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Summary

The present work investigatesthe electronicproperties of thin epitaxial silicon �lms and

their suitabilit y for microelectronic and photovoltaic applications. The �lms are grown

by ion-assisteddeposition (IAD), a molecular beam epitaxy (MBE) method that uses

a small fraction of acceleratedSi+ -ions in the molecular beam, allowing for additional

kinetic energytransfer to the substrate during low temperature epitaxy.

This work concentrates on �lms grown at low deposition temperatures Tdep in the

range of Tdep = 450� C to 750� C with deposition rates r dep in the range of r dep = 0.1 to

0.5 � m=min. As substrate materials, either monocrystalline (100)-, (111)-, (110)-, and

(113)-oriented Si-wafersor block-cast polycrystalline Si-wafersare used.

This work shows that the structural and electronic properties of epitaxial �lms de-

posited at low temperaturesdepend signi�cantly on the substrate orientation. The num-

ber of extended defects in (100)-oriented �lms, i.e. dislocations and stacking faults, is

signi�cantly lower than in non-(100)-oriented �lms. The etch pit density nep, as deduced

by anisotropic defect etching, is below nep = 1x103 cm2 for (100)-oriented �lms, inde-

pendent of deposition temperature and rate. This low number of extendeddefectsensures

that the electronicproperties of (100)-oriented �lms are dominated by point defects.

Photoluminescenceand deeplevel transient spectroscopy (DLTS) serve to characterize

defectsin the (100)-oriented �lms. A broad defect luminescenceband, located at photon

energiesaround h� = 0.8 eV, appears in all �lms deposited at Tdep = 460� C. When

acceleratedsilicon ions are usedto deposit the �lms, additional defectpeaksappearat h�

= 0.767eV and below. Thesedefectsare correlatedto thermal donors,that are typically

observed in oxygen rich silicon after thermal treatment at 450� C.

Several broad defect bands in the band gap are identi�ed by DLTS-measurements,

the most prominent at trap levels E t = 0.2 eV and 0.25 eV above the valenceband.
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iv Summary

The defect density is of the order of 1x1013 cm� 3 and shows a minimum for r dep = 0.3

� m=min. For deposition temperaturesTdep > 550� C, no defectsare observed with either

photoluminescenceor DLTS, but the minority carrier di�usion length of the �lms increases

with Tdep. The useof the minority carrier di�usion length as a sensitive measurefor the

density of electrically active defectsreveals an exponential decay of the defect density

with rising deposition temperature.

Ion-bombardment with Si+ -ions during deposition at low temperatureshasan impor-

tant in
uence on the electronicpropertiesof the �lms: At Tdep = 460� C and 650� C, the use

of acceleratedsilicon ions in ion-assisteddeposition leadsto an increaseof the minority

carrier di�usion length L for moderate accelerationvoltagesup to 100 V. At higher de-

position temperatures,ion-bombardment did not result in a measurabledi�erence of the

electronic properties: Thin �lm solar cells, deposited at Tdep = 750� C with and without

acceleratedsilicon ions showed identical conversione�ciencies of 13.8%.

Despite the variety of defectsdetected in low temperature epitaxial �lms, Photolu-

minescenceand DLTS did not allow to identify the dominant recombination mechanism

that is responsible for the poor photovoltaic properties of the �lms deposited at Tdep �

650� C. Therefore,a new lifetime spectroscopy method is developed in this work, that is

compatible with thin �lms and fully processeddevices:Temperature dependent quantum

e�ciency (TQE). Using the TQE method for analysisof thin �lm solar cellsdepositedby

IAD at Tdep = 460� C and 510� C revealed the presenceof two dominant defect centers,

active at di�erent temperatures.Applying a multilevel model for the lifetime to the TQE

data allows for the identi�cation of a defectcenter with an activation energyEa = 0.2 eV

as the dominant recombination center at room temperature and a center with Ea = 0.07

eV being active at temperatures below 150 K. The TQE results are in good agreement

with DLTS experiments, wherecomparabledefectlevelsaredeterminedin the same�lms.

Growth on non-(100)-oriented substrates, such as Si(111), Si(110), and Si(113), is

dominated by the formation of high densitiesof extendeddefects,in particular stacking

faults, resulting in signi�cantly lower electronicquality of the �lms. Light beaminduced

current investigationsof �lms deposited on polycrystalline substrateswith randomly ori-

ented grains show highly di�ering electronicquality of the grains. As a consequence,this

work classi�es the suitabilit y of surfaceorientations for epitaxy accordingto the result-
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ing electronic quality of the deposited �lms as follows: Type A)(100)-oriented surfaces

result in the highest electronic quality. Type B) singular (stable) surfaces(e.g. (111),

(110)) result in medium electronicquality. Type C) facettedsurfacesresult in the poorest

structural and electronicquality.

This work givesa detailed analysisof defectsin low temperature epitaxial �lms with

their dependenceon deposition temperature, deposition rate, and substrate orientation,

allowing for a profound judgement of the possibilitiesand restrictions of low temperature

epitaxial �lms for photovoltaic and microelectronicapplications. In most cases,the high

number of extendeddefectsand the inferior electronicpropertieswill excludedeposition on

non-(100)-oriented substrates.Especially in the caseof photovoltaic devices,only epitaxy

on (100)-oriented substratesat deposition temperaturesabove650� C resultsin su�cien tly

high minority carrier di�usion lengths for e�ective thin �lm solar cells.



Zusammenfassung

Die vorliegendeArbeit untersucht die elektronischen Eigenschaften von epitaktischen Si-

D•unnschichten und deren Eignung f•ur mikroelektronische und photovoltaische Anwen-

dungen.Die Schichten wurden mittels ionenassistierterDeposition (IAD) abgeschieden,

eineMolekularstrahl-Epitaxie (MBE) Methode, bei der ein Teil der Si-Atome im Moleku-

larstrahl (ca. 1%) ionisiert wird. Durch eineam Substrat angelegteSpannung erm•oglicht

der Ionenanteil einen zus•atzlichen, exakt kontrollierbaren Energie•ubertrag auf das Sub-

strat.

Die im RahmendieserArbeit untersuchten Epitaxieschichten wurden bei Depositions-

temperaturen Tdep im Bereich von Tdep = 450� C bis 750� C und typischen Abscheideraten

rdep im Bereich von r dep = 0,1 bis 0,5 � m=min abgeschieden. Die Abscheidung erfolgte

zum gr•o�ten Teil auf monokristallinen Si-Substraten mit (100)- , (110)-, (111)-, oder

(113)-Orientierung, aber auch Epitaxie auf polykristallinen Block-gegossenenSubstraten

wurde untersucht.

Die hier vorgestellten Ergebnissezeigen, dass die strukturellen und elektronischen

Eigenschaften der Epitaxieschichten wesentlich von der kristallographischen Orientierung

des Substrats abh•angen. Die Zahl der ausgedehnten Defekte, d.h. Versetzungenund

Stapelfehler, in (100)-orientierten Schichten is deutlich niedriger als in Schichten die auf

anderenSubstrat-Orientierungenabgeschiedenwurden.Die •Atzgrubendichte nep in (100)-

orientierten Schichten, die mittels anisotroper Defekt•atze ermittelt wird, liegt unter nep

= 1x103 cm2, unabh•angig von der Depositionstemperatur und -rate. DieseniedrigeZahl

an ausgedehnten Defekten erlaubt die Schlussfolgerung,dassdie elektronischen Eigen-

schaften der (100)-orientierten Epitaxieschichten im wesentlichen von Punktdefekten be-

stimmt werden.

Photolumineszenz(PL) und Deep Level Transient Spectroscopy (DLTS) Messungen

vi



Zusammenfassung vii

dienenin dieserArbeit als Methoden zur Charakterisierungvon Punktdefekten in (100)-

orientierten Schichten. Alle Epitaxieschichten, die bei niedrigenDepositionstemperaturen

von Tdep = 460� C abgeschiedenwurden, zeigenin PL-Messungenein breites Defektband

zentriert um Photonenenergienh� = 0,8eV. Bei Verwendungvon beschleunigtenSi-Ionen

w•ahrendder Abscheidung treten mehrerezus•atzliche scharfe PL-Linien unterhalb von h�

= 0,767eV auf. Diesekonnten als thermische Donatoren identi�ziert werden,die h•au�g

in Sauersto�reichenSilizium-Wafernnach einerTemperbehandlungbei Temperaturenum

450� C beobachtet werden.

Mehrerebreite Defektb•ander in der Bandl•ucke von Silizium konnten mit DLTS Mes-

sungennachgewiesenwerden. Besondershohe Defektdichten von N t � 1x1013 cm� 3 er-

gaben sich bei Tdep = 460� C und rdep = 0,3 � m=min f•ur Defekte im Energiebereich von

E t � EV = 0,2 eV und 0,25eV. In Epitaxieschichten die bei Temperaturen oberhalb von

Tdep = 550� C abgeschiedenwurdenlassensich keinePunktdefektemehrmit PL oder DLTS

nachweisen.Jedoch steigt die Minorit•atstr•agerdi�usionsl•angeL mit zunehmenderDeposi-

tionstemperatur an. Unter Verwendungvon L als Indikator f•ur die Dichte rekombination-

saktiver Defekte, l•asst sich ein exponentieller Abfall der Defektdichte mit zunehmender

Depositionstemperatur ableiten.

Der Einsatz von Ionen mit moderaten Beschleunigungsspannungen bis zu 100 V

w•ahrendder Abscheidunghat deutlichenEin
uss auf die elektronischenEigenschaften der

Schichten. Bei Depositionstemperaturen von 460� C und 650� C f•uhrt der Ionen-Beschuss

zu einer Erh•ohung der Minorit•atstr•agerdi�usionsl•ange. Jedoch konnte bei h•oherenDe-

positionstemperaturen von Tdep = 750� C kein Ein
uss der beschleunigten Ionen auf die

Schichtqualit•at nachgewiesenwerden.D•unnschicht-Solarzellen,die bei dieserTemperatur

hergestelltwurden erreichen unabh•angig vom IonenbeschussWirkungsgradevon 13,8%.

Obwohl eineVielzahl von Defektenmit PL und DLTS in den Schichten nachgewiesen

wurde, konnte der dominierendeRekombinationsmechanismus nicht durch dieseMeth-

oden bestimmt werden. Daher wurde in dieser Arbeit mit der temperaturabh•angigen

Quantenausbeute (TQE) eine neue Methode der Lebensdauerspektroskopie entwickelt,

die auch auf d•unneHalbleiterschichten oder fertig prozessierteSolarzellenangewandt wer-

den kann. Durch die AnpassungeinesModelsmit mehrerenDefektniveausan gemessene

TQE-Daten konnten zwei relativ 
ache Defekte mit Aktivierungsenergienvon Ea = 0,2
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eV und 0,07 eV als dominierendeRekombinationszentren bei Raumtemperatur und bei

150K bestimmt werden.Die mit der TQE-Methodeermittelten Aktivierungsenergiensind

in guter •Ubereinstimmung mit Defektniveausdie mittels DLTS an den gleichen Filmen

gemessenwurden.

Epitaktisches Wachstum auf Ober
•achen mit anderer Orientierung als Si(100), wie

Si(111), Si(110) oder Si(113), f•uhrt zu einer deutlich h•oheren Dichte an ausgedehnten

Defekten, welche auch die elektronischen Eigenschaften negativ beein
ussen. Ortsauf-

gel•oste Kurzschlussstrommessungenvon Solarzellen,die auf polykristallinen Substraten

abgeschieden wurden, zeigenstark unterschiedliche elektronische Qualit•at der einzelnen

K•orner in Abh•angikeit von derenOber
•achenorientierung. DieseArbeit klassi�ziert daher

die Eignung von Ober
•achen-Orientierungen f•ur epitaktische Anwendungenanhand der

resultierendenelektronischen Qualit•at der Schicht: Typ A) (100)-orientierte Schichten {

h•ochste elektronische Qualit•at. Typ B) Singul•are Ober
•achen (z. B. Si(111), Si(110)) {

mittlere elektronische Qualit•at. Typ C) Facettierte Ober
•achen { niedrigsteelektronische

Qualit•at.

Die in dieser Arbeit vorgestellte detailierte Analyse von Defekten in Niedertempe-

raturepitaxie-Schichten in Abh•angigkeit von Depositionstemperatur, Depositionsrateund

Substrat-Orientierung erlaubt einefundierte Bewertung der Eignung solcher Schichten f•ur

mikroelektronische und photovoltaische Anwendungen.Die hoheDichte an ausgedehnten

Defektenund die schlechten elektronischen Eigenschaften der Schichten werdenEpitaxie

auf nicht-(100)-orientierten Substraten f•ur viele Anwendungenausschlie�en. Speziell im

Fall von epitaktischen Solarzellenist nur f•ur Schichten, die auf Si(100)bei Temperaturen

oberhalbvon 650� C abgeschiedenwurden,die Minorit•atstr•agerdi�usionsl•angeausreichend

f•ur eineAnwendungin D•unnschichtzellen.



Chapter 1

In tro duction

Silicon homoepitaxy at high deposition temperatures Tdep � 1000� C is widely used in

semiconductorindustry and provides high quality silicon �lms for microelectronic and

photovoltaic devices[1]. However, many applications such as the formation of abrupt

homojunctions or the needto useforeign substratesrequire a low thermal budget during

processing,thus limiting the deposition temperature to a much lower regime.

In the �eld of microelectronics,the application of low temperatures during epitaxy

enablesthe suppressionof thermally activated processes,such as dopant di�usion and

segregation.Therefore,precisecontrol of the dopant pro�les in the devices,e.g. for opto-

electronics[2] and high electronmobilit y transistors [3], is obtained.

For crystalline silicon solar cells, thin �lm technologiesallow for a signi�cant cost re-

duction, as only the photovoltaicly active layer, typically several tens of micrometers,is

madefrom crystalline silicon supported by a low cost substrate[4]. However, the applica-

tion of epitaxy to solar cell massproduction requireshigh electronic quality of the �lms

at high growth rates.Additionally , a low costsubstrate,such asglass,setsthe upper limit

for the deposition temperature to Tdep � 650� C.

The motivation for this work is the conceptof fabricating crystalline silicon thin �lm

solar cellsby epitaxial thickening of a lasercrystallized seedlayer on a glasssubstrate[5].

Despiteincreasinginterest during the last decadein epitaxial thin �lm silicon cellson low

cost substrates,the electronicproperties, and consequently the solar cell performance,of

1



2 1. Introduction

such �lms remainedpoor. Therefore,the questionariseswhether the electronicproperties

of such �lms are limited by technological or fundamental physical problems.In order to

improvethe electronicpropertiesof the �lms, a profoundunderstandingof the formation of

defectsin the �lms under the constraints of low deposition temperatures,high deposition

rates, and arbitrarily oriented substratesis necessary.

Although low temperature epitaxy of silicon, and especially of SiGe, has numerous

applications in the semiconductorindustry, the formation of defectsduring low tempera-

ture epitaxy is not understood in detail. This is mostly due to the fact, that the deposited

�lms for microelectronicsare rather thin (below one� m), and direct defectcharacteriza-

tion methods are not applicable.The deposition of several micrometer thick silicon �lms

allows the useof direct defect-characterization methods such asphotoluminescence,deep

level spectroscopy (DLTS), and preferential wet chemical etching.

Ion-assisteddeposition (IAD) was developed someten yearsago by Oelting et al. [6]

in order to provide a method that allows for high deposition rates at low substrate tem-

peratures. Basically a molecular beam epitaxy method, IAD usesa small fraction of

acceleratedSi ions in the beam, that provide additional energy for �lm growth at low

temperatures, i.e. 650� C and below. The ions are generatedby a toroid shaped ioniza-

tion stagelocated in between the electron beam evaporator and the substrate. Without

activated ionization stage, the deposition conditions in the IAD-reactor correspond to

standard MBE-conditions. The ion energy in IAD is controlled in the range of 0 eV to

1000eV.

This work investigates the formation of defects during Si-deposition by molecular

beamepitaxy and ion assisteddeposition at low substratetemperatures.In particular the

in
uence of the deposition parameterstemperature and rate as well as the in
uence of

ion bombardment during deposition are investigated. In order to identify the dominant

recombination centers in the �lms, the results from defectcharacterization are compared

to the electronic properties of the �lms. For the application of low temperature epitaxy

to polycrystalline substratesthe in
uence of the substrate orientation on the type and

density of defectsin correlation to the electronicproperties is studied.
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This work is organizedas follows:

Chapter 2 depicts the fundamentals of low temperature deposition and givesa short

overview over defectsin silicon.

Chapter 3 gives the technical details of the ion-assisteddeposition processand de-

scribesthe applied characterization techniquesphotoluminescence,DLTS, internal quan-

tum e�ciency , defectetching, and light beaminduced current.

Chapter 4 givesan insight on the defectsformed in (100)-oriented �lms in dependence

of the deposition temperature and rate and the ion-bombardment, using photolumines-

cenceand DLTS. The in
uence of the defectson the electronic quality of the �lms is

discussedby comparing the results from defect characterization to the minority carrier

di�usion length of the �lms.

Chapter 5 introducestemperature dependent quantum e�ciency measurements as a

new method for lifetime spectroscopy. This method allows for the determination of the

dominant recombination mechanismsin processedthin �lm solar cells.For that purpose,

a simple model for the carrier lifetime is developed, basedon a superposition of several

defect levels obeying Shockley-Read-Hall statistics.

Chapter 6 showsthe investigationsof monocrystalline �lms depositedon (111)-, (110)-,

and (113)-oriented substrates.A classi�cation of the suitabilit y of silicon surfacesfor low

temperature epitaxy, deducedfrom distribution of the electronicproperties in the grains

of polycrystalline epitaxial �lms, is given.



Chapter 2

Fundamen tals

2.1 Low temp erature silicon epitaxy

2.1.1 Gro wth techniques

Variousdeposition techniquesare usedfor epitaxial growth of silicon at low temperatures

(here Tdep � 650� C). Basedon the underlying physical processesduring deposition, they

canbe divided in four di�erent categories[7]: Chemicalvapor deposition (CVD), physical

vapor deposition (PVD), liquid phaseepitaxy (LPE) [8], andsolidphaseepitaxy (SPE) [9].

The latter two deposition techniquesare not regardedin detail here,as they are only of

minor importance at Tdep � 650� C, comparedto CVD and MBE processes.

Chemical vapor deposition

The decomposition of a gaseoussilicon source,such as SiH4 or SiHCl3, is the basicprin-

ciple of all CVD-processes.In the simplest case,this decomposition is achieved by the

thermal energy of the substrate. This thermal CVD is a commonly applied technique

in semiconductorindustry and results in high quality silicon �lms with acceptablehigh

deposition rates, when high deposition temperatures Tdep � 1000� C are applied. With

decreasingtemperature, the deposition rate decreasessigni�cantly. Thereforeat low tem-

peratures,a wide variety of excitation methods for the decomposition of the gasesis in

4



2.1. Low temperature silicon epitaxy 5

use,e.g. plasma enhancedCVD (PECVD), hot wire CVD (HWCVD), and electron cy-

clotron resonanceCVD (ECR-CVD). Growth processesin CVD include the formation of

precursors,consistingof e.g. SiHx - or Si-radicals in the caseof SiH4 as sourcematerial.

Subsequently, theseprecursorsare physisorbed on the surface,followed by a chemisorp-

tion of the silicon atom and eventually the evaporation of the remaining hydrogenatoms.

However, the surfacereactionsof the precursorsis commonto all CVD processes,unless

they generatea high amount of Si-radicals, that may be directly physisorbed. This sur-

face reactions are thermally activated by the substrate temperature, and consequently,

the deposition rate of CVD-reactions is limited by the substrate temperature. Principles

of CVD-deposition aregiven in Ref. [10],an overviewof literature data on deposition rates

versusthe deposition temperature for various growth techniquesis given in Ref. [11].

Ph ysical vapor deposition

In PVD processes,elementary silicon is usedfor growth. Therefore,the substratetemper-

ature has no in
uence on the growth rate, which is in PVD only dependent on the rate

of silicon atoms or ions that impinge on the substrate surface.Molecular beam epitaxy

(MBE), sputter deposition, ion-assisteddeposition (IAD), or ion-beamdeposition (IBD)

are the most important PVD processes.Among these,MBE is the most commonlyused.

In order to ensurea high mean free path of the particles and to avoid contaminations

from the gasphase,ultra high vacuum (UHV) conditions are employed.

A wide rangeof materials systemsare grown epitaxially by MBE, e.gGaAs for opto-

electronicsand SiGefor heterobipolar transistors.Exact control of the growth process,e.g

the formation of shallow junctions, require low temperaturesand low growth rates in the

rangeof 1: : : 10�A/s. In the caseof siliconhomoepitaxy by MBE, ultra purepolycrystalline

silicon is evaporated, commonly by an electron beam. An overview on MBE is given in

Ref. [12].

For sputter deposition processes,a Si-target is bombarded with an ion beam, e.g.

Ar+ -ions. Silicon atoms and ions are sputtered from the target and reach eventually

the substrate.Application of a substratebias voltage or glow dischargeplasmaallows for
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control over additional deposition parameters,such asthe ion energyin sputter processes.

Ion-beamdeposition (IBD) usesonly Si-ionsfor �lm growth. Special ion beamsources

allow for a precisecontrol of the ion massand energy. However, only low deposition rates

of the order of 1 �A/s are obtained by IBD due to low e�ectivit y of the sources[13].

Ion-assisteddeposition (IAD) is an intermediatemethod in betweenMBE and IBD. An

additional ionization stageis installed in a MBE-system[6], that allows for the generation

of about 1% of Si+ -atoms in the molecular beam. The ions are acceleratedtowards the

substrateby a bias voltage Vacc of up to Vacc = 1000V. For IAD, high growth rates of up

to 133 �A/s = 0.8 � m=min are reported [14].

Although in MBE a small fraction of the silicon atoms is ionized by the electron

beam,it is not essentially an ion-assisteddeposition technique, asgenerallythe substrate

is kept at masspotential. Thereforethe ions are not acceleratedand focusedtowards the

substrate.Nevertheless,if su�cien tly high deposition rates and accelerationvoltagesare

applied, there is a signi�cant ion 
ux to the substrate, that may be usedto alter the �lm

properties [15].

2.1.2 In
uence of ion-b ombardmen t

In order to tailor the propertiesof thin �lms, low-energybombardment during growth has

found wide spreadapplication. The bombardment allows for the alternation of numerous

�lm properties, such as the state of stress,the chemical composition, surfacechemical

reactions,and the incorporation probability of dopant atoms [16].

The bombardment may in
uence the nucleation kinetics aswell as the �lm properties

during growth. The e�ects are determinedby the materials systemof the deposited �lm

and the substrate,the deposition temperature and rate, the massand energyof the active

ions, and the ion-
ux.

The principle reactions of acceleratedparticles with the surface and bulk material

are not understood in detail. Monte Carlo simulations [17] and molecular dynamic sim-

ulations [18] provide more a qualitativ e idea of the processesthan describe the physical

reality. For silicon homoepitaxy, using acceleratedSi-ions, the interactions basically may



2.1. Low temperature silicon epitaxy 7

bediscussedaccordingto the ion-energy. Evenwithout additional kinetic energy, a neutral

atom bonding to the lattice, releasesabout 4 eV, dependingon the number of bondsmade

in the condensationstep[13].This condensationenergyis transferredto the phononicsys-

tem of the bulk. A slow Si+ -ion reactswith the surfaceelectronsprior to impact on the

surfaceand introducesits ionization energyof 8 eV to the electronicsystem.Sputtering

processeson the surface,i.e. chemicalsputtering (inelastic via excitation of surfaceatoms)

and physical sputtering (elastic, direct recoil) take placeoncethe ion energyexceedsthe

binding energyof the target atom. In the caseof atoms that are not bound to a lattice

site with low potential energy, this binding energymight be in the rangeof only several

eV. Subplantation of Si-ionsin the bulk starts at ion energiesE ion � 8 eV, the formation

of Frenkel-pairs (interstitial { vacancy)at E ion � 20 eV [19]. Boyd et al. assumea linear

increaseof the density of Frenkel-pairs with the ion energy[20]. Another e�ect is the in-

creaseof the adatom mobilit y either by chemical sputtering of weakly bound atoms [17],

the direct recoil of adatoms[21] or the local excitation of the electronicsystemdue to the

interaction of the ions with the lattice.

In literature, most authors report bene�cial e�ects from low energyion bombardment

with ion energiesaround20eV during �lm growth. Shindoand Ohmi [22] investigatedthe

in
uence of low energyion bombardment using Xe and Ar ions during low temperature

(Tdep= 300� C . . . 350� C) epitaxy in a sputtering system.They found that low energy(< 25

eV), high 
ux (ratio of ions to atoms> 5), large massion bombardment can compensate

for lower deposition temperatureswith respect to the epitaxial quality of the �lms. Ion-

beam sputter deposition (IBSD) provides a Si-ion growth 
ux with an averageenergy

of 18 eV [23]. At low deposition temperatures Tdep < 400� C, IBSD allows for a critical

epitaxial thicknessup to one order of magnitude higher than in comparableMBE �lms.

For deposition temperaturesabove 400� C no evidenceof ion induced lattice damagewas

found by transmissionelectron microscope (TEM) analysis.Also for ion-beam and ion-

assisteddeposition the optimum ion energy was found in the range of E ion = 20 � 10

eV [7,13].
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Oberbeck [7] provided a model for the bene�cial e�ects of low energy ions in low

temperature ion-assistedepitaxy, basedon the di�usivit y of adatoms and interstitials.

Accordingly, the epitaxial growth at deposition temperaturesTdep > 400� C is dominated

by the adatom mobilit y and for Tdep < 400� C by the di�usion of interstitials. In the

�rst case,the adatom mobilit y is increasedby the Si+ -ions comparedto MBE, in the

secondcasethe subplantation and the generationof Frenkel-pairsby the ion bombardment

enablesenhanceddi�usion of interstitials to vacanciesin the bulk or to the surface.

2.1.3 Gro wth mo des

Atoms impinging on the substrate surfaceare adsorbed and then they migrate on the

surfaceas so called adatoms(or addimers). At substrate temperaturesTdep � 800� C no

desorptionof the adatomsoccurs,i.e. the sticking probability is closeto oneand all atoms

remain on the substrate [24]. Incorporation of the adatomsoccursat kinks in step edges

due to the high coordination of thesesites.In physical vapor deposition processes,growth

is dominated by the adatom mobilit y and the deposition rate, i.e. the number of atoms

impinging on the surfaceper time unit. Thesetwo factors determine the meanfree path

time of the adatombeforeit reacheseither a surfacestep,whereit is attachedand migrate

to a kink, or collides with other adatoms and forms a cluster which may result in the

nucleation of a new terraceon the surface.A simpli�ed model of the behavior of adatoms

at step edgesis given in �gure 2.1. The potential energyof the adatomsdeterminesthe

migration and incorporation probabilities. The most favorablesite for incorporation of an

adatom on the lower terrace is a kink in the step edge.Here the potential energyshows a

minimum, as the atom has the most neighbors satisfying dangling bonds.For an adatom

on the upper terrace,the stepedgemight form a socalledpositive Schwoebel barrier [25].

If the kinetic energy of the adatom is lower than the barrier height, the atom will be

re
ected and the motion down the step is impeded. It is noted, that the incorporation

probability and the existenceof a Schwoebel barrier depend on the substrate orientation

and the surfacereconstruction (seealsochapter 2.3).

At low deposition temperatures three di�erent growth modes are distinguished in
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E

Figure 2.1: At deposition temperaturesTdep � 800� C all impinging Si-atomsare ad-

sorbed on the surface.Due to miscut, the surfacesconsistof terracesand steps.The

motion and incorporation of the adatomsis determinedby the potential energyof

the adatom,asillustrated in the lower half of the picture. At stepedges,a minimum

of the potential energy is found. The most favorable site for incorporation of the

adatom in the crystal-lattice is then a kink in the step edge.However, adatomsmi-

grating on the upper terrace and reaching the step might seea so called Schwoebel

barrier. If the kinetic energy of the adatom is lower than the barrier height, the

atom will be re
ected and the motion down the step is impeded.

homoepitaxial growth asillustrated in �gure 2.2 [26]: i) island growth at very low temper-

aturesup to Tdep � 150� C, ii) layer by layer growth in the rangeof Tdep � 150� C to Tdep �

450� C, and step 
o w growth for deposition temperaturesabove Tdep � 450� C. Note, that

thesetemperaturesmay vary with the type of growth technique, the deposition rate and

the materials system.

In randomor islandgrowth mode, the substratetemperature,and thereforethe adatom

mobilit y, is solow, that the probability of clusteringof adatomsis signi�cantly higher than

for the incorporation at a stepedge.In consequence,a high number of islandsform on the

surface,which coalesceduring progressinggrowth. Nevertheless,new islandsare formed
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Figure 2.2: Growth modesat low temperatures[26].

on top while coalescenceof the lower layer is incomplete, resulting in high densitiesof

point defectsand surfaceroughening.

Oncethe adatommobilit y is high enoughthat the adatomscanmigrate on the surface,

layer by layer growth mode is reached. Incorporation of adatoms in this mode occurs

mostly at step edges.However, if the meanfreepath of the adatomsis signi�cantly lower

than the step distance(terrace width), new terracesnucleateby collision of adatoms.If a

Schwoebel barrier at surfacestepsexist, surfacerougheningis enhanced,as adatomson

a terrace may not �ll up vacant placesat lower atomic layers due to the barrier.

In step 
o w growth mode, the mobilit y of the adatomsis sohigh, that nucleation takes

placeon the surfaceand growth only occursat step edges.I.e. onemonolayer is �lled up

beforethe next terrace is formed. However, surfacerougheningdue to kinetically limited

growth conditions is also observed in the temperature range of Tdep = 450: : :625� C for

deposition on Si(100)-substrateswith miscut anglesof 0.2: : :4� [27].

2.1.4 Limited epitaxial thic kness

The growth modesdiscussedin the previouschapter have an important consequencefor

the maximum epitaxial thicknessof the �lms. In principle, epitaxial growth is possible

even at very low deposition temperatures down to room temperature [28]. However, at

low deposition temperatures, the maximum thicknessof the epitaxial �lms is limited.
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Jorke et al. [29] and Eagleshamet al. [30] showed the existenceof a critical epitaxial

thicknesshepi in MBE-epitaxy, beyond which the growth mode turns from crystalline

to amorphous.This e�ect sets a fundamental limit to the thicknessof epitaxial �lms

grown at low temperatures, and has beenshown to exist for ECR-CVD [31], ion-beam

sputter deposition (IBS) [32]and MBE methods [33{37].The e�ective hepi dependson the

materials system,the deposition method, and the deposition conditions.After Eaglesham

[30], the critical epitaxial thicknesshepi hasan exponential dependenceon the deposition

temperature and is given by

hepi = h0 exp(� Eact=kB Tdep); (2.1)

where h0 is a prefactor that depends on the deposition rate and Eact is the activation

energy. For the homoepitaxy of Si on Si(100) substrates,an activation energyof 0.45 �

0.10eV is found.

The critical epitaxial thicknessand the activation energy strongly depends on the

substrateorientation [7].Figure 2.3showsthe dependenceof the critical epitaxial thickness

on the deposition temperature for thin �lms deposited on Si(100), Si(113), Si(110), and

Si(111) by ion assisteddeposition [38]. Analysis of the slope in Arrhenius representation

revealsactivation energiesof 0.6 eV, 1.2 eV, 1.4 eV and 2.1 eV for deposition on Si(001),

Si(011), Si(111) and Si(113) respectively. Also, the transition temperature from limited

epitaxial growth to unlimited epitaxy dependson the substrateorientation. For deposition

on Si(100), this temperature is in the rangeof Tdep = 390: : :420� C, whereasfor deposition

on Si(110), Si(113), and Si(111) this transition occursat temperaturesTdep � 450� C.

Platen et al. demonstrated low temperature epitaxy using electron cyclotron reso-

nancechemicalvapor deposition at temperaturesof 325� C [39].They alsofound a limited

epitaxial thicknesswith hepi(100) > (311) > (111) > (110).

Several modelsareproposedin the literature to explain the limited epitaxial thickness.

Jorke et al. explained the e�ect by a temperature dependent accumulation of defectsin

the �lms [29], although this model doesnot predict the observed Arrhenius temperature

dependence.Thiesen et al. suggesteda model basedon the segregationof impurities,

mainly hydrogen,on the surface[40].This model reproducesthe exponential temperature
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Figure 2.3: The exponential dependenceof the epitaxial thicknesson the deposition

temperature unveils activation energiesof 0.6 eV, 1.2 eV, 1.4 eV and 2.1 eV for

deposition on Si(001), Si(011), Si(111) and Si(113) respectively.

dependence,however, there is no evidencefor the presenceof the high amounts of hydrogen

necessaryfor the breakdown of epitaxy in MBE or IAD. Additionally , the activation

energy of 0.48 eV for the di�usion of hydrogen in silicon [41] is only for deposition on

Si(100) in the rangeof the activation energyof 0.6 eV for the limited epitaxial thickness.

The activation energy for deposition on Si(110), Si(113), and Si(111) are signi�cantly

higher and therefore,hydrogendi�usion is very unlikely to be the limiting factor for those

substrate orientations.

The most probableexplanation is a kinetic surfacerougheningdue to limited adatom

mobilit y and step di�usion barriers, as proposedby Eaglesham[33]. The transition from

defectfreeepitaxial growth to amorphousor nanocrystalline growth occursvia a phaseof

surfaceroughening.Subsequently f 111g-facetsare formed, followed by the nucleation of

stacking faults and twin lamellaeon the f 111g-planes[38,42].This behavior is illustrated

in �gure 2.4 for the deposition on Si(100)at Tdep = 270� C by IAD, but similar resultsare
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amorphous

epitaxial 10 nm

Figure 2.4: High resolution transmission electron micrograph (cross section) of a

IAD-�lm depositedat Tdep = 270� C in [110]-projection. The transition from epitaxial

defectfreegrowth to amorphousgrowth occursvia a f 111g-facetting and subsequent

formation of high densitiesof stacking faults (white arrow). The small insertson the

right show details of the three sections.[38]

found for other substrate orientations. The activation energiesfor the limited epitaxial

thicknessare in good agreement with literature data of the activation energyof adatom

mobilit y on Si(100), Si(110), and Si(111) surfaces(no literature data of the activation

energyfor adatom di�usion on Si(113)is published).The existenceof positive Schwoebel-

barriers [25]at stepedgesmay enhancethe surfaceroughening,asadatomscannot di�use

down a step at low adatom energydue to this barrier. The formation of stacking faults

then occurs on f 111g-planes,oncethe surfaceis facetted. Therefore, the limiting factor

for epitaxy at low temperaturesis the surfaceadatom mobilit y.
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2.2 Structural defects in silicon

Defectsin semiconductorsmay beclassi�ed accordingto their dimension:Point defectsare

zerodimensionaldefects.The most simple examplesof this classare self-interstitials and

vacancies.Also impurit y-atomson interstitial andsubstitutional sitesandsmall complexes

of impurities, sometimesin conjunction with interstitials or vacanciesaredenotedaspoint

defects.Dislocations, are one-dimensionaldefects,while stacking faults, twins, and grain

boundariesare two-dimensionaldefects.Precipitates of impurit y atoms may form three

dimensionaldefectsin semiconductormaterials.

In general, a high number of structural defects changesthe electronic and optical

propertiesof semiconductors.Obviously, the introduction of dopant impurities hasa major

in
uence on the conductivity. Also, the incorporation of rare earth metals in silicon is

usedto enableoptical emissionsof the otherwiseindirect and thereforeine�ectiv e optical

semiconductor[43]. However, most of the defectspresent in silicon are detrimental to

the performanceof devices,and huge e�orts have beenand are undertaken in order to

minimize defects in crystal growth and device processing.The research on defects in

silicon, aswell ason defectengineeringfor silicon deviceshasresultedin a vast number of

publications. However, there is still a high number of ongoingresearch projects on defects,

as a complete understanding of the microscopicstructure and interactions of defectsis

still lacking. In the following a brief presentation of the literature data on defectsin bulk

and thin �lm silicon is given, that is of importance for the analysis and discussionof

defectsin low temperature epitaxial �lms.

2.2.1 Extended defects

Dislocations and stacking faults are the two most important typesof extendeddefectsin

epitaxial �lms [44]. There are two main dislocation types [45]: (i) edgedislocations and

(ii) screwdislocations. In epitaxial �lms, dislocations are generatedin several ways. Any

distortion of the surfacestructure, e.g.particles or moulds on the substratesurface,may

result in the formation of dislocationswhen thesestructures are overgrown. Also, if there

is a mismatch in the lattice constants of the substrateand the epitaxial �lm, the resulting
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stressis reducedby the formation of dislocations [46]. And �nally , any dislocation that is

present in the substrate will be continued in the epitaxial �lm.

At dislocations, the distorted lattice structure represents a preferred gettering site

for impurities. Dislocation corestates (dangling bonds), as well as decorationof disloca-

tions with impurities might result in electronicdefect levels in the band gap with a high

recombination activit y [47] (seealsochapter 2.2.2).

Stacking faults represent an irregularity in the stacking sequenceof the crystal lattice.

No broken bonds remain at stacking faults, except for the partial dislocations bordering

the stacking fault. Nevertheless,stacking faults might be associated to shallow electronic

levels in the band gap [48,49].For epitaxial growth, the formation of stacking faults has

an enormousimpact on the crystalline quality, as it is pointed out in chapter 2.1.4.

2.2.2 Optically activ e defects

In principle, a perfect, clean,direct band gapsemiconductorshouldnot emit any lumines-

cenceexceptlight corresponding to the band gap energy[50]. At low temperaturesexcess

electronsand holes,generatedby an external excitation, form excitonswhich give rise to

luminescenceslightly below the band gap energy. In the caseof an indirect semiconduc-

tor, recombination requires the participation of a phonon. The resulting photon energy

is therefore reducedby the phonon energy, leading to a broad spectrum of free exciton

luminescencetypical for a speci�c semiconductor(intrinsic luminescence).If the semicon-

ductor is not clean or perfect, free carriers can be captured by acceptors,donators, or

other impurities and defects[51]. Radiative decay of excitonscaptured in traps givesrise

to impurit y or defect speci�c luminescencefeatures [52]. Figure 2.5 shows a typical PL

spectrum of low phosphorusdoped (1 x1015 cm� 3) Czochralski-grown silicon (CZ-Si) that

exhibits lines corresponding to the phonon assistedextrinsic and intrinsic recombination

radiation bands as reported in literature [51]. All of the observable peaksare identi�ed

with lines from intrinsic or phosphorusdoped silicon within a deviation of � h� = 0.001

eV. It shouldbe noted, that photoluminescencein generalis not a quantitativ e technique

becauseof the competition of radiative and non radiative recombination mechanisms.
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Figure 2.5: Photoluminescencespectrum of low phosphorusdoped (1x1015 cm� 3)

CZ-silicon, recordedat TP L = 12 K, an excitation power of � 3 W/ cm2 , and a

slit-width of 1 mm. a) The observed peaksabove 1.0 eV correspond to the phonon-

assistedrecombination of free or bound excitons. b) Identi�cation of the phonons

involved for the main PL lines: I T O - intrinsic transversaloptical, I T O+ O �
- intrinsic

TO + Brillouin zonecenter phonon,P 0 and PT A
1 - phosphorusrelatedrecombination

(after [51]).

Defect free in trinsic and dop ed silicon

A study of intrinsic and dopedsiliconPL featureswaspublishedin [51]:The main intrinsic

lines are at 1.097,1.032,1.137,and 1.074eV, with an intensity ratio of 1 : 0.07 : 0.035:

0.016.Theselines correspond to the phononsparticipating in the recombination process,

in particular the transversalacoustical(TA) at 18.4meV, the transversaloptical (TO) at

58.0meV and the zonecenter phononO� at 64.4meV [53]. If silicon is doped with either

phosphorusor boron, the main lines are found at 1.092and 1.150eV in the caseof P,

and 1.092,1.132,and 1.028eV for B. In defect free intrinsic, and phosphorus-and boron-

doped silicon, no PL lines are observed below 0.968eV, and thereforeany luminescence

at lower energiesmay be attributed to defectsor impurities. This part of a PL-spectrum
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further on will be referredto asdefect-luminescence,while the luminescenceabove 0.968

eV will be assignedas band-to-band-luminescence(BtB-luminescence).

Upon doping of Si with either boron or phosphorusthe sharp bound exciton spectra

smearout to broadpeaksassociatedwith excitonsboundto multiple acceptorsor donators

for doping densitiesgreater than 1x1017cm� 3 [54]. Sauer[55] described a broadeningof

the lines upon higher doping levels in boron as well as in phosphorusdoped silicon. As

explanation this author o�ered either the formation of electron hole droplets (EHD) or

bound multiple-exciton complexes.The EHD givesrise to luminescencearound 1.086eV,

but is only observed when the excitation intensity is above a certain threshold [56]. The

intensity of the peak then increaseslinearly with the excitation power.

Dislo cation-related PL

Bound exciton states at dislocations can originate either from dislocation bonds, impu-

rities, or defectsin dislocation cores,from impurit y cloudsand intrinsic point defectsin

the vicinit y of the dislocations or from long rangestrain �elds of dislocations [47,57].

Recombination radiation connectedwith dislocations in silicon has beenobserved for

the �rst time by Drozdov et al. [58].At T=4.2 K, the dislocation radiation correspondsto

a seriesof lines with energiesof 0.812,0.875,0.934,and 1.000eV at the maxima. These

are the socalled D-lines, enumeratedD1 to D4, respectively.

D-line luminescencehasbeenidenti�ed with dislocations in plastically deformedbulk

silicon by Saueret al. [59]. However, no PL-intensity is observed from undecorateddislo-

cations [60,61].

Photoluminescence after implan tation and irradiation

Broad luminescencebandsin the rangebetween0.8and 1.05eV wereobserved by Weman

et al. in boron doped silicon after reactive-ion etching (RIE) and plasma etching using

deuterium [62]. After RIE treatment they observed a band peakingat 0.9 eV and related

this band to extendeddefectscausedby the dry etching process.They also carried out

an additional plasmahydrogenationtreatment, that resultedin broad peaksaround 0.92,
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0.94,and 0.96eV, and a weak structure centered around 0.85eV.

A set of �v e photoluminescencelines (0.772 : : : 0.745eV) formed through nitrogen-

carbon interactions hasbeenstudied by D•ornenet al. [63]. Sampleshave beenimplanted

with N, N plus C, Ar, and C at dosesof 5x1014 cm� 2.

In CZ-Si, a prominent PL spectrum arisesafter irradiation by high energyelectrons

(1.5 { 2.0 MeV). The defect at 0.79 eV, also known as C-line, is associated with the

presenceof oxygen and carbon in the samples[64]. This defect possessesseveral phonon

replicasat photon energiesof 0.771,0.747,0.730,0.724,and 0.717eV [65].

Another defect line, the socalledP-line, is very similar in energeticposition and local

modeenergiesto the C-line and alsoassociated to the presenceof oxygenin silicon [66{68].

Further, the authors of [66] noted, that P-line luminescencewas observed in irradiated

CZ-Si. The center of the P-line is at 0.767eV, and phonon replicas are found at 0.749,

0.724,and 0.705eV [69]. Additionally , a luminescenceline at 0.926eV, labeledH-line, is

directly correlated in intensity with the P-line [66,68].

The so-calledG-line (0.97 eV) has beenobserved in electron and neutron irradiated


oat zonematerial and is associated with carbon in the bulk [68,70].

The C, P, and H-lines are only observed in CZ-Si after a thermal treatment at 450� C

and are closely related to the thermal donor concentration. Thermal treatment below

400� C and above 500� C resultsin signi�cant lower H and P-line luminescenceand thermal

donor concentration [68].

Other defectcenters at 1.018eV [71] (labeledW) and 1.040eV [71,72](labeledX) are

createdby radiation damage,especially by bombardment with neutronsor ions [52].

In lithium-doped silicon, the so called Q and S-linesat 1.045 eV and 1.082 eV are

observed after irradiation with 2 MeV electronirradiation [73].The intensity of the S-line

dependson the carbon concentration. The Q-lines are around 1.045eV and the S-lines

around 1.082,although reported S-linesalso include higher energies(1.108,1.105,1.101,

1.093,1.091,1.088,1.086,1.070eV).
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Photoluminescence from epitaxial �lms

Lightowlers et al. studied �lms from molecular beam epitaxy deposited at temperatures

below 800� C by meansof photoluminescence[74,75]. They observed very broad lumi-

nescencearound the D-lines, especially around 0.8 eV, which they termed a continuum

underlying the D-line luminescence.The dislocation density in this casewas1x104 cm� 2.

They also mentioned a defect complex of N-Al that gives rise to the so called A-line at

1.12235eV.

Epitaxial �lms depositedby MBE at 500� C, doped with As by ion-beamdoping yields

material with high point defectdensities,while at higher deposition temperaturesTdep >

650� C no defectsin the band gap were observed [76]. The ion energyin this experiment

was in the range of 500 eV. The authors did not observe the D-lines associated with

dislocationsand thereforeassigneda broad background PL below 0.89eV to point defects

causedby low adatom mobilit y at low growth temperatures.They alsoperformedDLTS

measurements and discoveredtwo deeplevel electrontraps at 0.51and 0.06eV below the

conduction band at a level around 1014 cm� 3 in �lms grown at 500� C.

Ni et al. [77] showed that broad sub band gap photoluminescenceis observed, if an

accelerationvoltage of -1000V is applied to the substrate during low temperature MBE

at Tdep = 420� C. A similar e�ect was observed with 
oating substrate bias. Only with 0

V bias no sub band gap photoluminescencewas detected.

No•el et al. investigatedMBE silicon doped by B+ -ions during growth [54]. They ob-

served at low deposition temperaturesTdep = 500� C a peakat 1.040eV, that they labeled

I3 and related it to the defectsobserved in [78] from irradiation defects.However, they

even observed a small signatureof I3 in undoped samplesand concluded,that the adatom

mobilit y is too low at 500� C to obtain defect free growth, and the I3 is a result of point

defectsor point defect complexes.

Robbinset al. reported about PL from MBE �lms deposited at 850� C. They observed

mainly FE and BE (free and bound excitons) luminescence,but alsothe G-line at 0.97eV

after irradiating the sampleswith 20 keV electrons,which they attributed to a carbon-

complexbeingpresent in the �lms due to a graphite susceptor[79]. This complexanneals
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at 300� C. They also reported increasedelectron hole droplets at around 1.081eV upon

increasinglaserpower from 40 to 150mW.

A broad PL peak around 0.8 eV is observed in SiGeand pure silicon �lms deposited

on a strained Si-bu�er layer at Tdep = 800� C by low pressurechemical vapor deposition

(LPCVD) [80].The strain in the bu�er layer resultsfrom a mesa-structureof the substrate,

formed for the growth of self-orderedGe-islands.

Table 2.1 givesa comprehensive summary of defect lines identi�ed in silicon.

2.2.3 Deep level defects

Thermal donors

Thermal donors (TD) are created in oxygen rich silicon, e.g. CZ-Si in contrast to FZ-

Si, upon heat treatment in the range from 300� C to 500� C [84], resulting in increased

conductivity dueto the formation of donor-typestatesin the bandgap.The formation rate

hasa maximum at about 450� C [85].The maximum concentration of the TDs at 450� C is

proportional to the third power of the interstitial oxygenconcentration [86]. The thermal

donorsare statesin the band gap that arisefrom di�erent typesof oxygen-aggregates.At

least 16 di�erent speciesof thermal donors with energylevels in the range of EC � 0.07

eV and EC � 0.15eV have beenreported [87,88].It hasbeenshown, that thermal donors

are passivated by hydrogen[89,90].The formation kinetics and the microscopicmodel are

still under discussion[91] and are summarizedby Wada [92]. Somemodelsseethe coreof

the defect to consistof chains of oxygen interstitials aligned along the < 110> direction,

while someother modelsrelate the TDs to silicon self interstitials formed through oxygen

dimers [84].

So called "new oxygen donors" appear in CZ-silicon after long heat treatments in

the temperature range from 650� C to 800� C [93]. The defectsare associated with SiOx -

precipitates and show a broad defect distribution in the upper half of the band gap.

Additionally , a sharp PL peak at 0.903eV is detected.
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Table 2.1: Photoluminescencelines from radiative recombination centers in silicon

and their origin or identi�cation.

main line phonon replica name identi�cation reference

energyh� (eV)

0.812 D1 [58,59]

0.875 D2

0.934 D3
dislocations, decorated

1.000 D4

0.745 0.758, 0.761,

0.767,and 0.772

N nitrogen-carbon interaction [63]

0.767 0.749,0.724,and

0.705eV

P oxygen-rich silicon, after

heat treatment

[66,67,69]

0.926 H oxygen-rich silicon, after

heat treatment

[66,68]

0.79 C carbon and oxygen related,

after irradiation

[64,65]

0.97 G carbon related, after irradi-

ation

[68,70]

1.040 I3 after ion or neutron irradia-

tion and annealing

[72]

1.045 Q lithium-doped Si, after [73]

1.082 S 2 MeV electron irradiation

1.122 A isoelectronic trap, carbon,

Al-doping

[75,81]

broad peak

around 0.8

0.8-peak strain in the bulk [80,82,83]
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In terstitial defects

Silicon containing oxygen, carbon, and Group II I or Group V impurities shows a wide

spectrum of defectstatesassociated with interstitial and substitutional complexesof these

impurities. The formation and reactionsof thesecomplexesdepend on the temperature

treatment and the impurit y concentration [94]. Most of thesedefect reactionstake place

in the annealing temperature range of T � 400� C. Only the Bi Bs (i = interstitial, s =

substitutional) complexis stable above T = 400� C, which shows a hole trap at E t = 0.30

eV, as determinedby DLTS.

Metallic impurities

Among the metallic impurities, the transition metalsare the most intensively studied due

to their importance for semiconductordevice fabrication. Metallic impurities in silicon

may form interstitial or substitutional point defects,complexeswith silicon or other im-

purities, precipitate or agglomerateat lattice imperfections.Transition metalssuch asCu,

Co, and Ni have high solubility and di�usivit y in silicon, even at room temperature. A

review for Cu, Co, and Ni in silicon is given in [95], including a variety of defect levels

in the band gap reported after indi�usion of the metals. Almost 20 energy levels in the

band gap of silicon are associated with iron [96]. In epitaxial thin �lms, metallic impu-

rities such as Ni, Fe, and Cr can arrive form the chamber walls or components such as

thermocouples.Copper may be introducedby unintentional sputtering from the crucible

or the water cooling tubes.Thesemetalshave a highly detrimental in
uence on the device

performanceof solar cells [95] and microelectronics,and thereforegreat e�ort is put into

avoiding metallic contamination during deviceprocessing[97].

2.2.4 Recom bination mechanisms

In semiconductors,there is a steady thermal excitation or generation of carriers, i. e.

an electron is lifted to the conduction band and leaves a hole in the valenceband [98].

This processis expressedby the thermal generationrate G0. The opposing process,the

recombination of thesecarriers, is described by the equilibrium recombination rate U0. In
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order to maintain thermodynamic equilibrium, it holds that

U0 = G0; (2.2)

and the equilibrium concentration of electronsand holesat a certain temperature is given

by [99]

n0 = NC exp(�
EC � EF

kT
) (2.3)

p0 = NV exp(�
EF � EV

kT
) (2.4)

with the e�ective density of statesfor the conduction band NC and the valenceband NV .

The valuesof n0 and p0 are connectedvia the Fermi level and thereforenot independent:

The product of both amounts to the squareof the intrinsic carrier concentration n0p0 = n2
i .

The thermal generationrate G0 dependson the absorption properties of the semicon-

ductor, in particular on the band gap energyEg, whereasthe equilibrium recombination

rate R0 is proportional to the carrier concentrations

R0 = Bn0p0; (2.5)

with the material dependent radiative recombination constant B . In the caseof crystalline

silicon, an indirect semiconductor,B hasa rather small value of 1x10� 14 cm3/s, [100] in

contrast to direct semiconductorswhich have a higher radiative recombination constant,

e. g. B (GaAs) = 3x10� 10 cm3/s [101]

Any perturbation of the thermal equilibrium of a semiconductor,such as illumination

with photon energiesabove Eg, results in generationof excesscarriers, i. e. np � n2
i with

a generationrate G. Theseexcesscarriers recombine via three basicrecombination mech-

anisms:(i) radiative recombination, (ii) Auger recombination, and (iii) recombination via

defectsas described by the Shockley ReadHall statistics (SRH) [102,103].Under steady

state conditions, i. e. the generationrate is constant, it holds that the net recombination

rate U is given by

U = G: (2.6)

The net recombination rate is the total recombination minus the equilibrium recombina-

tion rate U0, and it follows that U = 0 for � n = n � n0 = 0.
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In the following the net recombination rate will be given for the basic recombination

processesin the caseof negligible electric �elds, the absenceof carrier traps, and under

the condition of equal excesscarrier concentrations: � n = � p. The carrier lifetime � is

then given by

� =
� n
U

: (2.7)

After termination of the generation, the thermodynamic equilibrium is restored by a

characteristic decay of excesscarriers � n(t), described by

d� n(t)
dt

= � U(� n(t)) : (2.8)

In generalthe net recombination rate dependson the doping level of the semiconductor

(n0,p0), and the injection level � n.

Radiativ e recom bination

Radiative recombination is the inverseprocessto the absorption of light. An electronand

a hole recombine under emissionof a photon, in generalwith an energy corresponding

to the band gap. This fundamental recombination processis unavoidable, even in the

most perfect and clean semiconductor.As an electron and a hole are required for the

recombination process,the net rate of radiative recombination Ur ad is proportional to the

number of electronsand holes

Ur ad = B(np � n0p0); (2.9)

and with n = n0 + � n, p = p0 + � p, and chargeneutrality � n = � p it follows that

Ur ad = B(n0 + p0)� n + B(� n)2: (2.10)

According to equation 2.7, the radiative lifetime � r ad is given by

� r ad =
1

B(n0 + p0) + B � n
: (2.11)

In the limit of low injection levels � n � n0 + p0, � r ad is injection independent and

inverselyproportional to the doping concentration (n0 + p0)

� r ad =
1

B(n0 + p0)
: (2.12)
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In the limit of high injection � n � n0 + p0 the doping concentration is negligibleand

� r ad is inverselyproportional to � n

� r ad =
1

B� n
: (2.13)

In a direct band gap semiconductorwith no defects,radiative recombination is the

dominant recombination mechanism at low doping levels.

Auger recom bination

Auger recombination describes the recombination processof an electron with a hole,

whereby the excessenergy is transferred to a third carrier, i.e. an electron or a hole.

However, this recombination becomesonly important for high dopant concentrations.

The net Auger recombination rate UAug can be calculatedby

UAug = Cn (n2p � n2
0p0) + Cp(np2 � n0p2

0); (2.14)

with the Auger coe�cien ts Cn and Cp, which are insensitive to dopant concentration.

The Auger coe�cien ts of Si are measuredto Cn = 2:8x10� 31 cm6s� 1and Cp = 1x10� 31

cm6s� 1 [104,105].The Auger recombination lifetime � Aug for n- and p-type material can

be deducedfrom equation 2.7 using � n = � p:

� Aug =
1

Cnn2 + Cpn� n
for n-type (2.15)

� Aug =
1

Cpp2 + Cnp� n
for p-type (2.16)

For the two limiting casesof high and low injection theseequationscan be simpli�ed: At

low injection levels � n � n0 + p0 it holds that n = n0 and equation 2.15becomes

� Aug =
1

Cnn2
0

for n-type (2.17)

(for p-type respectively) and therefore only depends on the dopant level via n0. Under

high injection conditions � Aug becomesinjection dependent and can be written as

� Aug =
1

(Cn + Cp)(� n)2
: (2.18)
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At low doping levels below ND =A � 1x1018 cm� 3, Coulombic interactions must be

taken into account, which enhancethe probability for band to band Auger recombination.

This e�ect, called enhancedAuger recombination, reducesthe intrinsic lifetime of silicon

and is the limiting processfor ultra pure silicon doped above ND =A � 1x1015 cm� 3

[106,107].A usefulapproximation of the Auger-lifetime at low doping concentrations and

low injection conditions at 300K for p-type is given by Schmidt [108]:

� Aug =
2:374x 1024

N 1:67
A

: (2.19)

Recom bination via band gap states

Electronic states in the band gap are present either due to intentionally doping, e.g. for

pn junction formation and optoelectronicpurposes,or due to defectsin the bulk material.

The kinetics of the recombination are described by the Shockley Read Hall statistics

(SRH), proposedindependently by Shockley and Read [102], and Hall [103].The excess

energy may be releasedby several possiblemechanisms [109]: Similar to band to band

recombination, radiative and Auger recombination occur. In addition, cascading{ and

multi{phonon{pro cessestakeplace,wherethe energyis lost either by the carrier dropping

through a seriesof closelyspacedlevels, emitting one phonon during each step [110], or

by vibronic coupling to the lattice and excitation of local phonons[111].

The SRH-theory is basedon a two-stepmodel, wherean electronfrom the conduction

band and a holefrom the valenceband arecapturedor 'trapp ed' successively in the defect

level E t (often called 'trap' level). The e�ciency of the capture and emissionprocesses

of carriers from and to the trap are determined by the capture crosssections� n and � p

for electronsand holes,respectively, aspictured in �gure 2.6. In thermal equilibrium the

rates of carrier capture and emissionare equal. The SRH-recombination rate USRH , i.e.

the net rate of electron{hole recombination is given by

USRH =
vth � n � pN t (np � n2

i )
� n (n + n1) + � p(p + p1)

; (2.20)

wherevth is the thermal velocity of the carriers, and the SRH-densitiesn1 and p1

n1 = NC exp(�
EC � E t

kT
) ; p1 = NV exp(�

E t � EV

kT
) (2.21)
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Figure 2.6: Two-step recombination via a defect level E t . Electrons and holesare

captured successively into the trap level. The e�ciency of the capture processesis

determinedby the capture crosssections� n and � p , respectively.

are the numbers of electronsand holesin the conduction and valenceband, respectively,

in the casein which the Fermi level falls at E t .

With n = n0 + � n, p = p0 + � p, � n = � p and using equation 2.7, the Shockley-

Read-Hall lifetime � SRH is given by

� SRH =
� n0(p0 + p1 + � n) + � p0(n0 + n1 + � n)

p0 + n0 + � n
; (2.22)

wherethe capture time constants are given by � n0;p0 = (N t � n;pvth )� 1. From equation 2.22

it is obvious that � SRH dependson the injection level � n, the doping level (via n0 and p0),

the defectdensity N t , and in particular on the defect level E t via n1 and p1. The highest

recombination, and hencethe lowest carrier lifetime � SRH , results from defect levels with

E t closeto the center of the band gap, i.e. E t � E i .

Surface recom bination

Figure 2.7 illustrates the situation at the semiconductorsurface.Unsaturated 'dangling'

bondsof the surfaceatomsresult in a largedensity of defectstatesNS, the socalledsurface

states. In most casesthesesurfacestates have a quasi continuous distribution in energy

NS(E), depending on the surfacereconstruction or adsorption of other species,such as

oxygen or metallic contaminations. For the calculation of the surfacerecombination rate
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Figure 2.7: Illustration of the recombination via continuoussurfacestatesNS result-

ing from dangling bondsof the distorted semiconductorlattice.

US the recombination via the surfacestates is evaluated by applying SRH-statistics (see

equation 2.20) integral to the surfacedefectsunder the assumption,that no interaction

betweenthe statesoccurs.Dependingon the densitiesof electronsnS and holesnp at the

surface,US is given by

US =
Z EC

EV

vth � n (E)� p(E)NS(E)(nSpS � n2
i )dE

� n (E)(nS + n1(E)) + � p(E)(pS + p1(E))
: (2.23)

Instead of a "surface lifetime", a surfacerecombination velocity S is de�ned by

S =
US

� nS
; (2.24)

where� nS is the injection level at the surface.The surfacerecombination velocity shows

a complicateddependenceon the injection level � nS, the doping concentrations n0 and

p0, and the capture crosssections� n;p [108].

2.3 Structure of silicon surfaces

The surfaceof a singlecrystal may be regardedas a large two dimensionaldefect,where

the translatory symmetry of the crystal is broken. The driving force for the creation of

the real structure of the surfaceis the minimization of the surfaceenergy. Two factors

contribute to the surfaceenergy: (i) the density of dangling bonds, and (ii) the surface
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stress.Surfacestressis generatedwhen the surfaceatoms rebond in order to reducethe

number of dangling bonds. Both factors depend on the orientation of the surface.The

surfaceswith the lowest numbers of dangling bondsper surfaceareawill have the lowest

surfaceenergyand consequently be the most stable surfaces1 [113].

In fact, only very few Si-surfacesare known to be thermodynamically stable surfaces

(also called primary or singular surfaces).Among theseare the surfaceswith low Miller

indices (100), (110), (113), and (111) [113,114].The number of broken bonds and the

number of atoms per surfacearea and the resulting surfaceenergyfor thesesurfaceori-

entations is given in table 2.2.

Table2.2: Number of broken bondsand atomsper areaand resulting surfaceenergy

for truncated 1x1 silicon surfaces.After [113].

surface atoms per area broken bondsper area surfaceenergyper area

orientation 1x1014 cm� 2 �A � 2 eV�A � 2

(111) 16.0 0.080 0.09

(110) 9.6 0.096 0.11

(113) 8.3 0.125 0.14

(100) 6.9 0.139 0.15

The Si(111) surfaceshows the lowest surfaceenergy becausethe Si-Si bonds in the

bulk are all directed along one of the < 111> directions. Indeed, silicon crystals cleave

preferentially along f 111g-planesunder applied stress[113]. If the surfaceorientation is

not exactly alongoneof thesestablesurfaces,i. e. a small deviation of only a few degrees,

then the surfaceconsistsof 
at terraceswith the stable orientation separatedby steps.

Thosevicinal surfacesorientations have a higher surfaceenergydue to the non-saturated

danglingbondsat the step,getting higherwith increasingangleto the stablesurface.If the

angleof the surfaceorientation to a stable surfacegets too high, facetting of the surface

1A thermodynamically stable surfaceis represented by a cusp in the Wul� surfaceenergy plot [112].
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occurs, i. e. the stepsthemselves form a stable surface,and the surfacethen consistsof

sawtooth-like facetsof adjacent stable surfaces[114].

The stablesurfacesthemselvesshow certain reconstructionsof the surfaceatoms.The

nomenclature is given by the dimensionsof a unit cell of reconstructedatoms. A 1x1

surfacereconstructionsimply means,that no reconstructionof the surfaceoccursand each

atom is exactly at the expected bulk site. In a 2x1 reconstruction, the dangling bonds

of two neighboring atoms bond, resulting in a deformation of the surfacestructure, but

reduceddangling bond density. The evolvement of such surfacereconstructionsdepends

of the substrate orientation and the temperature.

For epitaxial thin �lm deposition, the surfacestructure is of crucial importancefor the

growth. With the exceptionof subplantation e�ects in ion-beamand ion-assistedgrowth,

all CVD and PVD processesare determined by the di�usion of adatomson the surface

and the incorporation of atomsat epitaxial sites,which requiresa reorderingof the surface

reconstruction.

Si(100)

The reconstruction of Si(100) has widely been studied becauseof its technological im-

portance. Each atom on the truncated Si(100) surfacehas two dangling bonds. A 2x1

dimerization of the surfaceatoms reducesthe number of dangling bonds [115,116].All

dimers on a terrace of Si(100) are alined in the same direction. However, the dimers

are "buckled", i.e. the dimer is asymmetrically bound, one atom is bendedcloserto the

surface,the other oneis elevated [117].This e�ect is due to a rehybridization of the unoc-

cupiedorbitals [118].The buckling not only a�ects the bondingstructure of the two atoms,

but a superstructure of the reconstruction is observed, the socalledc(4x2)-structure. An

important consequenceof the 2x1 dimerization is anisotropic adatom di�usion [119].

As surfacesin reality generally show a small miscut to the desired orientation, the

surface is formed by terraces separatedby steps (even exactly oriented surfacesshow

steps[120]). According to Chadi, the stepsare classi�ed with S (single) for monoatomic

steps and D (double) for biatomic steps. A step is labeled SA or DA , if the dimers on
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the upper terrace are perpendicular to the edgeof a straight step and SB or DB if the

dimers on the upper terrace are parallel to the step edge[121]. For monoatomic steps

the direction of the dimer rows is rotated by 90� from one terrace to the next, i.e. SA

and SB vary alternatively from step to step. On the other hand, the upper and the lower

terrace of biatomic stepshave the sameorientation of the dimers. The stepsthemselves

then might show a reconstruction of the surfaceatoms, resulting in rebonded and non-

rebondedmonoatomicand biatomic steps.On Si(100)surfaceswith miscut alongthe [110]

direction, biatomic stepsin equilibrium areonly stableif the miscut angleis at leastof the

order of 1.5� at a temperature of 500� C [122].However, step bunching, i.e. the creation of

higher stepsby several monoatomicstepscan occur under certain deposition conditions.

Such step bunching might be due to the fact that SB stepsare better sinks for adatoms

than SA steps[123],or to step 
o w instabilities such as Schwoebel barriers.

The morphologyof epitaxial �lms deposited on Si(100)dependson numerousparam-

eters, such as the deposition temperature, the deposition rate, the miscut angleand the

orientation of the miscut. Growth instabilities due to kinetically limited surfaceprocesses

might result in surfacerougheningor the formation of ripples in � m thick �lms, even in

step-
ow growth mode up to deposition temperaturesof 500� C [27].

Si(110)

A 16x2 reconstructionis observed on Si(110)after cooling down to 750� C after a prebake

at 1200� C for cleaning.Above 750� C the 16x2 transformsinto a disordered1x1 [124,125].

Si(113)

At room temperature the Si(113)surfaceis reconstructedby a 3x2 periodicity [126].This

is converted reversibly to a 3x1 reconstruction in the temperature rangeof 450to 600� C,

and for temperaturesabove 600� C the 1x1 structure is stable [127].
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Si(111)

After cleaving, Si(111) reconstructs in 2x1 [128]. However, this reconstruction is

metastable, and the periodicity changesto the stable 7x7 after annealing [129]. The

7x7 is very complex, consistingof nine dimer bonds, twelve adatoms and a subsurface

stacking fault (Dimer-Adatom-Stacking fault (DAS) reconstruction) [130,131].Only if the

surfaceis 
at, a metastable5x5 structure can be formed on Si(111) at 330� C. This is a

consequenceof the fact, that a reorderingfrom 1x1 to 7x7 requiresmasstransport across

the surfacefrom stepsdue to the di�erence in the number of atomscontained in the DAS

7x7 reconstruction comparedto a 7x7 area of the truncated bulk. The 5x5 transforms

irreversibly to the 7x7 for temperaturesabove 600� C [132].

The stabilit y of the 7x7 reconstruction has in
uence on the epitaxial growth at low

deposition temperatures.Gossmannand Feldman reported reducedstructural quality of

Si-�lms deposited at room temperature on Si(111) comparedto deposition on Si(100),

and assignedthis di�erence to the stabilit y of the 7x7 reconstruction with its inherent

stacking fault [28].
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Exp erimen tal

3.1 Dep osition of epitaxial �lms

3.1.1 Sample preparation

Substrate materials

As monocrystalline substrates we either use 4" (100)- and (111)-oriented wafers

(WACKER or FREIBERGER) or (100)-, (111)-, (110)-, and (113)-oriented samples,re-

spectively, that were cut to a size of 25 x 25 mm2. The cut samplesundergo an RCA

cleaning sequence[133]. As polycrystalline substrates,block cast BAYSIX-wafers from

BAYER AG, Germany are used.

Substrate cleaning

In order to obtain high quality epitaxial growth, the substratesurfaceis of crucial impor-

tance. Any leftover particles, even elements or silicideson the surfacemay causedefects

in the epitaxial �lms. Therefore the silicon surfacehas to be free of any contaminations

including silicon oxide. An ideal surfacewould be achieved by cleaving silicon under UHV

conditions,which is donefor surfaceinvestigations.For epitaxy with high throughput and

the use of standard wafers, simpler methods have to be applied. Thesecan be divided

in-situ and ex-situ methods. Most commonly, ex-situ cleaning consistsof wet chemical

33
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treatments such as the RCA method [133],which removesmetallic and organic contam-

inations from the surfaceby subsequent oxidation- and oxide-removal-processes.In-situ

cleaningcan be achieved, for example,by a hydrogenplasmaor sputtering of the surface.

Silicon oxide remo val

A thin 'native' Si-oxide forms on a cleanSi-surface,when kept under ambient conditions

with oxygenpresent. Therefore,silicon samplesnormally are coveredwith a thin Si-oxide

layer, that hasto be removed prior to deposition. Similar to substratecleaning,the silicon

oxide removal is either carried out in-situ or ex-situ. When the substrateand the process

allow for high temperaturesof more than 850� C, thermal oxide removal might be applied.

Here the chemical reaction

Si(s) + SiO2(s) 
 2SiO(g) (3.1)

applies,with (s) = solid and (g) = gaseousphase.When a small amount of Si-atoms is

provided during this prebake, the equilibrium is shifted to the gaseousSiO sideof equation

3.1, and oxide desorption is possibledown to temperaturesof 700� C [134].

Ex-situ oxide removal is accomplishedby a wet chemicaletching in diluted hydro
uo-

ric acid (HF). After this treatment, the surfaceis terminated with hydrogenand remains

oxide-free for several minutes under ambient conditions. After installation in an UHV-

chamber, growth can be started immediately at the desireddeposition temperature with-

out any further high temperaturepretreatment. It is noted, that such a �nal HF-dip before

installing the samplesin the chamber results in a visible contrast at the surface-epilayer

interface in TEM-in vestigationsand was thereforeomitted.

3.1.2 Ion assisted deposition

Dep osition chamber

As ion assisteddeposition is an advancedmolecularbeamepitaxy method, the deposition

systemconsistsof typical elements of a MBE system.The deposition chamber is an ultra
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high vacuumchamber Uni 107P from RIBER , equipped with a turb o pumped load lock.

The upper part of the chamber is water cooledand canbe lifted for maintenancepurposes

by a pneumatic lifter. In the lower part, the pumping system is located. It consist of a

titanium sublimation pump, an ion-getter pump and a cryogenic panel, operated with

liquid nitrogen. The two parts of the chamber are sealedby either a 540 mm diameter


uoro elastomer (viton) or a silver plated copper gasket. The attainable base pressure

is 1x10� 7 Pa with the viton and 6x10� 8 Pa with the metal seal. Figure 3.1 shows a

schematic drawing of the setup of the IAD-reactor.

lamp heater

ionization
stage

e-gun
boron and
phosphorous
effusion cells

substrate

Figure 3.1: Schematic illustration of the ion-assistedreactorsetup.An electronbeam

evaporator (e-gun) servesfor the evaporation of ultra pure silicon. In situ doping is

possibleby the useof boron and phosphorusKnudsencells.Electrons emitted by a

heated tungsten wire in the ionization stageare acceleratedtowards the center of

the chamber, wherea fraction of about 1% of the Si-atomsis ionized.This Si+ -ions

are acceleratedtowards the substrate by an applied bias voltage Vacc.

Silicon is evaporated from a water cooled copper crucible using an electron gun from

AP&T. The deposition rate is limited by the diameter of the molten silicon surfacein the
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crucible, and therefore on the electron beam current and the distance to the substrate,

which accounts to about 30 cm. Deposition ratesof up to 0.8 � m=min are achieved in the

system,equippedwith crucibleof 63cm3 volume.A polycrystalline Si-feedstock locatedin

the vacuumchamber servesto re�ll the cruciblewithout openingthe chamber. This results

in high up-times even for total deposition thicknessesof more than 100� m. E�usion cells

from MBE-K OMPONENTEN allow for in situ doping with boron and phosphorusof the

Si-�lms. Elemental boron is evaporated at temperaturesof 1700. . . 1950� C, phosphorusis

decomposedfrom GaP at temperaturesof 760. . . 820� C. The substrateis heatedfrom the

backside up to 820� C by the useof four halogenlamps. The temperature was calibrated

by pyrometer measurements and is controlled during deposition by a thermocoupleclose

to the substrate. Residual gasesduring deposition are monitored by a BALZERS QMS

422 massspectrometer. The main fraction during deposition is hydrogen and is of the

order of 5x10� 6 Pa.

Ionization stage

The main di�erence betweenIAD and MBE is the toroid-shaped ionizer that is located in

betweenthe electron gun crucible and the substrate. The ionizer consistsof a resistively

heated tungsten wire and several molybdenum-electrodes. Ionization is achieved by the

emissionof thermal electronsfrom the glowing tungsten wire, which are acceleratedto

the center of the ionization stage and ionize there a small fraction (about 1 %) of the

evaporated silicon atoms from the e-gun.The energyof the Si+ -ions is controlled in the

range of 0 to 1000 eV by applying an accelerationvoltage to the substrate and to an

additional accelerationelectrode.

If not mentioned otherwisewe usean optimum valueof the ion energyof 20 eV, which

canalsobe found in literature on ion-beamepitaxy asthe ideal trade o� betweenpositive

e�ects of the Si-ionsand additional defectgenerationby ion bombardment [13].
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Dep osition pro cess

After installing the substrate in the vacuum chamber, a ten minute annealing step at

290� C serves for the desorptionof H2O and CH-adsorbates.Subsequently, all substrates

undergo a ten minute in-situ prebake at 810� C for silicon oxide removal. In order to

support oxide desorption,silicon evaporation at low rates is initiated during the prebake

beforecooling down to deposition temperature [134].

3.1.3 Hydrogen passivation

Hydrogenpassivation wascarriedout usingan OXFORD PLASMALAB 80+ downstream

microwave remote plasmareactor. The downstream area has a diameter of 20 mm. The

samplesare kept at 380� C during the one hour treatment. The microwave power is 250

W. In order to verify the e�ectivenessof the hydrogen treatment, someof the samples

underwent an equivalent annealingstep in nitrogen atmosphere.This annealinghad no

e�ect on the point defectdensities,asveri�ed by PL. Hence,the observed e�ects are due

to the incorporation of hydrogenin the silicon bulk.

3.2 Characterization of defects

3.2.1 Photoluminescence: Optically activ e defects

Photoluminescencespectra are recordedusing an Ar-ion laser operating at 488 nm, a

JOBIN YVON HR460monochromator equippedwith a 600line/mm grating, and a cooled

NORTH COAST germaniumdetector. The samplesare cooleddown in a OXFORD cryo-

stat operatedby a closedcyclehelium refrigerator, that allows to control the temperature

down to 11 K. The germaniumdetector restricts the measurablephoton energiesto h� >

0.7 eV. A lock in ampli�er serves to evaluate the intensity-signal. The spectra are cor-

rectedfor transmissionof the optical components [135].Note that this correctionbecomes

important for photon energiesbelow 0.73 eV, resulting in a high measurement error in

the energyrangeof 0.7 eV < h� < 0.73eV. The laserpower for a standard measurement
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is adjusted to 90 mW, focusedon a spot with approx. 1 mm diameter, corresponding to a

typical excitation energyof 11.5Wcm� 2. The resolution of the spectra is determinedby

the entrance and exit slit widths of the monochromator, which can be openedup to 1.9

mm. A rotatable sampleholder allows for the measurements of up to 6 samplesduring

onesession,without changing the optical setup.

In order to comparedirectly the intensity of the spectra, samplesare measuredwith

exactly the sameoptical setup and laser power. Most of the spectra compared in the

�gures shown in this work are measuredwithin one session,i.e. without any change

of the setup. It is veri�ed that measurements of the same�lm do not vary more than

10% in intensity if measuredin di�erent sessions,even after a long time in between. If

not indicated otherwise the spectra are not normalized and show directly the measured

intensity with the standard setup.

3.2.2 Deep level transien t spectroscop y: Electronically activ e

defects

Deep level transient spectroscopy (DLTS) allows for the characterization of defects in

semiconductorsby the evaluation of the transient junction capacitancein dependenceof

the measurement temperature [136]. In a standard measurement, the samplesare kept

under a reversebias voltage, resulting in a spacecharge region width of Wj;b . A short

forward voltagepuls servesto changethe spacechargeregionwidth by � � Wj . During this

puls, the chargestate of defect levels in the region of � Wj is changed,and consequently

the capacitanceof the junction Cj aswell. After the puls (t = 0), the junction capacitance

restoresits original value with a characteristic transient given by

Cj (t) = Cj; 0 � � C exp(ep;n t); (3.2)

with Cj; 0 the junction capacitanceunder reversebias and ep;n the emissionfrequencyof

holesor electronsto the respective band. The signum of the transient is dependent of the

type of the trap, i.e. if the defect level is acting as a majorit y or minority carrier trap.

The samplesunder investigation require a one sided abrupt junction. This can be



3.2. Characterization of defects 39

either achieved by the formation of a Schottky contact or an abrupt pn-junction. The

planar size of the junction hereby determinesthe capacitanceof the diodes. The used

capacitancebridge only allowed the analysisof diodeswith a capacitanceCj; 0 below 1 nF.

For the �lms deposited by IAD this requiresdiode diametersbelow 1 mm. In the caseof

n-type �lms, a Schottky junction was formed by the evaporation of small gold contacts.

In the caseof p-type �lms, neither contacts with gold or titan did result in a satisfying

diode characteristic, although Schottky diodesformedon similarly doped referencewafers

succeeded.Therefore, in situ doped onesidedabrupt n+ p-junction �lms are usedfor the

analysisof p-type �lms. A photolithogaphic structuring processwas developed, in order

to fabricate mesa-diodeswith a diameter of � 1 mm.

A SEMITRAP DLS 82 spectrometerservesfor the measurement of the DLTS spectra.

The spectrometeremploys a lock-in technique, with a samplingfrequencyof 1 MHZ. The

con�guration of the lock-in ampli�er ensuresthat the repetition frequencyof the voltage

pulsesf p is directly related to the emissionfrequencyf p = ep;n . During a temperature

sweep, a deep level defect results in a peak of the DLTS signal � C from the lock-in

ampli�er. The trap density N t in the caseof a singletrap level is directly proportional to

� C by

N t = ND ;A BD LT S
� C
Cj; 0

; (3.3)

where ND ;A is the doping concentration of the material and BD LT S is a proportional

constant given by the con�guration of the lock-in ampli�er. The determination of the

defectdensity of broaddefectbandsrequiresa moreelaboratedevaluation of the respective

peak.However, most of the spectra investigatedin this work show overlapping peaks,and

therefore, the defect density corresponding to the maximum of the peak is given as a

rough estimate.

The temperature of the peak maxima vary with the repetition frequencyf p. Several

measurements with di�erent f p arecarriedout, in order to determinethe energeticposition

of the defect level. This is doneby an Arrhenius plot of f p=T2 versusthe respective tem-

perature of the peakmaximum. A �t to the slope of the repetition frequency{temperature

points revealsthe activation energyof the defect level. The intersectionof this slope with
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the Y-axis is a measurefor the capture crosssectionof the trap level.

Several mechanisms limit the sensitivity of the method. The detection limit of the

trap density is determined by the doping density of the sample,and is of the order of

N t � 1x10� 3 ND =A . Films deposited by IAD show a typical n{t ype background doping

in the range of ND 0 = 5x1014: : :1x1016 cm� 3, as revealed by CV-measurements. The

background doping is causedby residual phosphorusin the chamber that desorbsfrom

the chamber walls during subsequent deposition processes.It dependson the Si deposition

rate and on the chamber status i.e. phosphorusdoping level usedin previousexperiments

and chamber wall temperature during deposition. For nominally intrinsic samples,the

detection limit is thereforeof the order of 1x1012 cm� 3. For p-type �lms, the doping level

has to exceedthe n-type background doping in order to ensurean overcompensation of

the background doping. This results in a DLTS detection limit of N t � 1x1013 cm� 3 for

p-type �lms. As a consequence,only �lms with a defect density above theselimits show

a signal in DLTS measurements.

The capacitance,as well as the capacitance-voltage measurements (CV) usedfor the

determination of the doping density of the �lms, are carried out using an impedance

analyser of type HP 4192A. Typically, the capacitanceis measuredat frequenciesof 1

kHz to 1 MHz with an amplitude of 50 mV. During the CV measurements, a HP 3487A

multimeter servesfor the measurement of the voltage drop at the sample.

For the DLTS and Capacitancemeasurements, the samplesare mounted in a liquid

nitrogen cooled cryostat, that allows for temperature control in the rangeof 80: : : 420K.

3.2.3 Defect etching: Extended structural defects

Preferred wet chemical etching is an important tool in the characterization of extended

structural defectsin silicon. Etching solutions that contain dicromat-ions (Cr2O2�
7 ) and

hydro
uoric acid (HF) are particularly suited for the demonstration of defects,such as

dislocationsand stacking faults, becauseof their high anisotropicetch rate at lattice inho-

mogeneities.The etching processresults in characteristic etch pits for di�erent structural

defects[137].The Secco-etch solution [138]usedin this work generatessmall oval pits at
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the surfaceintersectionof dislocations for (100)- and (111)-oriented surfaces.In the case

of stacking faults, the partial dislocations associated with the stacking fault show typi-

cally a quadratic or triangular form for (100)- and (111)-oriented surfaces,respectively.

The density of dislocations is evaluated by counting the number of etch pits nep or the

number of lines, squaresor triangles in the caseof stacking faults, found on the surface

after etching. For this purpose,an optical microscope, equipped with an Nomarski Dif-

ferential InterferenceContrast (NDIC) unit [139]is used.As the accuracyof this method

decreaseswith decreasingnumber of etch pits, valuesof nep < 1x103 cm� 2 and nep <

1x102 cm� 2 represent upper limits of the etch pit density for dislocations and stacking

faults, respectively. The actual etch pit density may besigni�cantly lower. Typical etching

times are in the rangeof 1 to 3 min.

3.3 Electronic characterization

3.3.1 Quan tum e�ciency

The quantum e�ciency is the ratio of the short circuit current j SC generatedby monochro-

matic light of wavelength � to the impinging photon 
ux � ph(� ). Two typesof the quan-

tum e�ciency aredistinguished:(i) The external quantum e�ciency EQE(� ) is a measure

of the whole deviceincluding optical and electronicproperties. The EQE is de�ned by

EQE(� ) =
j SC

q� ph(� )
; (3.4)

where q is the elementary charge. (ii) The internal quantum e�ciency IQE additionally

takes the re
ectance R of the device into account. Here, only the electronic properties

and internal re
ection determinethe quantum e�ciency . The IQE is calculatedfrom the

EQE by

I QE(� ) = EQE(� )
1

1 � R(� )
: (3.5)

The measurements of the EQE and the re
ectance are carried out in a VARIAN spec-

trometer equipped with an Ulbricht sphere.Thesetwo measurements allow for the deter-

mination of the IQE. From the IQE, the minority carrier di�usion length L is deduced,
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using the software IQE1D [140].On the basisof an analytical model under consideration

of the optical and electronic transport properties of thin solar cells, this software allows

for a least squares�tting of the IQE in order to deducethe devicerelevant parameters,

such as minority carrier di�usion length or surfacerecombination velocities [141]. This

evaluation method givesreliable results for the di�usion length, whenthe di�usion length

L is higher than the spacecharge region width Wj and not signi�cantly larger than the

cell thicknessW. In the latter case,the di�usion length of the basematerial is no more

the limiting factor of the deviceperformance,and the accuracyfor the determination of L

decreases.However, di�usion lengthsof the order of the cell thicknesshave to be regarded

as a lower limit of the actual di�usion length of the material only, as the correct value

might be even higher [141].

3.3.2 Ligh t beam induced curren t

For light beam induced current (LBIC) measurements a laser beam of wavelength 780

nm is scannedacrossthe surfaceof a test solar cell, and the spatial resolved short circuit

current generatedby the laser beam is detected.As the induced current of a small laser

beam,especially in the caseof solar cellswith a high number of defects,is rather small,

the laser beam intensity is modulated and a lock-in technique for recording the short

circuit current is used. At this wavelength the laser light has an absorption length of

around 10 � m in silicon and is thereforewell suited for the characterization of epitaxial

thin �lm solar cells. Locally electric active defects,such as grain boundariesgeneratea

contrast in the LBIC mapping, allowing easyidenti�cation. Also for polycrystalline �lms,

the recombination activit y of grain boundariesand singlegrains can be studied. For the

latter application, especially for thin �lms deposited on large grained BAYSIX-wafers,

spatial resolutions of 25 � m are applied. However, with careful tuning of the optical

setup, measurements with a resolution in the � m rangeare possible.



Chapter 4

Defects in low temp erature epitaxial

�lms on Si(100)

The electronic and mechanical properties of silicon depend to a high extend on the de-

fectspresent in the material. Photoluminescenceand DLTS spectroscopy, aswell asdefect

etching serve to analyzethe density of extendedstructural defectsand the density and

electronic levels of point defects in the �lms deposited by MBE and IAD. Since the

Si(100)-orientation is the most commonly usedwafer-orientation for microelectronicand

solar cell applications, and �lm deposition on such substratesyields the best electronic

and structural properties, this chapter only reports on �lms deposited on (100)-oriented

substrates.Deposition on other monocrystalline or polycrystalline substrateswill be dis-

cussedin chapter 6.

4.1 Extended structural defects

Preferential wet chemical etching, using the etch solution proposedby Seccod'Aragona

[138], serves to determine the type and density of structural defectsin the �lms. Table

4.1 comparesthe density of structural defectsin epitaxial thin �lms deposited on sub-

strates which underwent a certain ex-situ pretreatment with the density in �lms which

are deposited on waferswithout any ex-situ pretreatment. It is noted that all substrates

43
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underwent an in-situ annealing step for oxygen removal, seepage 37. The ex-situ pre-

treatment consistsof a cutting step on semiconductordisc saw and a subsequent RCA

cleaning [133] of the samples.During the cutting, the wafer surfaceis covered with an

adhesive tape, that is easily removed after UV-light exposure. The density of disloca-

tions and stacking faults, asgiven in table 4.1, is below 1x103 cm� 2, whenepitaxial �lms

are deposited on waferswithout ex-situ pretreatment asdeliveredfrom the manufacturer

(WACKER SILTRONIC). Note that the valuesfor the as delivered (100)-oriented �lms

only represent an upper limit for the defect density due to the detection limit of the

analysismethod. On somewafers, the extendeddefect density is estimated to be below

1x102 cm� 2.

Films depositedon substratesthat underwent the ex-situ pretreatment show high dis-

location densitiesabove 1x104 cm� 2. The dislocationsmost likely originate from particles

on the wafer surface[7], that are not completelyremoved by the cleaningstep. It is noted,

that old wafers, though stored in original packaging, have a high density of defectsvis-

ible on the surface(before and after deposition) after Seccoetching. This is a result of

contamination from the plastic coverage,aging over the yearsand emitting particles.

Table 4.1: Density of structural defectsin �lms deposited on substrateswith and

without ex-situ pretreatment, respectively. The �lms are deposited at Tdep =

460: : :700� C and rdep = 0.1: : :0.5 � m/min.

Substrate defectdensity (cm� 2)

pretreatment dislocations stacking faults

cutting + RCA > 1x104 < 1x102

no pretreatment < 1x103 < 1x102

As an important result, the density of extendeddefectsis below 1x103 cm� 2, indepen-

dent of the deposition temperature and rate for �lms deposited on p-type (100)-oriented

substrates in the range of Tdep = 460: : :700� C and rdep = 0.1: : :0.5 � m/min on wafers
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without ex-situ pretreatment. Therefore,epitaxy at low temperaturesdoesnot result in

higher densitiesof dislocationsor stacking faults. Instead, the density of extendeddefects

is only determinedby the surfacepretreatment. This alsoholds for the caseof IAD with

accelerationvoltagesup to 100V. Here,the defectdensity showsa small increaseto values

around 2x103 cm� 2.

4.2 Optically activ e defects

As stated in the previouschapter, the density of extendeddefectsin the �lms is low and

therefore, �lm properties are mainly dominated by the presenceof point defects,such

as interstitials, vacancies,impurities, and their complexes.Photoluminescenceas well as

DLTS allow for the characterization of thin �lms in respect to point defectsacting as

recombination centers or traps for carriers.The density of optically active point defectsis

determinedusingphotoluminescencewhile DLTS analyzeselectrically activepoint defects.

Photoluminescencespectra reveal information about radiative recombination of ex-

cesscarriers only. Non-radiative recombination, such as Auger recombination or SRH-

recombination via multi-phonon or cascadingprocesses,are not directly accessibleby

luminescencemethods. However, if non-radiative recombination occurs, the number of

excesscarriers recombining radiatively is reduced and lower defect and band to band

luminescenceis observed. Therefore, the total luminescenceintensity is a signature of

the non-radiative recombination, and in particular the band to band luminescenceis a

measureof the carrier lifetime.

Deeplevel transient spectroscopy, on the other hand, is sensitive to the captureprocess

of traps in the depletion layer of pn-junctions or Schottky contacts. The DLTS signal is

proportional to the number of traps, and from several DLTS measurements at di�erent

repetition rates the energeticlevel of a trap can be deduced.The information obtained

by the combination of these two methods combined gives an insight in the energetic

distribution and recombination activit y of point defectsin the �lms.
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4.2.1 Low temp erature epitaxial �lms

Photoluminescence from in trinsic �lms

Films that are deposited without the use of the boron and phosphoruse�usion cells

always show an n-type background doping from residual phosphorusdesorbingfrom the

chamber walls. The background doping level depends on previous phosphorusdoping

processesin the chamber, on the history of the chamber, i.e. the number of previous

depositionswithout phosphorusand on the deposition rate and temperature (seepage37

for a description of the standard deposition process).The background doping level varies

in the range of 5x1014 cm� 3 to 5x1015 cm� 3, as determined from CV-measurements.

These�lms will be referredto as intrinsic �lms, in contrast to typical phosphorusdopant

densitiesof 1x1019 cm� 3 for emitter formation in solar cells.Figure 4.1 givesan example

of an intrinsic �lm deposited at Tdep = 550� C and rdep = 0.1 � m=min by IAD, compared

to luminescencefrom the low phosphorusdoped (ND � 1x1015 cm� 3) wafer used as

substrate for this �lm. As the �lm thicknessis 3 � m and the absorption length of the

laser light used for the PL measurements with � = 488 nm is of the order of 1 � m,

about 95 % of the luminescenceintensity stem from the deposited epitaxial �lm. Both

samplespresent the typical phonon assistedfree- and bound-exciton transitions known

from low phosphorusdoped silicon (seesection2.2.2) for photon energiesabove 1.0 eV.

However, only the epitaxial �lm shows luminescenceat lower photon energies(h� < 0.8

eV), corresponding to deeplevel defect transitions.

Dop ed epitaxial �lms

A typical example of photoluminescencefrom a doped Si-�lm is given in �gure 4.2a).

The �lm was deposited by MBE, i.e. without applied accelerationvoltage, and consists

of a pn-solar cell structure with a 14 � m thick boron doped base(doping concentration

ND � 1x1017 cm� 3) and a high phosphorusdoped emitter with a thicknessof � 0.3 � m

(doping concentration ND � 1x1019 cm� 3). In contrast to intrinsic �lms, several broad

peaksaround 1.122,1.102,1.081,1.047,and 0.987eV are observed in the PL spectrum of

the doped �lm. The newly detectedpeaksare labeleda to e, respectively. This spectrum
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Figure 4.1: Photoluminescenceof a 3 � m thin epitaxial �lm deposited at Tdep =

550� C comparedto the PL spectrum of the substratewafer.The absorptionlength of

the Ar-ion laserlight (� = 488nm) is about 1 � m, therefore95% of the luminescence

stem from the epitaxial �lm. For photon energiesabove 1 eV the typical phonon

assistedfree-and bound exciton transitions are observed for both samples.At lower

energiesthe epitaxial �lm displays luminescencefrom deeplevel defects.The spectra

are normalizedwith respect to the intensity of the highest peak.

is recordedwith a slit width of 1000� m, and consequently the spectral resolution is low.

A higher resolution spectrum of the same�lm is given in �gure 4.2b). Here the slitwidth

is 300 � m, but neverthelessthe peaksb, c, and e are still unresolved. Only the a-peak is

sharpwith a satellite at 1.125eV. Further reduction of the slitwidth results in too low an

intensity.

The a-peak and its satellite are identi�ed by the A-line luminescenceoriginating from

excitons bound to an isoelectronic trap [81]. The b-p eak is a superposition of several

peaksand only two small features at 1.102and 1.106eV are resolved. The c-peak at

1.081eV hasno visible substructure around its maximum. This peakmay originate from

an electron hole droplet (EHD, seechapter 2.2.2). However, experiments with increased
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Figure 4.2: a) Total range photoluminescencespectrum of an MBE-�lm deposited

at Tdep = 650� C and rdep = 0.4 � m=min. Peaksare observed around 1.122(a-peak),

1.102(b-peak), 1.081(c-peak), 1.047(d-peak), and 0.987eV (e-peak). b) Same�lm

measuredwith smallerslitwidth. The b, c, and d-peaksarestill unresolvedand reveal

a broad substructure. Only the 1.122eV peak is sharp with a satellite at 1.125eV.

The peakat 1.092eV is the signatureof the phosphorustransversaloptical phonon

transition PTO .

laserpower did not con�rm that the c-peak is due to the EHD. Numerousinvestigations

of over 20 IAD- and MBE-�lms allow the conclusionthat the d-p eak is most likely a

superposition of several lines, themselvesbeing rather broad. Numerical �ts of the d-peak

show three linesat 1.042,1.047and 1.052eV. Thesepeaksmight belongto the Oj -system,

consistingof thermal donors [142]. It has to be noted here, that the b-, c-, and d-peak

almost always appear together. This behavior is similar to the reported Q- and S-lines

(see[73]).However, thesebroadpeaksarenot observed in the intrinsic epitaxial �lm shown

in �gure 4.1. This may be due to a lower residualphosphorusdoping level of the intrinsic

�lm, as the electron beamevaporator in this casewas running several hours prior to the

deposition, in order to remove excesssilicon from the crucible.
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As expected, the high resolution spectrum shows a PL line at 1.092eV due to the

phosphorusbound exciton (PTO ).

MBE �lms at T ����� = 460� C

Broad defect luminescenceis observed from �lms deposited by MBE at low temperatures

Tdep < 500� C, asdemonstratedin �gure 4.3.The defectbandbelow 0.9eV hasa maximum

at 0.8 eV and an unresolved substructurewith several quasiperiodic peaksat h� = 0.878

eV and a period of � h� � 0.017eV. Similar broad defectbandsaround 0.8 eV have been
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Figure 4.3: Photoluminescencespectrum of a low temperature (Tdep = 460� C) �lm

deposited by MBE. In addition to PL peaksat high photon energiesabove h� =

0.95eV, a broad defectband with a maximum at 0.8 eV arises.

observed in multicrystalline or implanted samplesthat show a high level of internal stress

or strain [82,83]and in Si grown on strained Si-bu�er layers [80].

4.2.2 Defects caused by ion bombardmen t

Figure 4.4 comparesthe photoluminescencefrom a �lm deposited by IAD (Vacc = 20 V)

at Tdep = 460� C and rdep = 0.3 � m=min with the PL spectrum of a �lm deposited by
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MBE using the otherwise identical parameters.The most prominent di�erence is found

in the low energyrangeat 0.767eV and below. The PL spectrum of the IAD-�lm shows

several discretepeaksat 0.767,0.749,0.724,and 0.705eV, that correspond exactly to the

P-line luminescenceobserved in oxygen rich CZ-silicon after a heat-treatment at around

450� C [66,67,69].However, the broad defectband around 0.8 eV is present in both �lms,

and the intensity of the high energy peaksb, c, d and e is almost the sameas in the

caseof the MBE-�lm. The a-peak,still visible asa shoulderin the MBE spectrum, is not

present in the PL spectrum of the IAD-�lm.
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Figure 4.4: Photoluminescencespectra of two �lms deposited with (IAD, Vacc = 20

V) and without (MBE) acceleratedSi-ionsin the molecularbeam.Both �lms show

broad PL intensity aroundh� = 0.8eV. In addition, in the spectrum of the IAD-�lm

P-line luminescenceat 0.767eV is observed. This indicatesthat Si ions generatethe

defectcenter responsible for P-line luminescence.

The intensity of the P-lines is rising with increasedaccelerationvoltage, as shown in

�gure 4.5 for a �lm deposited with Vacc = 100 V at Tdep = 460� C in comparisonto Vacc

= 20 V. Interestingly, the intensity of the high energypeaksb, c, d, and e is alsohigher,

while the intensity of the defectband around 0.8 eV decreases.Additionally , a small peak
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at 0.790eV appears,identi�ed with the socalled "C-line" corresponding to a defect that

is often observed after irradiation of silicon and that is associated with carbon and oxygen

contamination of the sample[64,65].
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Figure 4.5: The �lm deposited at higher accelerationvoltage Vacc = 100V displays

higher P-line intensity comparedto the �lm deposited at Vacc = 20 V. At 0.790eV

the so called "C-line" appears,a defect that is often observed after irradiation of

silicon and associated with the presenceof carbon and oxygen. The b-, c-, d, and

e-peaksremain unchangedin their intensity ratios, however, the total intensity in

the high energyrangeof the �lm deposited with Vacc = 100V is higher.

A closeupwith a higher spectral resolution of the low energyrange of the IAD-�lm

deposited with Vacc = 100 V is given in �gure 4.6. Thesemeasurements using di�erent

slitwidths allow for the identi�cation of smaller peaks,which otherwise only appear as

a shoulderof a peak with high intensity in low resolution measurements. In addition to

the dominant P-lines, so-called"N-lines", an other thermal donor, are identi�ed at 0.745,

0.758,0.761,and 0.772eV [63]. The N-defect has also a component at 0.767eV, which

cannot be distinguishedfrom the main P-line at exactly the sameenergeticposition. This

N-defect is associated with the presenceof nitrogen and carbon in silicon. In the high
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Figure 4.6: Luminescencespectra from a �lm deposited at Tdep = 460� C and rdep

= 0.3 � m/min and an accelerationvoltage of 100eV. Measurements with di�erent

slitwidths allow for the determination of low intensity peaks. In addition to the

dominant P-lines the so-calledN-lines, an other thermal donor, are identi�ed at

0.745,0.758,0.761,and 0.772eV. In thesehigh resolution spectra the C-line splits

up in a substructure of three lines.

resolution spectra the C-line around 0.790eV splits up in three single lines.

At higher deposition temperature Tdep = 540� C the in
uence of the Si-ions on the

defect luminescenceis lesspronouncedas demonstratedin �gure 4.7. Due to the higher

temperature, no defect luminescenceis observed for the samplesdeposited with Vacc =

20 and 100V. However, the band to band luminescence(b-, c-, d-, and e-peak) decreases

with increasingaccelerationvoltage indicating decreasingelectronic quality of the �lms.

Further increaseof the accelerationvoltage up to Vacc = 1000V results in broad defect

luminescencewith a local peak around 0.8 eV.

Table 4.2 gives an overview of the defect peaks observed in MBE and IAD �lms

deposited at Tdep = 460� C.
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Figure 4.7: In
uence of ion energy on the photoluminescenceof silicon �lms de-

positedat Tdep = 540� C and rdep = 0.18� m/min. Due to the relativehigh deposition

temperature no defectluminescenceis observed for Vacc = 20and 100V, however, at

Vacc = 1000V broad defectluminescenceoccursdue to the high point defectdensity

createdby the high energyions.

4.2.3 In
uence of deposition temp erature and rate

Epitaxial growth of thin Si-�lms is mainly dominated by the adatom mobilit y on the

surface.Hence,the deposition temperature is the key parameter in low temperature de-

position. The in
uence of the deposition temperature on the photoluminescenceof �lms

deposited at 460, 550 and 650� C at rdep = 0.5 � m/min is shown in �gure 4.8. It can be

seenthat with increasingdeposition temperature, the band to band luminescencealso

increases.At lower photon energies,only for the �lm depositedat Tdep = 460� C the above

mentioned P-line defect luminescenceand the broad defectdistribution around 0.8 eV is

observed.

The dependenceof the luminescenceon the deposition rate for �lms deposited at Tdep

= 460� C is depicted in �gure 4.9. At the highest rate r dep = 0.30� m=min, the P-lines are

observed, however, the a-peak is not present in the spectrum. The P-line luminescence
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Table 4.2: Photoluminescencedefect lines observed in a �lm deposited at Tdep =

460� C, rdep = 0.3 � m/min and an accelerationvoltage of 100 eV see�gure 4.6).

The energeticpositions match within � 1 meV the literature valuesfor the speci�c

identi�ed line.

no-phononline phonon replicas name occurs in reference

energyh� (eV)

0.767 0.749,0.727,0.708 P IAD [66,67,69]

0.792 0.789,0.785 C IAD [64,65]

0.745 0.758,0.761,0.772 N IAD [63]

defectband broad around 0.8 IAD and MBE �lms at

low temperatures

1.122 A MBE [81]

decreaseswith decreasingdeposition while the intensity of the a-peak,aswell of the broad

defectband around 0.8 eV increase.Note that the lowest deposition rate shown herer dep

= 0.09 � m=min, equal to 15 �A/s, is still a very high rate for typical microelectronic

MBE-applications which are carried out at deposition rates around 1 �A/s.

Thermal treatmen t

Films deposited at low temperatures460� C � Tdep � 510� C display defect lines known to

originate from thermal donors.Thesedefect lines are mainly the P-line defects,and to a

lower extend the N-, and C-lines.Thermal donorsare only observed in silicon that is rich

in oxygen,carbon and/or nitrogen after a thermal treatment at temperaturesin the range

of the deposition temperaturesusedto deposit the present �lms. Results from literature

(seechapter 2.2.3) show that thermal donor defectscan be annealedout using a thermal

treatment at higher temperatures.This alsoholds for the IAD �lms, asit is demonstrated

in �gure 4.10.After deposition at Tdep = 460� C the �lm shows P-line luminescence.After
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Figure 4.8: Dependenceof the photoluminescenceintensity on the deposition tem-

perature of thin �lms depositedat 460,550,and 650� C at rdep = 0.5 � m/min. Band

to band luminescenceat photon energiesabove 1.0 eV increaseswith increasingde-

position temperature. Broad defect luminescenceat photon energiesbelow 1.0 eV is

only observed for �lms deposited at low deposition temperature Tdep = 460� C.

a thermal treatment for one hour at 650� C in nitrogen ambient, the P-lines disappear,

instead, the intensity of the A-line at 1.122eV increases.The luminescenceof the other

bandto band transitions remainsalmostconstant, aswell asthe defectbandaround0.8eV

whoseintensity only weakly decreases.The spectrum after heat treatment resemblesthat

of a �lm depositedat low temperaturesTdep < 510� C by MBE, i.e., the broad peakaround

0.8 eV is present without a signi�cant signatureof the thermal donor lines. However, this

also indicates, that the defectsresponsible for the peak around 0.8 eV are not annealed

out at 650� C after onehour, although this peakis normally not observed for �lms directly

deposited at Tdep = 650� C with respective deposition times alsobelow onehour.
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Figure 4.9: Photoluminescencespectra of �lms depositedat Tdep = 460� C at various

deposition rates r dep = 0.09, 0.12, and 0.30 � m=min. P-line luminescenceis only

observed for the �lms deposited at higher deposition rates 0.12 and 0.30 � m=min.

In contrast, the intensity of the A-line at 1.122eV and the intensity of the broad

defect band around 0.8 eV increasewith decreasingdeposition rate. The intensity

of band to band PL (b to e peaks)is nearly independent of the deposition rate.

4.2.4 Hydrogen passivation of defects

The e�ect of hydrogen treatment on the photoluminescenceof a �lm deposited at Tdep

= 460� C and rdep = 0.16 � m=min is depicted in �gure 4.11. After hydrogenation of the

samplefor 1 h at a temperature of 360� C using a microwave remote plasma, the P-line

luminescenceof the as-deposited �lm is no longer observable and the intensity of the

bound exciton (BETO ) has increased.Note, that this �lm is only weakly boron doped,

in the rangeof NA = 1x1015 cm� 3, and therefore the d-peak is lesspronouncedthan in

higher doped samples.The defectband around 0.8 eV is not in
uenced by the hydrogen

treatment. In order to demonstratethat the changeof the P-line luminescenceis dueto the

hydrogenation,a spectrum of another samplefrom the same�lm is shown in �gure 4.11,

that is annealedin nitrogen ambient, using the sameparametersasfor the hydrogenation
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Figure 4.10:After a thermal treatment of a IAD deposited �lm the P-line lumines-

cencebelow 0.792eV is greatly reduced,instead the a-peak at 1.122eV has risen.

The spectrum now resembles to spectra of �lms deposited by MBE at otherwise

unchangeddeposition parameters.It is notable that the broad defect band around

0.8 eV is only weakly a�ected.

(duration: 1 h, Tanneal = 360� C). Here,no major di�erencesare observed comparedto the

as-deposited �lm.

4.2.5 Discussion: Optically activ e defects

Three major featuresin the photoluminescencespectra of the low temperature �lms are

distinguished: band to band luminescencefor photon energiesabove 0.98 eV, a broad

peak around 0.8 eV and the P, N, and C-lines below 0.8 eV. The results of the photo-

luminescenceinvestigationsare summarizedin table 4.3 with the in
uence of deposition

temperature, rate, and ion-bombardment on the intensity of the three features.
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Figure 4.11:Hydrogenation of a �lm deposited at Tdep = 460� C and rdep = 0.16

� m=min passivates the P-line defects.Also shown is the photoluminescenceof an-

other sampleof the same�lm after onehour annealingat 360� C in nitrogen ambient

usingthe samethermal budgetasfor the hydrogenation.Here,only minor di�erences

to the as-deposited �lm are detected,thus verifying that hydrogenis responsiblefor

the defectpassivation.

Band to band luminescence

A clear identi�cation of the b-, c-, d-, and e-peaksis di�cult. They decreasevery similarly

with increasingPL-measurement-temperature. It is noted, that the intensity of theselines

did not show pronounceddependenceon the power of the excitation laser light, which

excludeselectron hole droplet (EHD) formation. In the caseof doped �lms with doping

levels above 1x1015 cm� 3, the d-peak (luminescencearound 1.04eV) is the most promi-

nent line. The intensity of the d-peakdependson the �lm doping: Intrinsic �lms, i.e. �lms

deposited without additional P- or B-doping, do not show pronouncedintensity around

1.04 eV, while the intensity of this line increaseswith increasingdoping concentration.

This is consistent with investigationsof Eswaran et al., where a band structure around

1.045eV was detected in photoluminescencemeasurements of highly phosphorusdoped
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Table4.3: Major photoluminescencefeaturesof low temperatureepitaxial �lms. The

photon energy h� and the dependenceof the PL intensity of the features on the

(increasing)deposition temperature Tdep, the (increasing)deposition rate r dep, and

the ion-bombardment with low energyions Vacc � 100V is given.

PL feature PL energyh� Tdep rdep ion-bombardment

0.8 eV peak around 0.8 eV only 460� C decreases weak in
uence

P, N, and C-line < 0.8 eV only 460� C sharper lines only in IAD

band to band > 0.98eV increases no in
uence weak increase

silicon [143]. Thesebroad lines appear even at high deposition temperatures of 810� C.

Hence,they are more likely a result of the dopant impurities and seemto be related to

multiple excitonsbound at dopant impurit y centers than related to point defectsformed

by imperfect growth. The electronic quality of the �lms correlateswith the intensity of

theselines which supports the thesis that theselines are related to band to band recom-

bination in the caseof doped epitaxial �lms. The useof acceleratedions with Vacc = 20

weakly increasesthe intensity of the d-peak. However, the d-peak intensity decreasesfor

Vacc � 100V. The complexQ- and S-lines,togetherwith their splitting under stressmight

explain the broad featuresof the observed b-, c-, and d-peaksas well [73]. However, the

Q- and S-linesare only observed in lithium doped �lms and SIMS measurements did not

show lithium in the IAD-�lms.

Strong A-line PL (a-peak) at 1.122eV is found in MBE-�lms, whereasthe A-line is

suppressedor much weaker when IAD with ion energiesof 20 eV or above is usedand

the deposition rate is above 0.1 � m=min. Luminescenceat 1.122eV wasalsoreported by

Weber et al. [81].The authorsspeculatedthat the origin of the center is an isoelectric trap

wherecarbon is involved. Isoelectric defectsare impurit y atomsor clusters,that have the

sameelectronic con�guration as the host lattice. For exampleGe in Si, where the strain

is responsible for the trapping of carriers.
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0.8 eV peak

The broad defectband around 0.8eV may result from imperfect growth at low deposition

temperatures,asdemonstratedby the temperature dependent PL-measurements in �gure

4.8. From similar experiments, not shown in this work, it is obvious that the peak does

not appear in the spectra obtained from �lms deposited at Tdep � 510� C. Nevertheless,

the defect band remains even after a 1 h heat treatment at 650� C, and after hydrogen

treatment for 1 h at 360� C. A possibleexplanation for the formation of this defectband is

the presenceof stressin the �lms, that can result in such broad luminescencefeatures.A

broadpeakaround0.8eV in photoluminescencewasobserved in siliconsamplesimplanted

with either hydrogenor oxygenafter a hydrostatic argonambient pressuretreatment with

up to 1.5 GPa [83]. The applied stressenhancesthe emissionof the defect luminescence,

whereby the origin of the luminescent recombination remains unclear. A similar defect

bandaround0.8eV, additional to the D-linesfrom dislocations,wasobservedby Mudryi et

al in multicrystalline silicon for solarcell applications[82].From the PL measurements the

stressin the sampleswasdeterminedto valuesaround 10 MPa. The band wasattributed

to gettering of impurities such as carbon and oxygen or self interstitials forming during

growth. Additionally , such a broad defectband around 0.8 eV is observed in silicon �lms

deposited at Tdep = 800� C by LPCVD on strained Si-bu�er layers [80]. However, Raman-

spectroscopy investigationsof IAD-�lms deposited at Tdep = 460� C did not reveal stress

in the �lms within the accuracyof the method, which is of the order of � 15 MPa.

P, N, and C-line luminescence

The use of acceleratedSi ions in the beam is responsible for the formation of thermal

donorsin �lms deposited at temperaturesaround Tdep = 460� C. This is con�rmed by the

exactly matching energeticpositions of the observed P-, N- and C-lines with literature

data, as well as the characteristic annealingof theselines at temperaturesof 650� C.

The most intenseof theselines in the PL spectra are the P-lines (seepage17). Their

intensity increaseswith increasingion energy. The N- and C-lines are observed in high

resolution spectra as well, albeit with lower intensity. In the literature, these PL lines



4.3. Deeplevel defects 61

are only reported from Si sampleswhich have a high density of either oxygen, carbon or

nitrogen, such asCZ-silicon wafers.The formation of complexeswith vacanciesand/or Si

self-interstitials from theseimpurities is responsiblefor the observed defect luminescence.

Although the concentration of these impurities in �lms deposited by IAD is below the

detection limit of our SIMS-machine, (O+ 5x1018 cm� 3 [144], C+ 1:1x1018 cm� 3, N+

1:0x1019 cm� 3 [145]), the defect lines in the PL measurements are most likely causedby

theseimpurities. The occurrenceof the sharpP-linesdependson the deposition rate. Only

for �lms depositedwith r dep > 0.1 � m=min they areclearly observed. At lower deposition

rates, the sharp P-lines smear out together with the peak around 0.8 eV into a broad

defectdistribution below 0,9 eV. A hydrogenpassivation treatment at only 350� C results

in a signi�cant decreaseof the luminescenceintensity of the lines from these thermal

donors.

4.3 Deep level defects

4.3.1 Defect-bands

The DLTS-spectra of low temperature epitaxial �lms typically consistof relatively broad

overlappingpeaks,asdepictedin �gure 4.12a)for a �lm depositedat Tdep = 460� C and rdep

= 0.16 � m=min. The �lm has a low boron doping concentration of NA � 5x1015 cm� 3.

The maxima of the DLTS spectra correspond to majorit y-carrier traps for the chosen

representation, i.e. in this caseof a p-type �lm the peaksA, B, and C represent hole-traps.

Minorit y-carrier traps would appear asminima in the spectra. Each peak correspondsto

a distinct defect level. Several spectra recordedat di�erent emissionfrequenciesep are

usedto determinethe energeticlevels of the defectsin the �lms by plotting the emission

frequencyversusthe inversesampletemperature at the peak maximum in an Arrhenius

graph (see�gure 4.12b)). Analysis of the three peak maxima is madeby �tting Gaussian

pro�les to the DLTS spectra. The energeticlevels of the defectsobtained by this method

are E t � EV = 214 meV � 16 meV (A), 412 meV � 53 meV (B), and 330 meV � 6

meV (C). The given error of the measurement is the error of the linear �t. Obviously, the
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Figure 4.12:a) DLTS-spectra of a p-type sample, recorded at various repetition

frequenciesep. The spectra show three broad, overlapping peaks,representing broad

defect distributions in the band gap. For analysis, the temperature of the peak

maxima is determinedby Gaussiancurve �ts. b) The Arrhenius plot of the emission

frequencyep versusthe inversetemperature of the maxima A, B, and C from a)

reveals the defect levels of E t � EV = 214 meV (A), 412 meV (B), and 330 meV

(C).

overlapping of the peakscomplicatesthe determination of the defect level corresponding

to peak B, asexpressedby the signi�cantly larger error.

An exampleof an n-type epitaxial �lm is given in �gure 4.13a).The spectrum is nor-

malizedto the corresponding defectdensity. As before,positive peaksare due to majorit y

carrier traps, in this caseelectron traps. The analysisof the DLTS spectrum revealsan

energeticlevel of peakX of EC � E t = 136meV, asrepresented in �gure 4.13b).Although

two more peaksY and Z are visible in this spectrum, their peak position is not clearly

detectablefor other repetition frequencies,and thereforethe energeticposition cannot be

determined. In other n-type samplesonly the peak X, at approximately the sametem-

perature and with similar energeticposition is detected.The level of 136meV is in good
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Figure 4.13:a) DLTS-spectrum of an n-type sample.The spectrum is normalizedto

the defect concentration, and shows a broad defect distribution. b) The Arrhenius

plot of the emissionfrequencyen versusthe inversetemperature of peak X reveals

a defect level at EC � E t = 136meV. The energeticlevels of peaksY and Z cannot

be derived from the spectra.

agreement with values reported in literature for thermal donors in n-type oxygen rich

silicon [87,88].

Figure 4.14summarizesdata from DLTS analysisof seven �lms depositedby IAD (no.

1 to 6) and MBE (no. 7). All �lms are depositedat Tdep = 460� C, however, the deposition

rate varied in the rangeof r dep = 0:1: : : 0:5 � m=min. Note that the DLTS-spectra of all

samplesshow several peaksand that only those that were undoubtedly determined are

shown here. Consequently, only very few data points are available. From the available

data, defectbandsaround 120,200,250,350,and 430meV are deduced.The distinction

betweenthe 200and 250meV bandsis motivated by the data of samples3 and 4, where

two levels in this energyrangeare found. However, for the 350 and 430 meV bands it is

not obvious if there are two bandsor only discrete levels, and the suggestedassignment

to defectbandsis only tentativ e.
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Figure 4.14:Tentativ e representation of the defect bands in the lower half of the

band gap of low temperature epitaxial Si-�lms. All �lms are deposited at Tdep =

460� C by IAD except for sampleno. 7 that is deposited by MBE.

4.3.2 In
uence of deposition temp erature, rate, and silicon ions

Dep osition temp erature

Similar to the resultsfrom photoluminescencemeasurements, defectlevelswereonly found

in �lms deposited at Tdep = 460� C, whereasfor higher deposition temperatures Tdep �

510� C no peaks in the DLTS-spectra are observed. Hence,the defect concentration for

�lms deposited at higher temperaturesis below the detection limit of the DLTS-method,

which is about 1x1013 cm� 3 for p-type �lms. A method for the estimation of the defect

density from the minority carrier di�usion length of �lms deposited at Tdep � 460� C is

given in chapter 5.3. There it is found that the defect density decays exponentially with

the deposition temperature.



4.3. Deeplevel defects 65

Dep osition rate

Figure 4.15showsthe in
uence of the deposition rate on the deeplevel defects.Two strong

peaksare found for the �lm deposited at r dep = 0.12 � m=min, labeled B and D. These

two peaksare still present in the spectrum of the �lm deposited at r dep = 0.36 � m=min,

albeit to a much lower extent. The peakslabeled A and C, clearly visible for the higher

deposition rate are barely visible for �lms deposited at the lower deposition rate.
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Figure 4.15:Dependenceof the DLTS spectra on the deposition rate. PeakB of the

�lm deposited at 0.12� m=min correspondsto a defect level of E t � EV = 250meV

and peakD to 374meV. The density of thesetwo defectlevelsdecreasessigni�cantly

when the deposition rate is increasedto 0.36 � m=min, whereasthe peak A of the

�lm deposited at 0.36 � m=min corresponding to E t � EV = 124 meV and peak C

(274 meV) are only weakly a�ected.

In
uence of Si ions

Figure 4.16 depicts the variation of the DLTS spectra when �lms deposited by IAD are

comparedto those deposited by MBE. The �lm grown under Si-ion-bombardment with
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Vacc = 20 V (IAD) shows a higher total intensity of the DLTS signal. In particular the

peak C is increasedby the use of the Si-ions. Also the peak shape is sharper as that

of the MBE-�lm. In the caseof MBE the defect distribution is smearedout, and defect

identi�cation becomesdi�cult. Peak A of the MBE-�lm correspondsto an energyof 217

meV, peak A and peak C of the IAD-�lm to 124meV and 274meV, respectively.
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Figure 4.16: In
uence of acceleratedsilicon ions with accelerationvoltage Vacc = 20

V on the DLTS spectra. The defect density is increasedby more than a factor of 2

by the useof silicon ions in the beam.

4.3.3 Discussion: Deep level defects

In general,the DLTS spectra of �lms deposited at Tdep = 460� C consistof several broad,

overlapping peaks.This often hampers the identi�cation of all defect levels present in

a single �lm. The compiled data of defect levels of seven p-type �lms reveals, that in

the lower half of the band gap, a variety of defect levels, or more likely defect bands,

are present. The density of each defect level in a single �lm depends on the deposition

rate and the useof acceleratedSi-ions.An increaseof the deposition rate results in less
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pronouncedpeaks in the DLTS experiments. The use of acceleratedSi-ions results in

increaseddensity of the trap levels in the DLTS spectra. However, the density of all

peakspresent in the �lm is increased,whereasin the PL experiments only the P-lines

increasedupon increasedSi-ion energy. From this results, no clear correlation of the

photoluminescenceand DLTS resultscould be established.The n-type samplesdeposited

by IAD typically show a shallow defect level around 0.136 eV below the conduction

band. This is in the range of DLTS results for thermal donors reported in literature,

where16 di�erent specieswith energylevels betweenEC � 0.07eV and EC � 0.15eV are

observed [87,88].Transition metal impurities, such asCu, Ni, or Fe are known to generate

defectlevelsin the band gap,someof them in the rangeof the defectbandsdeterminedby

DLTS in the epitaxial �lms investigatedhere [96,146,147].However, the reported DLTS

signals for metallic impurities are much sharper, and the observed dependenceof the

defect density on the deposition temperature of the �lms remainsunclear. Additionally ,

dislocationsdecoratedwith transition metalsshow typical D-line luminescence[58,59,148],

which is not observed in the epitaxial �lms, even for dislocation densitiesup to 1x107

cm� 2.

4.4 Correlation of carrier lifetime and defect densit y

4.4.1 In
uence of deposition temp erature and rate

Testsolarcell structureswerefabricated to determinethe minority carrier di�usion length

in the �lms. Measurements of the internal quantum e�ciency allow for the evaluation of

the minority carrier di�usion length L, a key parameter for the characterization of the

electronicquality of �lms for solar cell applications. The minority carrier di�usion length

L is correlatedwith the carrier lifetime � via the di�usion constant D by L =
p

D� , and

is a direct measureof the electronicquality of the �lms.

Figure 4.17shows the dependenceof L on the deposition temperature and rate of �lms

depositedby IAD with Vacc = 20 V. At low temperaturesTdep � 510� C L hasa maximum

at a deposition rate around r dep = 0.3 � m=min. At higher deposition temperatures the
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Figure 4.17:Minorit y carrier di�usion length L asdeterminedby IQE-measurements

for �lms deposited at Tdep = 460, 510, and 650� C by IAD. At low temperatures

Tdep � 510� C the di�usion length L hasa maximum at a deposition rate r dep � 0.3

� m=min. At higher deposition temperaturesthe di�usion length remainsat a high

value of L � 40 � m, even for rates exceedingr dep = 0.3 � m=min. After [7].

di�usion length remains almost constant at a high value of L � 40 � m, even for rates

exceedingr dep = 0.3 � m=min, demonstrating the high electronic quality of the epitaxial

�lms.

Figure 4.18 shows the correlation between the di�usion length and the trap density

asdeterminedby DLTS asa function of the deposition rate for �lms deposited at Tdep =

460� C. The given trap density is the maximum of the peak of the respective defect level

in the rangeof the 200meV band. All three data points show the highest defectdensity

in their respective DLTS-spectrum. It is found that the maximum of L at � 0.3 � m=min

correlateswith a minimum in the defect density at approximately the samedeposition

rate. A possibleexplanation of this behavior is an interplay of two defect generating

mechanismsthat dependon the deposition rate during epitaxial growth [149].On the one

hand, the incorporation probability of impurities from the gas phaseis the higher the
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Figure 4.18:Density of point defectsand point defect complexesN t as determined

by DLTS and minority carrier di�usion length L of �lms deposited at Tdep = 460� C

in dependenceof the deposition rate r dep. The di�usion length is determinedby the

presenceof point defectsas indicated by the correlation of the minimum of N t and

the maximum of L at deposition rates around r dep = 0.3 � m=min. The lines are a

guide to the eye.

lower the deposition rate. Thus, �lms deposited with low deposition rates should show a

higher amount of impurities. On the other hand, a high deposition rate reducesthe mean

free time of the adatomson the wafer surface,resulting in a higher amount of vacancies

and interstitials due to imperfect growth. The latter e�ect becomeslesspronouncedat

higher deposition temperatures as demonstratedby the curve of the �lms deposited at

Tdep = 650� C shown in �gure 4.17.

4.4.2 Bene�ts from accelerated silicon ions

Photoluminescenceand DLTS investigations (seechapter 4.2.2 and 4.3.2) have shown,

that even moderately acceleratedSi-ions with Vacc = 20 V used during deposition of

thin �lms at low deposition temperatures generateadditional defectsand increasethe
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defectdensity. In this chapter, the in
uence of the Si-ionson the electronicpropertieswill

be studied. Figure 4.19 depicts the dependenceof the minority carrier di�usion length

L on the accelerationvoltage of the Si-ions during deposition at temperatures of Tdep

= 460� C and 650� C with rdep = 0.3 � m=min for both series.The caseof Vacc = 0 V

corresponds to standard MBE-deposition conditions with grounded substrate. At both

deposition temperatures,an increaseof the di�usion length with the accelerationvoltage

is observed.
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Figure 4.19:Films deposited at a) Tdep = 460� C and b) Tdep = 650� C with rdep =

0.3 � m=min show an increaseof the minority carrier di�usion length with increased

accelerationvoltage.

At Tdep = 460� C (�gure 4.19a), L increasesfrom 1.15 � m to valuesaround 1.3 � m

for applied accelerationvoltagesof Vacc = 20 and 50 V. Further increaseof Vacc to 100

V results in L = 1,82 � m. This result is in good agreement with the photoluminescence

experiments shown in �gure 4.5. Although the PL experiments show increasedP-line

defectdensity with increasedaccelerationvoltage, the band to band luminescence(peaks

B through E), a measurefor the electronicquality, also increases.

For the �lm depositedat Tdep = 650� C, displayed in �gure 4.19b),L increasesfrom 4.1

� m to 11.4� m upon increaseof Vacc from 0 to 20 V. In this seriesof depositions, no ex-
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periments with higher Vacc werecarried out. However, results from literature on ion-beam

deposition [13] and the intensity of the band to band luminescenceof experiments with

higher accelerationvoltagesabove Vacc = 20 V, shown in �gure 4.7, allow the conclusion,

that the electronic quality of �lms deposited at Tdep = 650� C decreasesfor acceleration

voltageshigher than Vacc � 20 V.

Two test solar cells, deposited at Tdep = 750� C under MBE and IAD (Vacc = 20 V)

conditions, respectively, show the sameconversione�ciency of � = 13.8%. The minority

carrier di�usion length of these�lms, obtainedby the analysisof the IQE, exceedsin both

casesthe �lm thicknessof 15 � m and is of the order of L = 30: : : 40 � m. Therefore,at

this relatively high deposition temperature of Tdep = 750� C, no signi�cant e�ect of the

acceleratedSi-ionscould be deducedexperimentally.

4.5 Discussion: Defect formation in low temp erature

epitaxy

The photoluminescenceand DLTS results presented in this chapter showed a variety of

defectsin IAD and MBE �lms deposited at low temperatures. It has to be emphasized

hereagain, that both analysismethods reveal a signi�cant dependenceof the point defect

density on the deposition temperature. Chapter 5.3 shows that the temperature depen-

denceof the defect density determined from the minority carrier di�usion length of the

�lms exhibits an exponential decay of the defectdensity with the deposition temperature.

Hence,when discussingthe defect formation during molecular beamepitaxy, we have to

look for defect formation mechanisms, that depend on temperature. These are (i) the

adatom mobilit y, (ii) sticking coe�cien t of impurities during deposition, and (iii) temper-

ature dependent complexformation, e.g. thermal donorsand interstitial defect reactions.

As has beenpointed out in chapter 2.1.3, the adatom mobilit y is clearly one of the

dominating parametersfor the evolution of �lm morphologyduring low temperature epi-

taxy. The number of structural defectsand especially for (100)-oriented �lms deposited

above Tdep = 450� C the number of vacanciesdue to imperfect epitaxial growth decreases
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with increasingdeposition temperature. Surfaceroughening,e.g.hillocks and ripples are

observed even in step 
o w growth mode at deposition temperaturesup to 625� C [27].

The sticking coe�cien t of impurities generallydependson the coverageand the tem-

perature [150]. Carbon and oxygen related surface adsorbatesdesorb at temperatures

above 1200� C [151] and 850� C [152], respectively. It has to be mentioned here, that the

basepressureof the MBE reactor used for this investigations of 1x10� 9 mbar is about

one order of magnitude higher than reported for other MBE-systems.Especially during

deposition with high deposition rates the pressureattains valuesaround 1x10� 7 mbar,

wherethe main speciesare hydrogen,and to a lesserextend nitrogen. However, for long

deposition durations, oxygen and carbon related masssignalsare observed in the resid-

ual gasby the massspectrum analyzer.No experimental proof of other impurities, apart

from oxygen, carbon, nitrogen and the dopants boron and phosphorus,are observed in

the �lms investigated in this work within the resolution limits of residual gas analysis

and SIMS measurements. Hencethere is a high probability that the �lms deposited at

low temperatures contain oxygen, carbon, and nitrogen as impurities. Other impurities

may be incorporated as well, however there is no direct proof of their presencein the

�lms. As the impinging rate of impurities dependson the partial pressurein the residual

gas[153], it is expected, that the density of impurit y atoms is inverselyproportional to

the Si-deposition rate. This hypothesis is con�rmed by the results shown in �gure 4.18:

the di�usion length L increasesand the defectdensity N t deceaseswith rising deposition

rate for r dep = 0.1: : :0.3 � m=min. However, at low deposition temperaturesTdep � 510� C

and deposition ratesabove r dep = 0.3 � m=min, the increasingnumber of defectsgenerated

by imperfect growth dominates[149].

The sheerexistenceof impurities such asoxygen,carbon or nitrogen doesnot necessar-

ily result in the formation of electrically active complexes.This dependsto a great extend

on the presenceof vacanciesand silicon self interstitials, and the temperature treatment

of the samples,as demonstratedby numerousinvestigationson thermal donorsand new

oxygendonorsin CZ-silicon (seechapter 2.2.3).The temperature and passivation charac-

teristics of the observed P, N, and C-line luminescencedemonstrate,that theseimpurities
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are active in the �lms.

Chapter 2.1.2presents the principle interactions of low-energyionswith the surfaceof

the growing crystal. Experimentally, the comparisonof �lms deposited by IAD and MBE

shows, that the additional vacancies,that are created by irradiation with ion energies

above 20 eV enhancethe formation of thermal donorscorrelatedto P-line luminescence.

As the intensity of the 0.8 eV peak, observed in PL experiments, decreasesby the

useof acceleratedSi-ions, it seemsnot to be related to the vacancydensity. The 0.8 eV

peak also is not correlated to the density of extendeddefects,as this peak is observed

in �lms with structural densitiesranging from nep = 1x103cm� 2 to 1x106 cm� 2. Similar

PL-peaksare reported in literature from bulk silicon under stress[82,83]or epitaxial �lms

deposited on strained substrates [80]. Therefore, the 0.8 eV peak might be a result of

strain in the �lms, that is due to imperfect growth at low deposition temperatures.

Despite the increaseddefectdensity observed by PL and DLTS in �lms deposited by

IAD, the minority carrier di�usion length L of those �lms also increases.A possibleex-

planation of the increasingL with increasingion energyis a gettering e�ect of carbon and

oxygen to the newly createdvacancies.The TQE measurements of chapter 5 show, that

rather shallow defectlevelsin the rangeof 0.16to 0.21eV arethe dominant recombination

centers at room temperature. The respective defectmight be a center whereoxygen and

carbon are involved as well. If additional vacanciesare generatedby the useof Si-ions,

thesemight act asgettering centers for oxygenand carbon and form thermal donorsthat

are lessactive recombination centers, and thereforethe total recombination is reduced.



Chapter 5

Temp erature dependent quan tum

e�ciency { TQE

The investigationsof defectsin (100)-oriented epitaxial thin �lms deposited at low tem-

peraturesTdep � 650� C presented in chapter 4 revealedthe presenceof a variety of defect

levels in the band gap. Photoluminescenceas well as DLTS give results on the energetic

position of those defect levels, however, they do not allow for an identi�cation of the

recombination activit y, i.e. the capture of an electron and a hole in the defect level. The

tailoring of devicesrequiresthe analysisof the dominant recombination center in the ma-

terial under working conditions. As the minority carrier lifetime is the key parameter for

solar cell applications, lifetime spectroscopy (LS), i.e., the measurement of the lifetime

undervaried measurement temperatureor injection level, allowsfor a determination of the

dominant recombination centers. However, the conventional measurement techniquesfor

the lifetime, microwave photoconductancedecay (MWPCD) and quasi steadystate pho-

toconductance(QSSPC)cannot be applied to thin �lms or processeddevices.Therefore,

a newmethod for the temperature dependent extraction of the lifetime that is compatible

with thin �lm solar cellswas developed in this work.

In this chapter, �rst the principlesof lifetime spectroscopy arediscussed.Subsequently,

this chapter introducestemperature dependent quantum e�ciency (TQE) measurements

as a new lifetime spectroscopy method for completeddevices.At the end of the chapter,

74
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TQE is applied to IAD-thin �lm solar cells and a model for the analysisof the data is

developed.

5.1 Lifetime spectroscop y

The major disadvantageof defectanalysismethods such asDLTS and photoluminescence

is givenby the fact, that they do not give clearevidencefor the dominating recombination

mechanism that leads to devicedegradation under working conditions. In contrast, the

minority carrier lifetime � is a direct measureof the total recombination process,i.e. the

capture of an electronand the capture of a hole in the trap, and analysisof � usingmeth-

ods that analysethe minority carrier lifetime as a function of temperature (temperature

dependent lifetime spectroscopy, TDLS) [154,155]or injection level (injection dependent

lifetime spectroscopy, IDLS) [156] allow for the determination of the energetic level of

the dominant defectswith a high sensitivity. The combination of both, TDLS and IDLS,

reveals most of the relevant parametersof the recombination center, such as energetic

position, defectdensity, and capture crosssection[157,158].

The analysisof the measuredIDLS and TDLS data is basedon the Shockley-Read-

Hall theory for a single defect level with energy E t [102,103].The Shockley-Read-Hall

lifetime � SRH under the assumptionthat the electronand hole excesscarrier densitiesare

equal: � n = � p is given by

� SRH =
� n0(p0 + p1 + � n) + � p0(n0 + n1 + � n)

p0 + n0 + � n
; (5.1)

where � n0 and � p0 are the capture time constants and n0 and p0 are the equilibrium

densitiesof electronsand holes,respectively. The SRH-densitiesn1 and p1 are given by

n1 = NC exp
�

�
EC � E t

kB T

�
; p1 = NV exp

�
�

E t � EV

kB T

�
; (5.2)

whereNC and NV are the e�ective densitiesof statesof the conduction and valenceband

and EC and EV the energiesof the conduction and valenceband edge,respectively.

In the caseof IDLS, the excesscarrier density � n is varied over several orders of



76 5. Temperature dependent quantum e�ciency { TQE

magnitude by light generatedelectron-holepairs, and the variation of the SRH-lifetime

with � n is studied.

The analysisof the TDLS will be discussedhere in more detail with several simpli�-

cations of the SRH-lifetime for the application to p-type silicon �lms under low injection

conditions. Under low level injection (LLI: � n � n0 + p0) the SRH-lifetime simpli�es to

� LLI
SRH =

� n0(p0 + p1) + � p0(n0 + n1)
p0 + n0

; (5.3)

and in the caseof a p-type semiconductor(p0 � n0):

� LLI ;p
SRH =

� n0(p0 + p1) + � p0n1

p0
: (5.4)

At low temperatures, i.e. p1 � p0 and n1 � p0 equation 5.4 yields � LLI ;p
SRH = � n0

and � LLI ;p
SRH is only slightly temperature dependent via the temperature dependenceof

the thermal velocity vth (T) =
p

8kT=� m�
tc where m�

tc is the thermal velocity e�ective

mass[159].Assumingthe capture crosssection� n to be independent of the temperature,

the capture time constant � n0 becomes

� n0(T) =
1

N t � nvth (T)
= � � 1=2� 300K

n0 : (5.5)

Using the normalized temperature � = T=300K allows to eliminate the temperature

dependencein � n0 and refer to a temperature invariant referencelifetime � 300K
n0 .

At elevated temperatureseither p1 or n1 dominatesequation 5.4, and � LLI ;p
SRH becomes

thermally activated with either Ea = E t � EV (caseA, defect in the lower half of the

band gap) or Ea = EC � E t (caseB, defect in the upper half of the band gap). Under

considerationof the temperaturedependenceof the e�ectivedensitiesof statesNC=V (T) =

� 3=2 N 300K
C=V [160],equation 5.4 can be rewritten by

� LLI ;p
SRH = � � 300K

n0

�
� � 3=2 + � exp(� Ea=kB T)

�
; (5.6)

whereeither � = N 300K
V =NA (caseA) or � = � 300K

p0 N 300K
C =(� 300K

n0 NA ) (caseB).

As a consequence,the temperature dependent SRH-lifetime � LLI ;p
SRH (T) only depends

on the activation energyEa, the capture time constant � n0, and in caseB on the ratio
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� 300K
p0 =� 300K

n0 . Figure 5.1 depicts the in
uence of the activation energyEa of a single re-

combination center in the lower half of the band gap (caseA) on the lifetime � LLI ;p
SRH scaled

by the normalizedtemperature � in an Arrhenius representation for simulated data with

p0 = NA = 1x1016 cm� 3 and � n0 = 1 � s. In the Arrhenius representation, the slope of

the scaledlifetime in the high temperature regimeis determinedby the activation energy

only. With increasedEa, the minimum of � LLI ;p
SRH =� movesto higher temperatures.The low

temperature regimeof � LLI ;p
SRH =� is a direct measureof the referencelifetime � 300K

n0 . If the

defect level is in the upper half of the band gap (caseB), the minimum of � LLI ;p
SRH =� would

be shifted additionally if � 300K
p0 =� 300K

n0 6= 1, while the slope at high temperaturesand the

low temperature regimewon't be a�ected. In the caseof � 300K
p0 =� 300K

n0 = 1, a defect level

in the upper half could not be distinguishedfrom a defectlevel in the lower half by means

of temperature dependent lifetime spectroscopy.

Rein et al. [158]gave an overview of the possibilitiesand restrictions of lifetime spec-

troscopy for defect analysis.The higher the activation energyand the higher the doping

density, the higher is the temperature at which the minimum of � LLI ;p
SRH =� occurs. This

may be inconvenient if the measurement setup or the deviceunder investigation are not

compatible with high temperatures. As mentioned above, only for � 300K
p0 =� 300K

n0 6= 1 the

conclusion that the trap level is located in the upper half of band gap is possible. If

� 300K
p0 =� 300K

n0 = 1, the unambiguousdetermination whether the defect level is in the upper

or lower half of the band gap is not possibleby TDLS alone.Hereadditional information,

e.g. from IDLS or DLTS measurements, is necessary.

Dominan t recom bination pro cess

If several defect levelsare present in a sample,the e�ective lifetime � ef f
SRH of the sampleis

the inversesum of the single defect related lifetimes � SRH (i ) under the assumptionthat

each defectmay be described by an individual SRH-lifetime [161]

1

� ef f
SRH

=
X

i

1
� SRH (i )

: (5.7)



78 5. Temperature dependent quantum e�ciency { TQE

2 3 4 5 6 7

10 -2

10 -1

100

101

N
A
 = 1 x 1016 cm -3

0.4 eV

0.3 eV

0.2 eV

E
a
 = 0.1 eV

x 10 -3

 

 

S
ca

le
d

 li
fe

tim
e

 t
/ q

 (
µ

s)

Inverse temperature T -1(K -1)

6
0

0
K

5
0

0
K

4
0

0
K

3
0

0
K

2
0

0
K

Figure 5.1: Simulation of the Shockley-Read-Hall lifetime � LLI ;p
SRH divided by the nor-

malized temperature � of p-type Si with a single defect in the lower half of the

band gap, plotted for several activation energiesEa with p0 = NA = 1x1016 cm� 3

and � n0 = 1 � s. The higher the activation energy, the higher is the temperature of

the minimum in � LLI ;p
SRH and the steeper the slope of the high temperature regimeof

� LLI ;p
SRH =� .

Under low level injection and in the caseof a p-type semiconductor,using equation 5.6,

equation 5.7 can be rewritten by

�

� ef f
SRH

=
X

i

1
� 300K

n0 (i )

�
1

� � 3=2 + � i exp(� E i
a=kB T)

�
: (5.8)

Thus, the defect with the smallest individual lifetime at a given temperature will be

the dominating defectat this temperature. As can be seenin �gure 5.1, the SRH-lifetime

of a single defect level undergoes a minimum at a certain temperature Tmin , which is

determined by the activation energy Ea and the referencelifetime � 300K
n0 . For very low

temperatures T � 300 K, the defect with the lowest referencelifetime � 300K
n0 will be

the dominant defect. With increasingtemperature the recombination activit y of defects

will decreaseaccording to their activation energiesE i
a. The in
uence of the Ea on the
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recombination activit y will be discussedhere for the example of a p-type samplewith

defectsin the lower half of the band gap. In this caseit holds that n1 � p0 and n1 � p1

and equation 5.4 simpli�es to

� LLI ;p
SRH = � n0

�
1 +

p1

p0

�
; (5.9)

where p1 is exponentially dependent on Ea (seeequation 5.2). Figure 5.2 shows the de-

pendenceof the ratio p1=p0 on the temperature for a typical doping density of thin �lm

solar cells of p0 = NA = 5x1016 cm� 3. Only for valuesof p1=p0 � 1, the recombination

activit y of a certain defect level is the highest, i.e. � LLI ;p
SRH (i ) = � n0(i ). Consequently, even

a defect level with an activation energyas low as Ea = 0.2 eV might be the dominant

recombination center at T = 300K, if the respective referencelifetime is lower than that

of defect levelswith higher activation energies.Figure 5.2 alsounveils, that for such high

doping levels of p0 = 5x1016 cm� 3, the ratio p1=p0 of defectswith activation energies

Ea � 0.3 eV would be below unity, even at temperaturesas high as 450K. Therefore, if

a defectwith Ea � 0.3 eV is the dominant defect, it would not be detectableby a linear

increasein the Arrhenius representation of � =� for temperaturesbelow 450K.

In conclusion: if in an Arrhenius representation of � =� a linear increasewith rising

temperatureat a given temperature is observed, then the respective defectis the dominant

defectlevel at this temperature. If in the investigatedtemperature regimeno increasewith

rising temperature is observed, then a defect with an activation energyhigher then the

maximum observable activation energymay be dominant.

5.2 TQE measuremen t setup and data analysis

Conventionally, lifetime spectroscopy is carried out using either microwave-detectedpho-

toconductancedecay (MWPCD) [162]for TDLS or quasi-steady-statephotoconductance

(QSSPC) [163] for IDLS. Thesemethods require silicon waferswith well passivated sur-

facesfor the analysisof the minority carrier lifetime, and are not applicableto processed

devicesor thin �lms. Internal quantum e�ciency (IQE) allows for the determination of

the minority carrier di�usion length, hencethe minority carrier lifetime in processedsolar
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Figure 5.2: Dependenceof the ratio of the SRH-density p1 to the equilibrium density

p0 on the temperature for di�erent trap energiesE t . The equilibrium density p0 is

�xed to a typical value of the doping density NA = 5x1016 cm� 3 for thin �lm solar

cells.For valuesof p1=p0 � 1 the corresponding lifetime of the defect is equal to the

capture time constant � n0.

cells,and under certain circumstancesalsoin thin �lm solar cells.Here, for the �rst time,

temperature dependent quantum e�ciency measurements are used as a device speci�c

method of lifetime spectroscopy for thin �lm solar cells.

Measuremen t setup

Figure 5.3shows schematicsof the measurement setupfor the standardroom temperature

measurement of the external quantum e�ciency EQE (�gure 5.3a) and of the setup for

temperaturedependent EQE measurement (�gure 5.3b). In the latter case,the monochro-

matic light from the monochromator is conducted by an optical �b er to the cryostat

that allows for temperature control of the sample in a range of TE QE = 80: : : 420 K.

Measurements at room temperature in the standard setup and in the cryostat serve to
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generatea calibration �le for the correctionsof optical lossesdue to the optical �b er and

the viewport of the cryostat.

a )

b )

M o n o c h r o m a t o r

S a m p l e

M o n o c h r o m a t o r

O p t i c a l  f i b r e

C r y o s t a t

I S C

I S C

H a l o g e n  l a m p

H a l o g e n  l a m p

Figure 5.3: Measurement setup for a) the standard room temperature measurement

of the external quantum e�ciency , and b) for the temperature dependent quantum

e�ciency . In the latter case,an optical �b er serves to conduct the monochromatic

light to the cryostat in which the sampleis mounted.

Data analysis

The internal quantum e�ciency of the sample is calculated from the EQE and the re-


ectance, as described in chapter 3.3.1.Figure 5.4 shows an exampleof the temperature

dependent internal quantum e�ciency of a thin �lm Si solar cell. The epitaxial absorber

and emitter layer of this solar cell weredepositedat Tdep = 460� C, which results in a high

number of point defects(seechapter 4.3). Therefore, the internal quantum e�ciency as

well as the minority carrier di�usion length of the �lms are rather low.

There are two factors contributing to a shift of the EQE with the temperature: i) the

increaseof the carrier lifetime with increasedtemperature asdiscussedabove, and ii) the

increasedabsorptioncoe�cien t � . In order to extract the lifetime from the temperaturede-
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Figure 5.4: Temperaturedependent measurements of the internal quantum e�ciency

IQE of an epitaxial thin �lm solarcell. The �lm wasdepositedat rather low temper-

ature Tdep = 460� C and thereforecontains a high number of point defects,limiting

the maximum IQE value to 0.6. Two major e�ects causea shift of the IQE max-

imum to higher wavelengths with increasing measurement temperature TE QE : i)

higher minority carrier lifetime and ii) higher absorption.

pendent quantum e�ciency , the analysissoftware hasto take the temperature dependent

absorption coe�cien t into account. This is done following the model of Rajkanan [164]

for the temperature dependent absorption coe�cien t � (T). Under considerationof the

possiblephonon contributions of energy Ep and the direct as well as di�erent indirect

band gapsEg, � (T) is empirically given by

� (T) =
X

i;j

Ci A j

�
[hc=� � Egj (T) + Epi ]2

[exp(Epi =kB T) � 1]
�

[hc=� � Egj (T) � Epi ]2

[exp(� Epi =kB T) � 1]

�

+ Ad

q
hc=� � Egd(T) (5.10)
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where the valuesof the constants C1; C2; A1; A2; andAd are derived from a �t to ex-

perimental absorption data and are given in table 5.1. The temperature variation of the

bandgapsis given by [165]

Egi (T) = Egi (0K ) � 7:021� 10� 4 eV
T2

T + 1108K
: (5.11)

Table 5.1: Constants for the calculation of the temperature dependent absorption

coe�cien t [164].

Quantit y Units Value

Eg1 (0) (eV) 1.17

Eg2 (0) (eV) 2.5

Egd (0) (eV) 3.2

Ep1 (meV) 18.27

Ep2 (meV) 57.73

C1 5.5

C2 4.0

A1 (cm� 1 eV� 1) 323.1

A2 (cm� 1 eV� 1) 7237

Ad (cm� 1 eV� 1) 1:052x106

The temperature dependent model of the absorption coe�cien t � mod
� (T) is used

to generate a temperature and wavelength dependent correction factor f (�; T) =

� mod
� (T)=� mod

� (300). The absorption coe�cien t � (�; T) is then obtained by correcting the

experimental room temperature absorption coe�cien t � exp
� (300) from [166]with the help

of � (�; T) = f (�; T)� exp
� (300).

The di�usion length L is derived from IQE measurements by simulation of the IQE

using a self-written computer program. This computer program, basedon an analytical

model for the quantum e�ciency [167](seeappendix A), takesthe temperature variation
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of the absorption, the mobilit y, the di�usion constants, the band gap, the intrinsic carrier

concentration, and the build-in voltage into account. In order to verify the accuracyof

the analysis, the results of the room temperature measurements are crosschecked with

the computer program IQE1D [140],and found to be in good agreement. The analytical

model coversthe current generationin the emitter, the spacechargeregion,and the active

baseof the cell, under considerationof the front and rear surfacerecombination. In the

caseof thin �lm solarcells,depositedon a highly doped substrate,the contribution of the

substrate to the total current can be neglectedas long as the di�usion length doesnot

exceedthe active �lm thickness.In this casethe rear surfacerecombination of the model

correspondsto the recombination at the interfacefrom the epitaxial �lm to the substrate.

The lifetime � of electronsin p-type material is calculatedfrom the di�usion length L

by

� n =
L2

n

Dn
: (5.12)

The di�usion coe�cien t Dn for electronsis given by the Einstein relationship

Dn (T) =
kB T

q
� n(T): (5.13)

Herein, the temperature dependenceof the electron mobilit y is given by

� n (T) = � 300K
n

�
T

300K

� � 2:3

; (5.14)

with � 300K
n being the mobilit y at room temperature [168,169].

A �t of equation 5.6 to experimental temperature dependent lifetime data allows for

the determination of the activation energy Ea, the referencelifetime � 300K
n0 , and in the

caseof a defect level in the upper half of the band gap (caseB) the ratio � 300K
p0 =� 300K

n0 .

5.3 TQE of epitaxial thin �lm solar cells

Tw o-defect model

The temperature dependent lifetime scaledby the normalized temperature � of a thin

�lm solar cell deposited at Tdep = 510� C, as deducedfrom TQE measurements is pre-

sented in �gure 5.5. The data, when compared to the simulated data shown in �gure
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Figure 5.5: Scaledtemperature dependent lifetime � =� of a thin �lm solar cell de-

positedat Tdep = 510� C asdeducedfrom temperature dependent quantum e�ciency

measurements. The solid line is a �t to the data with a two defect model unveiling

activation energiesof E 1
a = 0.19eV and E 2

a = 0.07eV above the valenceband and

respective referencelifetimes constants of � 300K
n01 = 0.18and � 300K

n02 = 0.03 � s.

5.1, demonstratethat not only one single energeticdefect level contributes to the total

di�usion length. Therefore,a simple two defect model will be developed to simulate the

data. This model consistsof a superposition of two SRH-traps, following equation 5.8.

The DLTS results of p-type �lms presented in chapter 4.3.1show several defect levels in

the lower half of the band gap. Therefore,for the analysisof thin �lms solar cellswith a

p-type base,two defect levels in the lower half of the band gap with activation energies

E 1
a and E 2

a and respective referencelifetimes � 300K
n0 (1) and � 300K

n0 (2) are assumed.Using

� = N 300K
V =NA (caseA), equation 5.8 with two defectsreads

�

� ef f
SRH

=
2X

i =1

1
� 300K

n0 (i )

�
1

� � 3=2 + (N 300K
V =NA ) exp(� E i

a=kB T)

�
: (5.15)
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Herein, � 300K
n0 (1; 2), E 1;2

a , and NA are the only free parameters.The equilibrium doping

density of the �lms was determinedby CV-measurements and found to be NA = 5x1016

cm� 3 for all investigatedsamples.A least squares�t of equation 5.15 to the data serves

to determine the defect characteristic valuesof � 300K
n0 (1; 2) and E 1;2

a . The �t of the two

defect model to the data is represented by the solid line in �gure 5.5 with two rather

shallow defectswith activation energiesof E 1
a = 0.19 eV and E 2

a = 0.07 eV above the

valenceband and respective capture referencelifetimes of � 300K
n0 (1) = 0.18 and � 300K

n0 (2)

= 0.03 � s. Figure 5.6 comparesthe scaledlifetime � =� of this sampleand three other

sampleswhich weredepositedusingvariousdeposition parameters.All four samplesshow

a steepincreaseof � =� with increasingtemperature with onset at around 300K. Fitting

of the data with the proposedtwo-defectmodel, depicted in solid lines, gives very sim-

ilar results of the activation energiesEa, as listed in table 5.2. This suggests,that the

dominating defect remainsthe same,though deposition rate and temperature are varied.

This alsodemonstratesthe advantage of the temperature dependent quantum e�ciency ,

as defectsin �lms deposited at temperatures above 460� C where not resolved by DLTS

and photoluminescencemeasurements.

Additionally , the data was �tted with NA as a free parameter in order to check the

self-consistencyof the �ts. In this case,the �ts reproducedthe freecarrier densitieswithin

a limit of 50%and the trap activation energieswere found still consistent.

The dominant defect levelsof the samplesdeposited at Tdep = 460� C at room temper-

ature are in very good agreement with the results from DLTS measurements of the same

�lms, as shown in �gure 5.7. The DLTS-defect level of 0.172eV of the �lm deposited at

rdep= 0.3 � m=min is in good agreement with the TQE-defect level of 0.16 eV. For the

�lm deposited at r dep = 0.5 � m=min, two DLTS-defectlevelsof 0.206and 0.217eV might

be responsible for the dominant defect level identi�ed by TQE of 0.21eV. Although the

spectra of the �lm deposited at r dep= 0.3 � m=min, as well as of other p-type �lms also

show deeper defectlevels,asdepictedin �gure 4.14,the TQE-measurements demonstrate

that the defect levels around 0.2 eV have the major in
uence on the deviceperformance

at room temperature.



5.3. TQE of epitaxial thin �lm solar cells 87

2 3 4 5 6 7 8

0.1

1

10

0.3 µm/m in, 460° C

x 10 -3

0.5 µm/m in, 460° C

0.1 µm/m in, 510° C

r
dep

= 0.3 µm/m in, T
dep

= 510° C

 

 

S
ca

le
d

 li
fe

tim
e

 t
/ q

 (
µ

s)

Inverse temperature T -1 (K -1)

4
0

0
K

3
0

0
K

2
0

0
K

Figure 5.6: Comparisonof the temperature dependent lifetime of four epitaxial thin

�lms deposited at various deposition temperatures Tdep and rates r dep. The solid

lines are �ts to the measurement data using the two-defectmodel. Details of the �ts

results are given in table 5.2.

Estimation of the defect densit y

As no direct determination of the defectdensity for �lms depositedat temperaturesabove

Tdep = 460� C is possibleby using DLTS, the minority carrier di�usion length, a sensible

measureof the electronic quality of the �lms, can serve to analysethe defect density in

the epitaxial �lms. This is possibleif the defectdensity and the minority carrier lifetime

are both known for a single deposition temperature and under the assumptionthat the

dominant recombination mechanism remains the sameindependent of Tdep. The DLTS-

results for the �lm deposited at Tdep = 460� C and rdep = 0.3 � m=min are given in table

5.3. The defect level with E t = 0.17 eV is identi�ed as the dominant defect level at 300

K by the TQE measurements, asstated above. Togetherwith the data from the lifetime-

spectroscopy provided in table 5.2, the capturecrosssectionfor electrons� n is determined
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Table5.2: Fit parameters� 300
n0 (1; 2) and E 1;2

a for the �t of the temperaturedependent

lifetime displayed in �gure 5.6. The trap energiesE 1
a and E 2

a are similar although

the �lms weredepositedat variousdeposition temperaturesand rates.The reference

lifetimes � 300
n0 (1; 2) of the �lms support the resultsof chapter 4.4.1,i.e. the lifetime of

the �lms increaseswith increasingdeposition temperature and the highest lifetimes

are found at a deposition rate around 0.3 � m=min.

�lm deposited at E 1
a E 2

a � 300
n0 (1) � 300

n0 (2)

rate (� m=min) temperature ( � C) (eV) (eV) (� s) (� s)

0.3 510 0.16 0.07 1.60 0.18

0.3 460 0.16 0.07 0.71 0.06

0.1 510 0.19 0.07 0.18 0.03

0.5 460 0.21 0.11 0.10 0.02

for a doping level of 5x1016 cm� 3 and a minority carrier di�usion length of L = 5 � m at

TE QE = 300K via

� n =
Dn

vth N tL2

�
1 +

NV

NA
exp

�
�

E t � EV

kB T

� �
(5.16)

to be � n = 7:9x10� 13 cm� 2. For a seriesof depositions where only the deposition tem-

perature is varied, it may be assumedthat the dominant defect responsible for device

degradation remains the same.This is supported by the results of the �lm deposited at

Tdep = 510� C and rdep = 0.3 � m=min, as given in table 5.2, which show the samedefect

levelsas the �lm depositedat Tdep = 460� C. Under theseassumptionsand for a given de-

position temperature, the measurement of the room temperatureminority di�usion length

L allows for the determination of the defectdensity N t

N t =
Dn

vth � nL2

�
1 +

NV

NA
exp

�
�

E t � EV

kB T

��
=

Adef

L2
(5.17)

with Adef being a characteristic defect constant, fully determinedby the doping concen-

tration NA and the defectparameters� n and E t . For the �lm deposited at Tdep = 460� C
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Figure 5.7: Deep level transient spectroscopy revealsseveral defect levels in p-type

�lms deposited at Tdep = 460� C. The defect levels around of 0.172eV of the �lm

deposited at r dep = 0.3 � m=min and the two defect levelsaround 0.21eV found for

the �lm deposited at r dep = 0.5 � m=min correspond nicely to the dominant defect

centers asdeterminedby TQE-analysis

and rdep = 0.3 � m=min Adef is given by 2:16x10� 6 cm� 1, and for the �lm deposited at

Tdep = 460� C and rdep = 0.5 � m=min Adef = 1:47x10� 6 cm� 1. For thesetwo sampleseries

with deposition rates r dep = 0.3 and 0.5 � m=min, �gure 5.8a depicts the temperature

dependenceof the room-temperature minority carrier di�usion length on the deposition

temperature of the epitaxial �lm, and �gure 5.8b the corresponding calculateddefectden-

sity. Both sampleseriesshow an exponential decay of the defect density with increasing

deposition temperature.

5.4 Discussion: TQE metho d

Temperature dependent quantum e�ciency (TQE) is introduced here as a new lifetime

spectroscopy method that applies to processedsolar cells. This method allows for the
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Table 5.3: Energeticposition E t � EV , trap density N t , and capture crosssection� p

of defectsas determined by DLTS in a �lm deposited at Tdep = 460� C and rdep =

0.3 � m=min by IAD.

peak E t � EV (meV) N t (cm� 3) � p (cm� 2)

1 172 1:1x1013 1:6x10� 17

2 239 1:1x1013 7:4x10� 17

3 458 1:1x1013 9:0x10� 16

determination of the dominant recombination processesin the absorber material. The

analysisof the data requiresa thoroughly temperature dependent modeling of the absorp-

tion and recombination processes,that is carried out using a newly developed computer

program. The advantage of lifetime spectroscopy is the high sensitivity of the method.

In contrast to DLTS, the sensitivity is not only determined by the defect density N t ,

but the product of defect density and capture crosssectionN t � . Therefore,defectswith

high recombination activit y, i.e. high valuesof � may be detected, though their density

may be low. However, if in a combined analysisthe samedefect levels are identi�ed with

DLTS and TQE, all the recombination parameters,activation energyEA , defect density

N t , and capture crosssectionsfor electronsand holes � n ; � p may be determined. If all

the recombination parametersof a �lm deposited at certain deposition parametersare

known, the defect density of �lms deposited under similar deposition conditions can be

estimatedfrom a simple room temperature IQE-measurement under the assumptionthat

the dominant defect remainsthe same.

The TQE method is here applied to thin epitaxial �lms, that showed a variety of

defect levels as determined by DLTS and PL. In all investigated �lms a clear activation

of the lifetime with the temperature is observed. However, it is not possibleto model the

data using SRH-statistics with a single energeticlevel. A two defect model allowed the

satisfactory analysisof the data revealing rather shallow defect levels in the rangeof EA
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Figure 5.8: a) Dependenceof the minority carrier di�usion length on the deposition

temperature for samplesdeposited at deposition rates of 0.3 and 0.5 um/min, re-

spectively. b) The defect density of the samplesis calculated by the parametersof

the dominant defect determined from the �lm deposited at Tdep = 460� C and the

deposition temperature dependent minority carrier di�usion length given in a).

= 0:16: : : 0:21 eV being the dominant recombination center at room temperature. This

�nding supports the correlation of the defectdensity of the 0.2eV band with the minority

carrier di�usion length as given in �gure 4.18. The seconddefect center, found at EA =

0.07 eV in three of the four investigated thin �lms, is the dominant defect in the low

temperature regimeT < 250 K. This center may be identi�ed with Gallium that shows

a shallow acceptor level at 0.07 eV [160].Gallium may be introduced into the thin �lms

from the decomposition of GaP used in the deposition system for phosphorousdoping

purpose.

The high sensitivity of the TQE-method is demonstratedby the clear signature of

the two defectsfound in the �lm deposited at Tdep = 510� C and rdep = 0.3 � m=min, see

�gure 5.6. For the same�lm, neither PL nor DLTS investigationsallowed a clear defect

determination. However, the TQE-method is limited by the extraction of the di�usion

length L from the IQE as for somedeviceswithin the necessarytemperature range L
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either exceedsthe thicknessof the photovoltaic active baseWb or falls below the width

of the spacechargeregionWj . In both casesthe extraction of the bulk di�usion length L

from TQE spectra becomesdi�cult or even ambiguous.However, within the restriction

Wj < L < Wb, TQE analysisof completedsolar cells proves itself as a reliable device-

basedmethod for detecting and analyzing recombination centers that limit the di�usion

length and, in consequence,the photovoltaic performanceof the devices.



Chapter 6

Epitaxial growth on arbitrary

substrate orien tations

This chapter investigatesthe formation of defectsduring low temperatureepitaxial growth

on non-(100)-oriented substratesand their in
uence on the electronicproperties.First the

properties of epitaxial �lms grown on monocrystalline (111)-, (110)-, and (113)-oriented

substratesare discussed,followed by investigationsof growth on arbitrarily oriented sub-

strate surfaces.Finally, a classi�cation for the suitabilit y of substrateorientations for low

temperature epitaxial growth is given.

6.1 Dep osition on mono crystalline Si(111), Si(110)

and Si(113)

6.1.1 Extended defects

In contrast to epitaxial growth on (100)-oriented substrates,growth on non-(100)-oriented

substratesis dominated by the formation of stacking faults and dislocations. Table 6.1

comparesthe densitiesof extendeddefectsin (100)- and (111)-oriented �lms. The (111)-

oriented �lms show signi�cantly higher densitiesof extendeddefectsas revealedby Secco

etching. This is in accordancewith investigationsof Oberbeck [7], who found a minimum

93
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Table 6.1: Comparisonof the extendeddefectdensitiesof �lms deposited on (100)-

and (111)-oriented substrates.(100)-�lms were grown at Tdep = 460: : :700� C and

rdep = 0.1: : :0.5 � m/min, (111)-�lms at Tdep = 460� C and rdep = 0.3 � m/min on

wafersas deliveredby the manufacturer without any ex-situ pretreatment.

Substrate defectdensity (cm� 2)

orientation dislocations stacking faults

(100) < 1x103 < 1x102

(111) 3x105 7x104

of the density of extendeddefectsat around 105 cm� 2 in (111)-oriented �lms deposited

by IAD at Tdep = 650� C and rdep = 0.3 � m=min, while (100)-oriented �lms, deposited

in the samerun, and which underwent the sameex-situ pretreatment did show signi�-

cantly lower defect concentrations. Therefore, an in
uence of the deposition conditions

may be excludedand the higher defect density of (111)-�lms is a result of the di�erent

substrateorientation. High-resolutionTEM investigationsof �lms depositedbelow 460� C

on Si(100), Si(110), and Si(113) showed that stacking faults nucleate on f 111g-planes

oncethe surfacegetsrough due to the low Si adatom mobilit y at low deposition tempera-

tures [38].Theseinvestigationsalsodemonstratedthat �lms depositedat low temperatures

on Si(111)havean anisotropy of the stacking fault formation. At Tdep=355� C, the stacking

faults in the defective layer are nearly exclusively nucleating on the f 111g-planesparallel

to the substrate surface,whereasat Tdep = 450� C stacking faults are nearly exclusively

nucleating on inclined f 111g-planes.In the intermediate rangeof the deposition temper-

ature, nucleation on both typesof f 111g-planesis observed. Such an observation may be

explainedby the 7x7 surfacereconstructionof the Si(111)surface,which is highly stable

under deposition at low temperatures [28]. The 7x7 reconstruction already contains a

stacking fault that is parallel to the substratesurface[130,131].If the surfacereconstruc-

tion is not reorderedcompletely during growth at low temperatures, this stacking fault

may still be present in the epitaxial �lm.
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6.1.2 Poin t defects

Deeplevel transient spectroscopy measurements of (111)-oriented �lms deposited at Tdep

= 650� C give rise to DLTS-signalsequivalent to point defect densitiesof 7x1013 cm� 3.

However, dueto broad,overlappingpeaksthe correspondingenergylevelsarenot resolved.

As a result of shunting problems possibly causedby the high density of stacking faults

and dislocations,DLTS could not be applied to (111)-oriented samplesdepositedat lower

temperaturesTdep � 550� C.

Photoluminescenceinvestigations of �lms deposited on (111)-oriented substratesat

Tdep = 650� C and rdep = 0.5 � m=min, as shown in �gure 6.1, reveal a band to band

luminescencestructure, consistent of the broad B, C, and D-peaks, similar to (100)-

oriented �lms (seechapter 4.2.1). However, with decreasingdeposition temperature this

band to band luminescencedecreasesrapidly. At Tdep = 460� C only a weak D-peak and

weak defect luminescencefor photon energiesbelow h� = 0.85 eV is observed. Films

deposited at lower deposition rates r dep = 0.1 and 0.3 � m=min show equal results. (100)-

oriented �lms deposited in the samerun as the above described (111)-oriented samples

show P-line luminescence,as the deposition wascarried out using acceleratedsilicon ions

with Vacc = 20 V. Such lines are not observed for the (111)-oriented �lms.

Figure 6.2 comparesphotoluminescencespectra of �lms deposited at Tdep = 650� C on

(100)-, (111)-, (110)-, and (113)-oriented substratesby IAD. All spectra have a similar

ratio of the band to band luminescencepeaksA to E, however, at a signi�cantly di�erent

total intensity. It is noted that all �lms were deposited in the same run and the PL

measurements werecarriedout in the samePL-sessionwithout any changeof the PL setup.

Consequently, the only di�erence of the �lms is the surfaceorientation of the substrate,

resulting in the observed di�erences in the PL properties. Of the samplesinvestigated

here, only the (113)-oriented �lm, which has the highest intensity, shows a small peak

at 0.96 eV and broad defect luminescencefor photon energiesbelow 0.85 eV. The peak

around 0.96 eV might be identi�ed as the G-line found at 0.97 eV after irradiation of

carbon rich samples[68,70].

It is noted, that no D-line luminescence,associated with decorateddislocations (see
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Figure 6.1: Thin �lms deposited by IAD at Tdep = 650� C on (111)-oriented sub-

stratesshow the typical band to band luminescencewith the B, C, and D-peaksalso

observed for (100)-oriented �lms. The intensity of this band to band luminescence

decreasesrapidly with decreasingdeposition temperature. At Tdep = 460� C weak

defect luminescencefor photon energiesbelow 0.85eV is observed.

chapter 2.2.2) is found in (111)-oriented �lms, although the dislocation density is at least

of the order of 3x105 cm� 2 for these�lms.

In conclusion,the DLTS and photoluminescenceinvestigationsunveil only few details

about defectsin non-(100)-oriented �lms. The DLTS results reveal, that the point defect

density of (111)-�lms deposited at Tdep = 650� C is orders of magnitude higher than for

(100)-oriented �lms depositedin the samedeposition run (seechapter 5.3). For such �lms,

the photoluminescenceresults showed, that the band to band recombination of (113)-,

(110)-, and (111)-oriented �lms is similar to that of (100)-oriented �lms. Defectstructures

other than the broad defectdistribution below 0.85eV, that might be comparableto the

broad peak around 0.8 eV in (100)-oriented �lms and the G-line in the spectrum of

the (113)-oriented �lm deposited at 650� C, are not found. Astonishingly, the fact that

DLTS and PL do not seemto be suitable for the detection of point defects in non-
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Figure 6.2: Photoluminescenceof four �lms deposited simultaneously by IAD with

Tdep = 650� C and rdep = 0.3 � m=min on (113)-, (110)-, (100)-, and (111)-oriented

substrates.All �lms show similar featureswith comparableintensity ratios of the A

to E peaks.Only the (113)-oriented �lm shows an additional defect peak at h� =

0.96eV and low luminescenceintensity for h� < 0.85eV.

(100)-oriented �lms is most probably a result of the high density of structural and point

defectsthemselves. While the DLTS measurements for �lms deposited at temperatures

below 650� C are hamperedby the poor rectifying properties of the diode structures, the

photoluminescenceintensity of the (111)-oriented �lms most probably is low becauseof a

high density of non radiative recombination centers.

6.1.3 Electronic prop erties of (111)-, (110)-, and (113)-orien ted

�lms

Figure 6.3 depicts the dependenceof the minority carrier di�usion length L on the ap-

plied accelerationvoltage Vacc, i.e ion energy, during ion assistedgrowth for �lms de-

positedat Tdep = 650� C. At Vacc = 0 V, this is the caseof "normal" MBE, the substrateis
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grounded.For (100)-oriented �lms, L increaseswith rising ion energy, whereasL of (111)-,

(110)-, and (113)-oriented �lms decreases.Note, that although the minority carrier dif-

fusion length of the non-(100)-oriented �lms is equal to or even higher than L of the

(100)-�lm at Vacc = 0 V, the other solar cell parameters,especially the �ll factor, and in

the caseof the (110)-�lm the open circuit voltage, are signi�cantly lower, most probably

as a result of shunts causedby the high density of structural defectsin the �lms. The

origin of the detrimental in
uence of acceleratedions during growth on the electronic

properties of non-(100)-oriented �lms remainsunclear up to now, and is unprecedented

in the literature.
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Figure 6.3: The minority carrier di�usion length L increaseswith applied accelera-

tion voltage Vacc in the caseof (100)-oriented �lms. In contrast, �lms deposited on

other substrateorientations, such asSi(111),Si(110),and Si(113)display a decreas-

ing L with increasingVacc. After [7];

Table 6.2 givesan overview of solar cellsprocessedat higher deposition temperatures

of Tdep = 750� C with rdep= 0.36� m=min. The cellshave a simple planar cell structure as

depicted in �gure 6.4, with no light trapping. The active cell consistsof an epitaxial �lm

with total thicknessof 15 � m including the p-type basewith p+ -type back surface�eld



6.1. Deposition on monocrystalline Si(111), Si(110) and Si(113) 99

and an n+ -type doped emitter. A 75 nm thick SiN-layer servesas antire
ection coating

and surfacepassivation layer. The SiN is openedphotolithographically for front contact

metalization and the backside of the highly boron doped substrate is contacted by an Al

layer.

Table 6.2: Solar cell results (not approved) of cells processedat Tdep= 750� C on

(100)- and (111)-oriented substratesby MBE (Vacc=0 V) and IAD (Vacc=20 V). The

thicknessof the active epitaxial �lm is 15 � m. The cells have a SiN antire
ection

and surfacepassivation coating, but no light trapping is applied.

Substrate Vacc I SC VOC F F �

orientation (V) (mA) (mV) (%) (%)

(100) 0 27.5 616 81.2 13.8

(100) 20 27.7 622 79.9 13.8

(111) 0 22.5 452 52.6 5.4

(111) 20 16.7 404 50.1 3.4

Both (100)-oriented �lms show a relatively high conversion e�ciency of � =13.8 %

independent of the useof acceleratedsilicon ions.Simulations with the computerprogram

PC1D [170]and the evaluation of internal quantum e�ciency con�rm, that the minority

carrier di�usion length of the solar cells is at least greater than 30 � m. At this high

deposition temperature the in
uence of the additional kinetic energyof the ions on the

propertiesof the epitaxial layer is negligibleasthe Si adatomsalreadyhavea high mobilit y

due to the high substrate temperature. However, this doesnot hold for the caseof (111)-

oriented epitaxial �lms. Though the performanceof the (111)-oriented cells is already

inferior comparedto (100)-cellsin the order of � = 5%, all of the solar cell parameters

deteriorate if acceleratedsilicon ions are used.
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Figure 6.4: Structure of the test solar cellsusedto comparethe in
uence of acceler-

ated silicon ions and substrate orientation on the electronic properties of epitaxial

silicon �lms deposited at 750� C (seetable 6.2). The total thicknessof the epitaxial

�lm is about 15 � m. The sketch is not to scale.

6.2 Dep osition on polycrystalline substrates

6.2.1 Electronic prop erties of polycrystalline epitaxial �lms

The resultsdescribedabove, concerningthe minority carrier di�usion length and solarcell

results of (100)- and (111)-oriented epitaxial �lms suggestthat the substrate orientation

has a signi�cant in
uence on �lm growth at low temperatures. In order to investigate

epitaxial growth on arbitrarily oriented substrateswe deposit thin epitaxial �lms on com-

mercially available polycrystalline silicon substrates(BAYSIX) at Tdep = 650� C. Figure

6.5 shows light beaminduced current (LBIC) measurements of a test solar cell.

The short circuit current generatedin di�erent grains by local illumination of the

sample using a laser beam varies up to a factor of three. The recombination activit y

within the grains causesthe variation in the short circuit current, as grain boundaries

do not show pronouncedrecombination. Also, the di�erences in current collection do not

stem from a breakdown of epitaxy during growth but from di�erences in the density

of extendedand/or point defectsin the grains as veri�ed by crosssectionaltransmission
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Figure 6.5: Light beaminduced current (LBIC) from a solar cell using an epitaxial

layer deposited at 650� C. Someof the grain orientations have beendetermined by

electron back-scattering di�raction (EBSD).

electronmicrographs(TEM), see�gure 6.7.To further investigatethe correlation between

current collectionand grain orientation, the orientation of several grains is determinedby

meansof electron back-scattering di�raction (EBSD) [171] and related to the generated

current as detected by LBIC 1. Table 6.3 summarizesa representativ e selectionof these

data, the respective spots on the samplewhere the measurements were carried out are

indicated in �gure 6.5.

To interpret the aboveresults,it is important to know that epitaxial growth of siliconat

low temperaturesis governedby the state of the substratesurface.Commonly, a surfaceis

called stable (or singular) when it forms large, atomically 
at terracesof the basalplane

1I gratefully acknowledgeM. Nerding from the University of Erlangen-N•urnbergfor carrying out EBSD

and TEM-in vestigations
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Table 6.3: Correlation betweengrain orientation determinedusing EBSD and short

circuit current asmeasuredby meansof LBIC for several grainsof an epitaxial �lm

grown on a BAYSIX substrate at Tdep = 650� C.

Grain orientation LBIC current

(� 10x10� 10 A)

(115) 15.1

(110) 12.0

(111) 14.0

(532) 8.6

(321) 7.0

(194) 7.2

after polishing and standard cleaning [114], and is represented by a cusp in the Wul�

surfaceenergyplot [112].Although a completeoverview of the stable Si surfaceslacks up

to now wemay assumethat most of the orientations with high Miller indicesdo not posses

a stable, terrace-like surface,but consistof facetsof adjacent stable surfaceorientations,

as it is demonstrated for the surfacesranging from (100) to (111) in Ref. [114]. It is

remarkable that those areasof the polycrystalline sample in �gure 6.5 which generate

high short circuit currents show mostly grain orientations which are known to exhibit


at surfaces(e.g. the (111)-surface).In contrast, areaswhich generatea low short circuit

current density exhibit orientations with high Miller indices.

6.2.2 Classi�cation of silicon surfaces

From the electronicpropertiesof �lms on mono-and polycrystalline substratespresented

above,we may distinguish three di�erent typesof substrateorientations (see�gure 6.6): i)

stable (100)-oriented and vicinal terraced surfaces{ type A, ii) stable non-(100)-surfaces

(e.g. (111) or (113)) and vicinal terraced surfaces{ type B, and iii) faceted surfaces
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Figure 6.6: Classi�cation of the suitabilit y of Si surfacesfor low temperatureepitaxy,

accordingto the resulting electronicquality. Type A - Si(100)surfacesand vicinals -

result in highestelectronicquality, type B - stable, 
at surfaces,such asSi(111)and

Si(113),and vicinals - result in reduced(medium) electronicquality by the presence

of structural defects,and type C - facetedsurfaceswith high Miller-indices - result

in poor minority carrier properties due to high defectdensities.

consistingof adjacent stable surfaces{ type C.

As already mentioned above in the section about monocrystalline �lms, the deposi-

tion on type A substratesresults in excellent crystallographic and electronic properties

comparedto �lms on type B substrates,which show a higher density (1 x105 cm� 2) of

structural defects.The highest short circuit current observed in �gure 6.5 stems from

(115)-oriented grains. Despite their small, only two dimers wide (100)-terraces[114,172],

(115)-oriented surfacesthereforebelongto type A. Epitaxial growth at low temperatures

on type C surfacesseemsto produce �lms of poor electronic quality. This result is most

probably due to the generationof a high density of structural defectssuch as stacking

faults, twins, or dislocations at the facetted surface.This is demonstratedby transmis-

sionelectronmicrographs(PHILIPS CM30, operatedat 300kV) asdepictedin �gure 6.7.

Someof the grains show almost no defectsin the epitaxial layer, whereashigh densities

(� 1x108 cm� 2 partial dislocations associated with stacking faults) of stacking faults
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nucleating at the substratesurfaceare observed for others (the grain orientations are not

determinedin this case).

Figure 6.7: Transmissionelectron micrograph (crosssection, bright �eld image) of

an epitaxial thin �lm on polycrystalline substrate.In the two dark appearinggrains

nucleationof a high density of structural defectson the substratesurfaceis observed,

while the epitaxial growth in the bright grain in the middle starts defect freeat the

substrate surface.

6.3 Discussion: Low temp erature epitaxy for photo-

voltaic applications

The orientation dependenceof the electronicand structural propertiesof low temperature

epitaxial thin �lms has important consequenceson the possibleapplications. It hasbeen

shown, that epitaxial �lms deposited by MBE Vacc = 0 V and especially at lower tem-

peratures Tdep � 650� C by IAD on (100)-oriented substratescan result in �lms of high

electronicquality. This is demonstratedby di�usion lengthsof morethan 30 � m for Tdep �

650� C and solar cell e�ciencies of 12.7%[173]and 13.8%for simple thin �lms solar cells

(20 � m and 15 � m �lm thickness)depositedat Tdep = 650and 750� C, respectively. How-

ever, the electronic properties of �lms deposited on non-(100)-oriented substratessu�er

drastically from high structural and point defectdensitiesin the �lms, even at deposition
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temperaturesas high as 750� C. Additionally , irradiation with acceleratedSi-ionsduring

growth hasa detrimental in
uence on the electronicquality.

Oberbeck pointed out, usinga simplemodel of two diodesrepresenting (100)-epitaxial

grains and non-(100)-oriented grains, that the solar cell performanceof polycrystalline

epitaxial cellsdecreasesrapidly with increasingfraction of non-(100)-grains[7].

For the application of low temperature epitaxy to the production of solar cells on

polycrystalline seed-layerson glass,there areseveral severetechnologicalchallenges.Most

large grained laser-crystallizedseedlayers show a (111)-preferredorientation of the sur-

facesnormalsof the grains [174,175].However, �rst results with a relatively high fraction

of (100)-oriented grains are published [176].Assumed,that all grains are (100)-oriented,

there is still the question of the surfacecleaning and silicon oxide removal prior to de-

position at glasscompatible temperatures.There are several proposals,amongthem the

in-situ sputtering techniquesare the most promising [177].Finally, the epitaxial �lm still

is poly- or microcrystalline, as the grain size is determined by the seedinglayer. Here,

hydrogenpassivation of grain boundariesmight result in enhanceddevicequality. Taking

all these technological di�culties into account, the prospect of epitaxial solar cells on

seed-layers on glassremainsquestionable.



Chapter 7

Outlo ok

The investigations shown in this work revealed a high density of structural defects in

low temperature epitaxial silicon �lms deposited at temperatures460� C � Tdep � 650� C.

Dependent on the substrateorientation, the electronicpropertiesare determinedby point

defectsor extendeddefectsfor (100)-oriented �lms and non-(100)-oriented �lms, respec-

tively. The use of moderately acceleratedSi-ions (Vacc � 20 eV) during deposition is

favorable for (100)-oriented �lms: the minority carrier di�usion length L increaseswith

applied accelerationvoltage Vacc. However, for Vacc � 50 V, the increaseddefect gener-

ation results in decreasingelectronic quality of the �lms. An increaseof the fraction of

Si-ionsin the beam,by a modi�cation of the ionization stagein the deposition chamber,

while still using low accelerationvoltagesVacc � 20 eV might result in further improved

electronicquality of the (100)-oriented �lms.

The origin of the increasedL for (100)-oriented �lms and decreasedL for non-(100)-

oriented �lms upon deposition with Si-ions is only poorly understood so far. Here, the

application of the temperature dependent quantum e�ciency (TQE), developed in this

work, might unveil the dominant recombination mechanism in the non-(100)-oriented

�lms. Furthermore, such investigationsmight help to clarify the defectreactionsinitiated

by the ion-bombardment for both, (100)- and non-(100)-oriented �lms.

The hypothesisthat the broad peakaround 0.8 eV observed in the photoluminescence

spectra of �lms deposited at Tdep = 460� C is correlated to strain in the epitaxial �lms is
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basedon comparableliterature data only. A direct proof of strain or stressin the �lms

by X-ray di�raction or Raman spectroscopy with higher resolution would allow for a

veri�cation of this hypothesis.

In order to verify that the defect formation mechanisms discussedin this work are

a generalphenomenaof low temperature epitaxy, investigationsof the structural defects

of �lms deposited in other MBE-systemsor CVD-basedprocessesshould be carried out.

With respect to the required �lm thicknessfor defectcharacterization, electroncyclotron

resonanceCVD [178,179]and hot-wire CVD [180,181]are the most promising candidates

for a comparative study due to the high deposition rates of up to 0.3 � m=min reported

for both deposition methods.

Concerningthe application of low temperature epitaxy to solar cell massproduction

using the concept of epitaxial thickening of laser crystallized seedlayers, the presented

resultssuggestthat only epitaxy on largegrainedseedlayerswith preferred(100)-surface

orientation might be successful.Here, enhancede�orts in the development of the crys-

tallization processfor the production of preferred seedlayers is required, as well as the

development of an applicablesurfacecleaningand oxide-removal processwith low thermal

budget, that is compatible with the substratematerial.



App endix A: Analytical mo del of the

quan tum e�ciency

The model for the calculation of the internal quantum e�ciency (IQE) is basedon the

model for the calculation of the external quantum e�ciency given in [167]. The model

assumesan abrupt pn-junction solar cell with constant doping on each side. The given

contributions of the emitter (n-type), the spacechargeregion(SCR) and the base(p-type)

are the solutions of the continuity and current density equations.

The width of the junction or spacechargeregion (SCR) Wj is given by

Wj =

s
2� 0� r (NA + ND )Vbi

qNA ND
; (1)

with Vbi the build in voltage. The value x j denotesthe width of the neutral emitter, i.e.

the emitter thicknessWe minus the fraction of the SCR width in the emitter

x j = We � Wj
NA

NA + ND
: (2)

The value H 0 denotesthe width of the neutral base,i.e. the basethicknessWb minus

the fraction of the SCR in the base

H 0 = Wb � Wj
ND

NA + ND
: (3)

The front surfacerecombination of the cell is given by Sp, the rear surfacerecombination

by Sn . The di�usion coe�cien t is denotedby Dn;p and the minority carrier di�usion length

by Ln;p , for electronsand holesrespectively. The absorption coe�cien t is denotedby � .
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Emitter contribution

I QEemitter =
� Lp

� 2L2
p � 1

x
�

(Rp + � Lp) � exp(� � x j )[Rp cosh(xp) + sinh(xp)]
Rp sinh(xp) + cosh(xp)

� � Lp exp(� � x j )
�

; (4)

whereRp = SpLp=Dp and xp = x j =Lp.

Base contribution

I QEbase=
� Ln

� 2L2
n � 1

exp[� � (x j + Wj )]

x
�

� Ln �
Rn [cosh(xn ) � exp(� � H 0)] + sinh(xn ) + � Ln exp(� � H 0)

Rn sinh(xn ) + cosh(xn )

�
; (5)

whereRn = SnLn=Dn and xn = H 0=Ln .

Space charge region contribution

(Under the assumption,that no recombination in the SCR occurs.)

I QESCR = exp(� � x j )[1 � exp(� Wj )] (6)

IQE

The total IQE �nally is the sum of the equations4, 5, and 6

I QE = I QEemitter + I QEbase + I QESCR : (7)
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Abbreviations

BAYSIX block cast silicon from Bayer AG, Germany

BE bound exciton

CV capcitance{voltage

CVD chemical vapor deposition

CZ-Si Czochralski-grown silicon

DAS dimer-adatom-stacking fault

DLTS deeplevel transient spectroscopy

EBSD electron back scattering di�raction

ECR-CVD electron cyclotron resonancechemical vapor deposition

EHD electron hole droplet

EQE external quantum e�ciency

FE free exciton

HWCVD hot wire chemical vapor deposition

IAD ion-assisteddeposition

IBD ion-beamdeposition

IBSD ion-beamsputter deposition

IDLS injection dependent lifetime spectroscopy

IQE internal quantum e�ciency

LBIC light beaminduced current

LLI low level injection

LPCVD low pressurechemical vapor deposition

LPE liquid phaseepitaxy

110
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MBE molecularbeamepitaxy

MWPCD microwave-detectedphotoconductancedecay

PL photoluminescence

PECVD plasmaenhancedchemical vapor deposition

PVD physial vapor deposition

RIE reactive ion etching

SIMS secondaryion massspectrometry

SPE solid phaseepitaxy

SRH Shockley-Read-Hall

TDLS temperature dependent lifetime spectroscopy

TEM transmissonelectronmicrograph

TQE temperature dependent quantum e�ciency

UHV ultra high vacuum

XTEM crosssectionaltransmissonelectron micrograph
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Symbols

Adef characteristic defect constant

BD LT S DLTS proportional constant

Cn (Cp) electron (hole) Auger coe�cien t (cm6s� 1)

Cj junction capacitance(pF)

D di�usion coe�cien t (cm2=s)

ep; (en ) emissonfrequencyof holes(electrons) (Hz)

Ea TQE activation energy(eV)

Eact DLTS activation energy(eV)

EC conduction band energy(eV)

EF Fermi energy(eV)

Eg band gap (eV)

E i intrinsic Fermi level (eV)

E t defector trap level (eV)

EV valenceband energy(eV)

f p repetion frequncy (Hz)

f (�; T) correction factor for the absorption coe�cien t

F F �ll factor (%)

G gernerationrate (cm� 3s� 1)

G0 thermal gernerationrate (cm� 3s� 1)

h Planck's constant (6:626x10� 34 Js)

hepi critical epitaxial thickness(nm)

h� photon energy(eV)

I P Lbtb band to band photoluminescenceintensity

I SC short circuit current (mA)

j SC short circuit current (mAcm� 2)

kB Boltzmann constant (1:38x10� 23 JK � 1)

L carrier di�usion length (� m)

Lef f e�ective carrier di�usion length (� m)

m�
tc thermal velocity e�ective mass

n electronconcentration (cm� 3)

n0 equilibrium electron concentration (cm� 3)

n1 Shockley-Read-Hallelectronconcentration (cm� 3)

ni intrinsic carrier concentration (cm� 3)

nS,(pS) surfaceelectron (hole) concentration (cm� 3)

� n excesselectronconcentration (cm� 3)

� nS excesssurfaceelectron concentration (cm� 3)
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NA (ND ) aceptor (donator) dopant concentraion (cm� 3)

NC (NV ) e�ective density of states in the conduction (valence) band

(cm� 3)

N 300K
C (N 300K

V ) e�ective density of states in the conduction (valence) band at

room temperature (cm� 3)

NS density of defect statesat the surface(cm� 2)

ND 0 background doping density (cm� 2)

NS density of surfacestates(cm� 2)

N t trap density (cm� 3)

p hole concentration (cm� 3)

p0 equilibrium hole concentration (cm� 3)

p1 Shockley-Read-Hallhole concentration (cm� 3)

� p excesshole concentration (cm� 3)

q elementary charge(1:6x10� 19 C)

rdep deposition rate (� m=min)

R re
exion

S surfacerecombination velocity (cm/s)

t time (s)

T temperature (K or � C)

Tdep deposition temperature ( � C)

TE QE external quantum e�cien y measurement temperature (K)

TP L photoluminescencemeasurement temperature (K)

U net recombination rate (cm� 3s� 1)

U0 equilibrium recombination rate (cm� 3s� 1)

UAug Auger recombination rate (cm� 3s� 1)

Ur ad radiative recombination rate (cm� 3s� 1)

US surfacerecombination rate (cm� 2s� 1)

USRH Shockley-Read-Hall recombination rate (cm� 3s� 1)

vth thermal velocity of the chargecarriers (cm=s)

Vacc accelerationvoltage (V)

VOC open circuit voltage (mV)

W �lm thickness(� m)

Wb thicknessof the photovoltaic active base(� m)

Wj spacechargeregion width (� m)

Wj;b spacechargeregion width under bias voltage (� m)

� absorption coe�cien t (cm� 1)

� ph photon 
ux (cm� 2s� 1)



114 Abbreviations and symbols

� conversione�ciency (%)

� = N 300K
V =NA (caseA), = � 300K

p0 N 300K
C =(� 300K

n0 NA ) (caseB)

� wavelength (nm)

� n ,(� p) electron (hole) mobilit y (cm2=Vs)

� 300
n electron mobilit y at room temperature (cm2=Vs)

� frequency(s� 1)

� normalizedtemperature (T=300K )

� n (� p) elctron (hole) capture crosssection(cm2)

� carrier lifetime (s)

� n0; (� p0) time constant for electron (hole) capture (s)

� 300K
n0 ; (� 300K

p0 ) electron (hole) referencelifetime (� s)

� ef f e�ective carrier lifetime (s)

� Aug Auger carrier lifetime (s)

� r ad radiative carrier lifetime (s)

� SRH Shockley-Read-Hall lifetime (s)

� LLI
SRH Shockley-Read-Hall lifetime under low level injection (� s)

� LLI ;p
SRH Shockley-Read-Hall lifetime under low level injection in p-type

material (� s)
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