conqiare 

the qiectra fiir the emission at -20Volts with that at +45 Volts for exançle). This 

observation cannot be eiqilained by emission from fiirward and reverse biased Si p-n 

junctions.
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Knalfy, it is usefiil to compare the relative magnitude of the intensities at 

various wavdengths observed in the *nMgd«wi firom a reverse biased p-u junction and 

that o f the EmCaFj EL structures. The ratio o f the EL intensity at 550 nm (2.25 eV) 

to  800 nm (1.55 eV) inthe EuiCaFz device as seenfium Rgure 4 is -  1:1.5, uAereas 

fiir a reverse biased p-n junction the intenshy ratio for the same wavdengths is ~ 1:17 

(R gurefiinR ef [64]). Thus there is an order o f magnitude di&rence in the ratios o f 

the intensities at 550 nm and 800 nm fiom  a l i ^  emitt ing reverse biased Si p-n 

junction and an Eu:CaF2/Si(100) EL structure. This comparison is further evidence 

that the EL fiom the Eu:CaF%/Si(100) structures does not arise fiom avalandie 

breakdown in SL The validity o fsu d ia  conyarison is based on the fiict that no 

observable diange is seen in the emission ^ectrum  o f a reverse biased p-n junction as a 

fimction o f injection current [64].

5.5 Conclusion

In this chapter the fiibrication and room tenqperature EL ^ectra  of 

EmCaFj/SKlOO) EL devices with semi-tranqiarent metal, ITO and metal/TTO 

electrodes were presented and possible EL mechanisms were put forth. Arguments 

were presented to eliminate some Si-based light emission medunisms that can mqilain a 

similar EL spectra. The demonstration o f room temperature D.C. EL on Si using 

Eu:Cap2 as an active material has paved the way for further investigation into the 

viability o f this materials system for practicd H ^ t emitting devices on S i Future work, 

discussed in the next chapter, will heÿ identify the exact EL mechanism and optimize 

the effidency o f these devices.
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Chapter 6 

Future Investigations

6.1 Introduction

D& this woric, the MBE growth and chanctoization o f EuiCaFj/SKlCO) and 

fiibrication ofroomteaDgieratuie EL devices fimn these ̂ flayers were presented. The 

incorporation o f several atomic % o f En in the MBE-grown CaFz layers leads to 

interesting optical, morphological and dectrical properties in this material The 

fiibrication o f an EL device on Si using this material ̂ stem is an important s t^  

towards the realization o f Si*based light emitters. The broad EL emission ^ectrum  

firom these devices and the ability o f the material to withstand high processing 

temperatures makes this ^stem  promising for practical devices. Several issues, 

however remain unclear and, fixture aqieriments that can he%i answer some o f these 

uncertainties are proposed in this Chapter.

6.2 Future work

Broadfy, the investigations can be categorized into two groiqis, materials 

diaracterization and device optimization. The material diaracterization ejqieriments 

win attempt to answer questions regarding the nature o f electrical conduction through 

the metal-EuiCaFz/SK 100) structure, the exact origin o f the EL mechanism, nature o f 

the Eu:CaFz/Si(100) interfiice etc., whereas the device optimization steps will involve 

an en^irical approach towards inçroving the brightness and efficiency of EL devices 

and mininnzmg the current leakage through the device.
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6.2.1 Material Characterizatûm

6.2. L I  Shufy ofm aterial composition as afim ction o f epilayer thickness

Hie nature oftheCaF2/Si(100)mteifiice is not wen understood. A recent study 

o f CaFz growth on Si(100) has shown that qiitaxial coverage o f the substrate is not 

con^lete until a layer thickness ofseveral hundred angstroms is adiieved [40]. This 

implies that during the growth ofEu:CaF& with un-doped CaFz buflfer layers less than 

200 A diick, a significant portion o f the bare Si substrate may be es^osed to the Eu 

beam flux. This can have ramifications on the moiphology o f the grown layer and the 

electronic nature ofheteroqiitaxial interAce.

The in situ  high temperature rq>id^thermal>anneal (RTA), employed to ingirove 

surfiice morphology and crystallinity o f the qiilayer, can cause dififiision o f Eu atoms 

from the epilayer into the Si substrate and, fiir heavi^doped Si substrates, may cause a 

dififiision o f dopants from the substrates into the ^flayer. This migration o f Eu and 

dopant atoms can modify the properties o f the ^flayer. The use o f Auger-electron 

spectroscopy (AES) in conjunction with an Ar guttering unit (both o f ̂ lic h  exist in 

the anafysis duunber, attached to the MBE growth chamber) can determine the 

chemical conqposition o f the layer structure as a fimction o f layer thickness and provide 

answers to the aforementioned issues. It has been conjectured that Eu atomsÆons finrn 

clusters/precÿitates in Eu:CaFz layers with high Eu content and this issue will be 

resolved using a scanning Auger anafysis o f the layers, vditeein electrons with kinetic 

energy equal to that o f Eu 3dz/z for eg ., are monitored as the e-beam is scanned across
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the sample suiftce. The scamimg Auger can also be used with the Ar guttering gun to 

provide a ^ a tia l compositum map as a fimction o f qpilayer thickness.

6.2.1.2 E ffect o f Annealing

The effect o f in situ  annealmg on material composition and sur&ce morphology 

can be studied in the anafysis dumber. Crystalline qualify can be anafyzed e r s/m using 

hi^-resohxtion X-ray diffraction (HRXRD). The effect o f both high terrqperature in 

situ  RTA and ex situ  anneals in ambients o f Ns, N i + and 0% on the EL and UV

excited PL qxectra will hefy answer some questions regarding the nature and origin o f 

EL. This s tu ^  win also hefy determine conditions in which the EL devices can be 

processed without causing deterioration o f EL intensify. These investigations wifi hefy 

establish any definite correlation between the long wavdength tail seen in the room 

tenqierature PL fiom  samples with high Eu content and room tenqierature EL 

intensities fiom these samples.

6.2.1.3 PL with ttppU edfield

The higher energy 4f^5d excited states o f E u^ in CaFz overlap with the CaFz 

conduction band, and this can promote electron delocalizatioa from the E u^ excited 

state in the presence o f large electric fields. Such field-induced delocalization has been 

observed in Eu^:CaS EL phoqxhors, where high electric fields (~10^ Vohs/cm) were 

r^o rted  to have dunged the durge state o f the E u^ ion [67]. For this mqieriment, 

current conduction through the Eu CaFz layer can be minimized by guttering an SiOz 

current blocking layer onto the Eu CaFz and guttering tranqiarent conducting ITO 

electrodes on top o f the SiOz layer to provide electrical contact. Although the
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percentage transimssHm o f365 nm light through 2000 A thick ITO is not very high 

(—30 it is sufBcient to  produce strong luminescence fiom MB&grown EuzCaFz 

layers with > 1 a t  % Eu. H ie peak intensity oftheUVmccited PL spectra fiom these 

structure can be monitored using a PMT and a lock-in amplifier as a fimction of applied 

dectric fields. Similar structures with semMtranqparent metal dectrodes in place of 

rrO  can also be studied. H ie possibility o f Eu^ generation by fidd ionization of 

photo-excited Eu^ ions will be answered by this stmty.

6.2.1.4 Study o f temperature dependence o f EL and PL

Ahhougk temperature dqiendence o f PL intensity fiom MBE-grown 

Eu:CaF2/Si(100) ^dayers having low Eu content (~ 0.8 a t %) has been reported [55], 

a s tu ^  o f the PL spectra ofE uC aF: qiilayers as a fimction o f sangle tengierature and 

Eu concentration will help understand the nature of dectnm-lattice coiqiling o f the 

excited Eu^ ion and the effect o f neighboring Eu^ ions on the PL ^ ec tra  o f Eu^. In 

an earlier study o f E u^ doped Cai.%Ba,F2 and Sr,.:Ba,F2 [14] it was conjectured that 

the presence o f a neighboring cation (Ba) larger than the host cation (Ca) resuhs in the 

formation of an ingnitity bound exdtonic complex idiidi decays radiativety producing 

broad luminescence. A tystematic s tu ^  o f PL qiectra ofEuiCaFz layers as a fimction 

o f temperature and Eu concentration can reved if a similar bound excitonic complex is 

formed by the presence o f ndghboring E u^ ions in sanqiles with high Eu content.

I Electron injection across a m etd insulator barrier has both tengierature (except

in the case offield mjection) and field depoidence. The study o f tenyerature 

dependent EL ^ectra and integrated EL intensity using electrodes with different worit

84



fimctions, can heÿ  understand origins o f the EL mechanism and the nature of 

eJectronic conduction dirougli the Eu:CaF2 layers.

6 .2 .1 .5E u:C aF /S i(IlI) layers

The crystaOmity o f MBE-grown CaFz on S i( lll)  is nnidi better than CaFz

films on Si(100), making S i( lll)  the preferred orientation for CaFz growth.

Preliminary studies o f Eu:CaFz/Si(lII) MBE-grown layers have shown that the Eu^ 

luminescence qpectra (both 10 K and 300 K) fiom these layers have narrower qpectral 

width than (100) oriented layers with similar Eu content and epilayer thickness. 

Although better crystalline quality o f the (111) oriented layers than the (100) oriented 

layers, as evidenced by comparing line widths o f Bragg di&action peaks in their X-ray 

rocking curves, can ejq>lain the observed differences in their PL qtectra in terms o f 

inhomogenous broadmring, other mechanisms hke incorporation kinetics o f Eu in the 

MBE-grown layer and thermal history o f the epilayer may play a role too. The PL 

qiectra o f C aFz/S i(lll) layers with high Eu content (~8 at. %) do not show the kind o f 

inhomogenous broadening that is seen in CaFz/Si(100) layers with the same Eu content. 

The (111) oriatted layers are grown at 700**C vriiereasthe(lOO) layers are grown at 

S80**C and in situ  RTA is carried out for 2 minutes post-growth. Initial attenyts to 

produce EL devices on (111) oriented layers were not successfiiL However, the better 

crystallinity on the (111) oriatted layers justifies fiu tha  investigations into the growth 

o f Eu:CaFz (111) layers which will include a systematic study o f the effect o f growth 

temperature, post growth anneal and Eu content on the optical and electrical properties 

o f these lavers.
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6J2J2 EL device optimization

6.2.2.1 EL intensify and EL spectra versus Eu content

Ihcceasing the bri^itnesa o f an EL device is key in making this technology 

conunerciany viable. Ike  EL ^ectn im  as a fimction ofEu content will heÿ  understand 

the effect ofhigli Eu contait <m the optical properties ofthe active centers. Increasing 

Eu content increases the number o f active centers in the MBE-grown Eu CaFz layers 

and could also lead to a higher density o f in^urity scattering centers fiir electrons, 

^ lic h  implies operating the EL device at hiÿier voltages in order to  generate a sizable 

concentration o f electrons vtiiidi have sufBcient kinetic energy fiir impact excitation 

(this reasoning is valid ontyifEL is produced by impact excitation). Eu clustering can 

also reduce the EL efBcioicy W iidi will require the Eu concentrations in the Eu CaFz 

layers to be below a certain value. This s tu ^  will find an optimal trade-offbetween 

operating voltage and Eu content in the layer, i^ifle trying to maximize brightness. 

Upper limits on voltage and Eu content may be inqiosed by threshold to  catastrophic 

dielectric breakdown and fiirmations o f Eu precqiitates at high Eu concentrations 

respectivety.

Ô.2.2.2 Optimizing the structure o f the EL de^ce

After an optimal Eu content and operating electric field is established, it will be 

usefiil to design a stratified layer structures with ahemate layers o f undoped CaFz and 

Eu CaFz, h e re in  the undoped CaFz layers are used fiir electron acceleration, while 

the Eu:CaFz layer is the active region o f the device. Although the small difference in 

the dielectric constant o f the undoped CaFz and Eu:CaFz layer precludes any significant
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enhancement o f dectric fields in the imdoped CaFj layers, the lack of Eu in the 

undoped CaFz layer will provide a longer meanrficee-path for electrons in the undoped 

CaFz layer and reduce electric fidds required for impact excitation (if that is the 

excitation mechanism involved). The thickness o f the EuzCaFz and the undoped CaFz 

layer can be varied to  adnevemaxhnum brightness from the EL device. Such device 

optinnzation is fidrfy conumm in AC thin fihn EL devices (ACTFELs).

6.2.2.3 Contact reliabilify

Reliable contacts are criticd for prolonged stable operation of EL devices. The 

morphology o f  dectricd contacts, as seen firom opticd microscopy, SEM and AFM 

provide direct clues to the quality o f the dectrodes, ahhou^  the electronic nature o f 

the dectrode/epilayer interfiice can be understood by dectricd (I-V, C-V) 

measurements and photo-response (barrier height measurement techniques). The 

quality o f the electrode/epdayer interfiice is strongty influenced by chemicd 

conqiosition, presence o f contaminants and surfiice morphology of the epilayer. CaFz 

is mOdty hygroscopic uhich causes adsorption o f water molecules to the surfice and 

leads to poor contact adhesion. Annealing the Eu CaFz epilayers at 450"C in forming 

gas for ~10 minutes prior to metd deposition alleviates this problem. Refiractory m etd 

contact can handle higher current densities than Al, but m etd reflow after deposition, 

uhich inyroves contact morphology and interfiice quality, requires higher annealing 

temperatures (~800**C). The use o f ITO as a tran siren t contact provides good light 

coupling out o f the EL device but ITO contacts degrade rapidty under high current 

injection. The effect o f annealing tenqierature and time on the morphology an electricd
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properties o f senm-transparent metal contacts should be studied using SEM, optical 

micioscopy and nonrcmtact AFM. A systematic study o f morphological Aatures and 

electrical properties o f RF*q;iuttered ITO on EuzCaF; under various annealing 

conditions can also be undertaken.

6.2.2.4 Current leakage through EwCaF: layers

Although successfid EL devices have been Abricated using Eu CaFz layers on 

Si(100>>p substrates, the rurture o f current ccmduction th ro n g  the dielectric is not 

understood. It has been observed that E l. intensity is sensitive to the polarity of 

applied bias and dectrode material ( ITC vs. Metal electrodes for example) although 

injection currents and corresponding bias voltages in both polarities are o f conqparable 

magnitudes. This indicates that a significant fraction ofthe injection current does not 

contribute to EL and that EL efficiencies can be in^roved if  the origin o f this leakage is 

understood. I-V measurements on metal-EuzCaFz-Si structures with different EuzCaFz 

thickness (but same Eu content), different electrode areas/perimeters and between 

adjacent electrodes will help clarify several issues regarding current conduction through 

these layer. Cross-sectiorud SEM of metallized Eu CaFz layers can be used to 

determine the presence of metal diffesion through the EuCaFz layers that may explain 

the observed current leakage.

6.2.2.5 Scanning probe m icro sc t^ o f EL structures

The use o f an AFM tq> to inject electrons into the Eu CaFz epilayer ̂ d le  

scanning the surfitce and simultaneousfy monitoring the qiectrarintensity o f the EL as a 

fimction of the scarming tÿ  position will heÿ  ascertain what role the rough
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morphological features seat m Eu CaFz layers with h iÿ i Eu content might play in the 

EL process. This tedmique will provide a coirdation between topographical features 

and the spectrum and intensity ofthe EL emission. When used in conjunction with a 

^atia l diemical composition mq>, obtained with a scanning Auger system for exanq>le, 

this study win heÿ clarify several issues regarding the origins o f EL in the 

Eu:CaF%/Si(100) EL devices.

6.3 Conclmion

In this diapter, certain egeriments aimed at understanding the EL medumism 

in Eu CaFz and optimizing EL devices febricated fiom this material have been put forth. 

Clearfy, as work proceeds, new questions and better techniques to resolve these 

questions w 0  be put forth. The aim o f this d u ste r was to outline methods that wfll 

hefy answer some o f questions using tools that are currmtfy available at the laboratory 

for electronic properties o f materials (LEPM). It is hoped that these suggestions wfll 

he^ outline foture research in this area.
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