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Summary

The presen work investigatesthe electronic properties of thin epitaxial silicon Ims and
their suitability for microelectronic and photovoltaic applications. The Ims 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 concetrates on Ims grown at low deposition temperatures Tgep, in the
range of Tyep = 450 C to 750 C with deposition rates rqep in the range of rgep = 0.1 t0
0.5 m=min. As substrate materials, either monocrystalline (100)-, (111)-, (110)-, and
(113)-orierted Si-wafersor block-cast polycrystalline Si-wafersare used.

This work shaws that the structural and electronic properties of epitaxial Ims de-
posited at low temperaturesdepend signi cantly on the substrate orientation. The num-
ber of extended defectsin (100)-orierted Ims, i.e. dislocations and stadking faults, is
signi cantly lower than in non-(100)-orierted Ims. The etch pit densily nep, asdeduced
by anisotropic defect etching, is below ne, = 1x10° cm? for (100)-orierted Ims, inde-
pender of deposition temperature and rate. This low number of extendeddefectsensures
that the electronic properties of (100)-orierted Ims are dominated by point defects

Photoluminescencend deeplevel transiernt spectroscopy (DLTS) sene to characterize
defectsin the (100)-orierted Ims. A broad defectluminescenceband, located at photon
energiesaround h = 0.8 eV, appearsin all Ims deposited at Tgep = 460 C. When
acceleratedsilicon ions are usedto deposit the Ims, additional defectpeaksappearat h
= 0.767eV and belon. Thesedefectsare correlatedto thermal donors,that are typically
obsened in oxygenrich silicon after thermal treatment at 450 C.

Se\eral broad defect bandsin the band gap are identied by DLTS-measuremets,

the most prominent at trap levels E; = 0.2 eV and 0.25 eV above the valenceband.
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The defectdensity is of the order of 1x10" cm 3 and shavs a minimum for rge, = 0.3
m=min. For deposition temperatures Tqep, > 550 C, no defectsare obsened with either
photoluminescencer DLTS, but the minority carrier di usion length of the Ims increases
with Tgep. The useof the minority carrier di usion length as a sensitive measurefor the
density of electrically active defectsreveals an exponertial decy of the defect density

with rising deposition temperature.

lon-bombardmert with Si* -ions during deposition at low temperatureshasan impor-
tant in uence onthe electronicpropertiesof the Ims: At Tgep, = 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 100V. At higher de-
position temperatures,ion-bombardmert did not result in a measurabledi erence of the
electronic properties: Thin Im solar cells, deposited at Tgep = 750 C with and without

acceleratedsilicon ions showved idertical conversion e ciencies of 13.8%.

Despite the variety of defectsdetectedin low temperature epitaxial Ims, Photolu-
minescenceand DLTS did not allow to idertify the dominart reconbination medanism
that is responsible for the poor photovoltaic properties of the Ims deposited at Tgep
650 C. Therefore,a new lifetime spectroscoy method is deweloped in this work, that is
compatible with thin Ims and fully processedlevices:Temperature dependen quartum
e ciency (TQE). Usingthe TQE method for analysisof thin Im solar cellsdeposited by
IAD at Tg4ep = 460 C and 510 C revealedthe presenceof two dominart defect certers,
active at di erent temperatures.Applying a multilevel model for the lifetime to the TQE
data allows for the identi cation of a defectcerter with an activation energyE, = 0.2eV
asthe dominart reconbination certer at room temperature and a certer with E; = 0.07
eV being active at temperaturesbelov 150K. The TQE results are in good agreemen

with DLTS experimerts, wherecomparabledefectlevelsare determinedin the same Ims.

Growth on non-(100)-orierted substrates, sud 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 electronic quality of the Ims. Light beaminduced
currert investigationsof Ims deposited on polycrystalline substrateswith randomly ori-
erted grains shav highly di ering electronicquality of the grains. As a consequencehis

work classi esthe suitability of surfaceorientations for epitaxy accordingto the result-
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ing electronic quality of the deposited Ims as follows: Type A)(100)-oriented surfaces
result in the highest electronic quality. Type B) singular (stable) surfaces(e.g. (111),
(120)) result in medium electronicquality. Type C) facetted surfacesresult in the poorest
structural and electronic quality.

This work givesa detailed analysisof defectsin low temperature epitaxial Ims with
their dependenceon deposition temperature, deposition rate, and substrate oriertation,
allowing for a profound judgemert of the possibilities and restrictions of low temperature
epitaxial Ims for photovoltaic and microelectronic applications. In most casesthe high
number of extendeddefectsand the inferior electronicpropertieswill excludedeposition on
non-(100)-orierted substrates.Especially in the caseof photovoltaic devices,only epitaxy
on (100)-orierted substratesat deposition temperaturesabove 650 C resultsin su cien tly

high minority carrier di usion lengthsfor e ective thin Im solar cells.



Zusammenfassung

Die vorliegendeArb eit untersudt die elektronishen Eigensdaften von epitaktischen Si-
Dunnsdichten und deren Eignung fur mikroelektronisdie und photovoltaische Anwen-
dungen. Die Sdichten wurden mittels ionenassistierterDeposition (IAD) abgeshieden,
eine Molekularstrahl-Epitaxie (MBE) Methode, bei der ein Teil der Si-Atome im Moleku-
larstrahl (ca. 1%) ionisiert wird. Durch eineam Substrat angelegteSpanmung ermeglicht
der lonenarteil einenzusatzlichen, exakt kontrollierbaren Energieubertrag auf das Sub-
strat.

Die im RahmendieserArb eit untersuchten Epitaxiesdichten wurden bei Depositions-
temperaturen Tgyep im Bereidh von Tyep = 450 C bis 750 C und typischen Absdheideraten
riep IM Bereith von rgep = 0,1 bis 0,5 m=min abgeshieden. Die Absdeidung erfolgte
zum gre ten Teil auf monokristallinen Si-Substraten mit (100)- , (110)-, (111)-, oder
(113)-Oriertierung, aber audh Epitaxie auf polykristallinen Block-gegossenesubstraten
wurde untersudt.

Die hier vorgestellten Ergebnissezeigen, dass die strukturellen und elektronisdien
Eigenstbaften der Epitaxiesdichten wesetlich von der kristallographisden Orientierung
des Substrats abhangen. Die Zahl der ausgedehten Defekte, d.h. Versetzungenund
Stapelfehler,in (100)-oriertierten Schichten is deutlich niedriger als in Sdichten die auf
anderenSubstrat-Oriertierungen abgeshiedenwurden. Die Atzgrubendidite ne,, in (100)-
oriertierten Sdichten, die mittels anisotroper Defektatze ermittelt wird, liegt unter nep
= 1x10® cn?, unabhangig von der Depositionstemgeratur und -rate. Dieseniedrige Zahl
an ausgedehten Defekten erlaubt die Stlussfolgerung,dassdie elektronishen Eigen-
sthaften der (100)-oriertierten Epitaxiesdiichten im wesetlichen von Punktdefekten be-

stimmt werden.

Photolumineszenz(PL) und Deep Level Transiert Spectroscoy (DLTS) Messungen

Vi
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dienenin dieserArbeit als Methoden zur Charakterisierungvon Punktdefektenin (100)-
orientierten Sdichten. Alle Epitaxiesdichten, die bei niedrigen Depositionstemperaturen
von Tyep = 460 C abgeshiedenwurden, zeigenin PL-Messungerein breites Defektband
zertriert um Photonenenergierh = 0,8eV. Bei Verwendungvon besdleunigten Si-lonen
weahrendder Absdcheidungtreten mehrerezusatzliche scharfe PL-Linien unterhalb von h
= 0,767eV auf. Diesekonnten als thermische Donatoren iderti ziert werden, die hau g
in Sauersto reichen Silizium-Wafern nach einer Temperbehandlungbei Temperaturenum
450 C beobatitet werden.

Mehrere breite Defektbander in der Bandlucke von Silizium konnten mit DLTS Mes-
sungennacdhgewiesenwerden. Besondershohe Defektdichten von N, 1x10 cm 2 er-
gaben sich bei Tgep = 460 C und rgep = 0,3 m=min fur Defekteim Energielereid von
Ei Ey = 0,2eVund 0,25eV. In Epitaxiesdichten die bei Temperaturen oberhalb von
Tgep = 550 C abgeshiedenwurdenlassersich keinePunktdefekte mehrmit PL oder DLTS
nachweisen.Jedach steigt die Minoriteatstragerdi usionslangeL mit zunehmendeDeposi-
tionstemperatur an. Unter Verwendungvon L als Indikator fur die Dichte rekombination-
saktiver Defekte, lasst sich ein exponertieller Abfall der Defektdichte mit zunehmender

Depositionstemperatur ableiten.

Der Einsatz von lonen mit moderaten Besdleunigungsspanangen bis zu 100 V
wahrendder Abscheidunghat deutlichenEin uss auf die elektronisten Eigenstaften der
Sdichten. Bei Depositionstemperaturen von 460 C und 650 C fuhrt der lonen-Besbuss
zu einer Erhohung der Minoriteatstragerdi usionslange. Jedach konnte bei heheren De-
positionstemperaturen von Tgep = 750 C kein Ein uss der besdleunigten lonen auf die
Sdaichtqualitat nachgewieserwerden. Dunnsdicht-Solarzellen,die bei dieserTemperatur

hergestelltwurden erreichen unabhangig vom lonerbestuss Wirkungsgradevon 13,8%.

Obwohl eine Vielzahl von Defektenmit PL und DLTS in den Sdichten nachgewiesen
wurde, konnte der dominierende Rekombinationsmetanismus nicht durch diese Meth-
oden bestimmt werden. Daher wurde in dieser Arbeit mit der temperaturabhangigen
Quantenauskeute (TQE) eine neue Methode der Lebensdauerspktroskopie entwickelt,
die auch auf denne Halbleitersdichten oder fertig prozessierteSolarzellenangevandt wer-
den kann. Durch die AnpassungeinesModels mit mehrerenDefektniveausan gemessene

TQE-Daten konnten zwei relativ ache Defekte mit Aktivierungsenergienvon E, = 0,2
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eV und 0,07 eV als dominierendeRekombinationszeriren bei Raumtemperatur und bei
150K bestimnt werden.Die mit der TQE-Methode ermittelten Aktivierungsenergiensind
in guter Ubereinstimmung mit Defektniveausdie mittels DLTS an den gleichen Filmen
gemessemvurden.

Epitaktisches Wadstum auf Ober sachen mit anderer Orientierung als Si(100), wie
Si(111), Si(110) oder Si(113), fuhrt zu einer deutlich heheren Dichte an ausgedehten
Defekten, welche auch die elektronishen Eigenstaften negativ beein ussen. Ortsauf-
gelbste Kurzschlussstrommessungenron Solarzellen,die auf polykristallinen Substraten
abgeshiedenwurden, zeigenstark untersdiedliche elektronishe Qualitat der einzelnen
Kornerin Abhangikeit von derenOber sachenoriertierung. DieseArb eit klassi ziert daher
die Eignung von Ober sachen-Oriertierungen fur epitaktische Anwendungenanhand der
resultierendenelektronishen Qualitat der Scicht: Typ A) (100)-oriertierte Scichten {
hedste elektronisdhie Qualitat. Typ B) Singulare Ober .achen (z. B. Si(111), Si(110)) {
mittlere elektroniste Qualitat. Typ C) Facettierte Ober sachen{ niedrigste elektroniste
Qualitat.

Die in dieser Arbeit vorgestellte detailierte Analyse von Defekten in Niedertempe-
raturepitaxie-Sdichten in Abhangigkeit von Depositionstemperatur, Depositionsrateund
Substrat-Oriertierung erlaubt einefundierte Bewertung der Eignung solder Scichten fer
mikroelektronisde und photovoltaische Anwendungen.Die hohe Dichte an ausgedehten
Defektenund die schlechten elektronisthen Eigenstaften der Scichten werden Epitaxie
auf nicht-(100)-orientierten Substraten fur viele Anwendungenaussalie en. Speziell im
Fall von epitaktischen Solarzellenist nur fur Sdichten, die auf Si(100) bei Temperaturen
oberhalbvon 650 C abgeshiedenwurden, die Minoriteatstragerdi usionslangeausreitend

fur eine Anwendungin Deunnsdichtzellen.



Chapter 1

In tro duction

Silicon homoepitaxy at high deposition temperatures Tge,  1000C is widely usedin
semiconductorindustry and provides high quality silicon Ims for microelectronic and
photovoltaic devices[1]. Howewer, many applications sud as the formation of abrupt
homajunctions or the needto useforeign substratesrequire a low thermal budget during

processingthus 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 processessud as dopart di usion and
segregation.Therefore, precisecortrol of the dopart pro les in the devices,e.g.for opto-

electronics[2] and high electron mobility transistors [3], is obtained.

For crystalline silicon solar cells, thin Im technologiesallow for a signi cant costre-
duction, asonly the photovoltaicly active layer, typically seweral tens of micrometers,is
madefrom crystalline silicon supported by a low cost substrate [4]. Howewer, the applica-
tion of epitaxy to solar cell massproduction requireshigh electronic quality of the Ims
at high growth rates. Additionally, a low costsubstrate, sut asglass,setsthe upper limit
for the deposition temperature to Tgep, 650 C.

The motivation for this work is the conceptof fabricating crystalline silicon thin Im
solar cellsby epitaxial thickening of a lasercrystallized seedlayer on a glasssubstrate[5].
Despiteincreasinginterest during the last decadein epitaxial thin Im silicon cellson low

cost substrates,the electronic properties, and consequetly the solar cell performance,of

1



2 1. Introduction

sudh Ims remainedpoor. Therefore,the questionariseswhether the electronicproperties
of suh Ims are limited by technological or fundamertal physical problems.In order to
improvethe electronicpropertiesof the Ims, aprofoundunderstandingof the formation of
defectsin the Ims 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
applicationsin the semiconductorindustry, the formation of defectsduring low tempera-
ture epitaxy is not understood in detail. This is mostly dueto the fact, that the deposited
Ims for microelectronicsare rather thin (belov one m), and direct defectcharacteriza-
tion methods are not applicable. The deposition of seweral micrometer thick silicon Ims
allows the useof direct defect-daracterization methods sud as photoluminescencedeep

level spectroscoly (DLTS), and prefererial wet chemical etching.

lon-assisteddeposition (IAD) was dewloped 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 energyfor Im growth at low
temperatures, i.e. 650 C and below. The ions are generatedby a toroid shaped ioniza-
tion stagelocated in betweenthe electron beam evaporator and the substrate. Without
activated ionization stage, the deposition conditions in the IAD-reactor correspnd to
standard MBE-conditions. The ion energyin IAD is cortrolled in the range of 0 eV to

1000eV.

This work investigatesthe 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 bombardmert during deposition are investigated. In order to idertify the dominant
reconbination certers in the Ims, the results from defectcharacterization are compared
to the electronic properties of the Ims. 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 electronic properties is studied.



This work is organizedas follows:

Chapter 2 depicts the fundamenals of low temperature deposition and givesa short
overview over defectsin silicon.

Chapter 3 givesthe technical details of the ion-assisteddeposition processand de-
scribesthe applied characterization techniquesphotoluminescencepPLTS, internal quan-
tum e ciency, defectetching, and light beaminduced currer.

Chapter 4 givesan insight on the defectsformedin (100)-orierted Ims in dependence
of the deposition temperature and rate and the ion-bombardmert, using photolumines-
cenceand DLTS. The in uence of the defectson the electronic quality of the Ims is
discussedby comparing the results from defect characterization to the minority carrier
di usion length of the Ims.

Chapter 5 introducestemperature dependent quartum e ciency measuremets as a
new method for lifetime spectroscopy. This method allows for the determination of the
dominarnt reconbination medanismsin processedhin Im solar cells. For that purpose,
a simple model for the carrier lifetime is dewloped, basedon a superposition of seweral
defectlevels obeying Shackley-Read-Hall statistics.

Chapter 6 shavsthe investigationsof monaocrystalline Ims depositedon (111)-,(110)-,
and (113)-orierted substrates.A classi cation of the suitability of silicon surfacesfor low
temperature epitaxy, deducedfrom distribution of the electronic propertiesin the grains

of polycrystalline epitaxial Ims, is given.



Chapter 2

Fundamen tals

2.1 Low temp erature silicon epitaxy

2.1.1 Growth techniques

Various deposition techniquesare usedfor epitaxial growth of silicon at low temperatures
(here Tqep 650 C). Basedon the underlying physical processesluring deposition, they
canbedivided in four di erent categorieq7]: Chemicalvapor deposition (CVD), physical
vapor deposition (PVD), liquid phaseepitaxy (LPE) [8], and solid phaseepitaxy (SPE) [9].
The latter two deposition techniquesare not regardedin detail here, asthey are only of

minor importanceat Tqep 650 C, comparedto CVD and MBE processes.

Chemical vapor deposition

The decompsition of a gaseoussilicon source,sud as SiH, or SiHCIs, is the basic prin-
ciple of all CVD-processesin 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 Ims with acceptablehigh
deposition rates, when high deposition temperatures Tge,  1000C are applied. With
decreasingemperature, the deposition rate decreasesigni cantly. Thereforeat low tem-

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

4
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use, e.g. plasmaenhancedCVvD (PECVD), hot wire CVD (HWCVD), and electron cy-
clotron resonanceCVD (ECR-CVD). Growth processesn CVD include the formation of
precursors,consisting of e.g. SiHy- or Si-radicalsin the caseof SiH; as sourcematerial.
Subsequetty, theseprecursorsare physisorlbed on the surface,followed by a chemisorp-
tion of the silicon atom and eventually the evaporation of the remaining hydrogenatoms.
Howe\er, the surfacereactionsof the precursorsis commonto all CVD processesunless
they generatea high amourt of Si-radicals,that may be directly physisorked. This sur-
face reactions are thermally activated by the substrate temperature, and consequetty,
the deposition rate of CVD-reactionsis limited by the substrate temperature. Principles
of CVD-deposition are givenin Ref. [10],an overview of literature data on deposition rates

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

Physical vapor deposition

In PVD processeselemenary silicon is usedfor growth. Therefore,the substratetemper-
ature has no in uence on the growth rate, which is in PVD only dependert 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 processesAmong these,MBE is the most commonly used.
In order to ensurea high mean free path of the particles and to avoid cortaminations
from the gasphase,ultra high vacuum (UHV) conditions are employed.

A wide range of materials systemsare grown epitaxially by MBE, e.g GaAs for opto-
electronicsand SiGefor heterobipolar transistors. Exact cortrol of the growth processe.g
the formation of shallow junctions, require low temperaturesand low growth ratesin the
rangeof 1:::10A/s. In the caseof silicon homoepitaxy by MBE, ultra pure polycrystalline
silicon is evaporated, commonly by an electron beam. An overview on MBE is given in
Ref. [12].

For sputter deposition processesa Si-target is bombarded with an ion beam, e.g.
Ar* -ions. Silicon atoms and ions are sputtered from the target and read ewertually

the substrate. Application of a substrate bias voltage or glow discharge plasmaallows for



6 2. Fundamertals

cortrol over additional deposition parameters,sud asthe ion energyin sputter processes.

lon-beamdeposition (IBD) usesonly Si-ionsfor Im growth. Specialion beamsources
allow for a precisecortrol of the ion massand energy Howeer, only low deposition rates
of the order of 1 A/s are obtained by IBD due to low e ectivit y of the sourceq13].

lon-assisteddeposition (IAD) is anintermediate method 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
substrate by a bias voltage V4. of up to Vi = 1000V. For IAD, high growth rates of up
to 133A/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 essetially an ion-assisteddeposition technique, asgenerallythe substrate
is kept at masspotertial. Thereforethe ions are not acceleratedand focusedtowards the
substrate. Newertheless,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 Im

properties[15].

2.1.2 Inuence of ion-b ombardmen t

In order to tailor the propertiesof thin Ims, low-energybombardmert during growth has
found wide spreadapplication. The bombardmert allows for the alternation of numerous
Im properties, sut as the state of stress,the chemical composition, surface chemical
reactions,and the incorporation probability of dopart atoms [16].

The bombardmert may in uence the nucleation kinetics aswell asthe Im properties
during growth. The e ects are determined by the materials systemof the deposited Im
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 surfaceand bulk material
are not understaod in detail. Monte Carlo simulations [17] and molecular dynamic sim-
ulations [18] provide more a qualitativ e idea of the processeshan descrike the physical

reality. For silicon homoepitaxy, using acceleratedSi-ions, the interactions basically may
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be discussedccordingto the ion-energy Evenwithout additional kinetic energy a neutral
atom bondingto the lattice, releasesbout 4 eV, depending on the number of bondsmade
in the condensationstep[13]. This condensationenergyis transferredto the phononicsys-
tem of the bulk. A slov Si* -ion reactswith the surfaceelectronsprior to impact on the
surfaceand introducesits ionization energyof 8 eV to the electronic system. Sputtering
processe®n the surface,i.e. chemicalsputtering (inelastic via excitation of surfaceatoms)
and physical sputtering (elastic, direct recoil) take place oncethe ion energyexceedshe
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 range of only seeral
eV. Subplartation of Si-ionsin the bulk starts at ion energiesEj,, 8 eV, the formation
of Frenkel-pairs (interstitial { vacancy)at E;,, 20eV [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 mobility either by chemical sputtering of weakly bound atoms [17],
the direct recoil of adatoms[21] or the local excitation of the electronicsystemdueto the
interaction of the ions with the lattice.

In literature, most authors report bene cial e ects from low energyion bombardmert
with ion energiesaround 20eV during Im growth. Shindoand Ohmi [22]investigatedthe
in uence of low energyion bombardmert using Xe and Ar ions during low temperature
(Tgep= 300 C ... 350 C) epitaxy in a sputtering system.They found that low energy(< 25
eV), high ux (ratio of ionsto atoms> 5), large massion bombardmert can compensate
for lower deposition temperatureswith respect to the epitaxial quality of the Ims. lon-
beam sputter deposition (IBSD) provides a Si-ion growth ux with an averageenergy
of 18 eV [23]. At low deposition temperatures Ty, < 400 C, IBSD allows for a critical
epitaxial thicknessup to one order of magnitude higher than in comparableMBE Ims.
For deposition temperaturesabove 400 C no evidenceof ion induced lattice damagewas
found by transmission electron microscope (TEM) analysis. Also for ion-beam and ion-
assisteddeposition the optimum ion energy was found in the range of Ei,, = 20 10
eV [7,13].
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Oberbed [7] provided a model for the bene cial e ects of low energyions in low
temperature ion-assistedepitaxy, basedon the di usivit y of adatoms and interstitials.
Accordingly, the epitaxial growth at deposition temperatures Tqep, > 400 C is dominated
by the adatom mobility and for Tgqe, < 400 C by the diusion of interstitials. In the
rst case,the adatom mobility is increasedby the Si"-ions comparedto MBE, in the
secondcasethe subplartation and the generationof Frenkel-pairsby the ion bombardmert

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

2.1.3 Growth modes

Atoms impinging on the substrate surfaceare adsorbed and then they migrate on the
surfaceas so called adatoms (or addimers). At substrate temperatures Tqe, 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
dueto the high coordination of thesesites.In physical vapor deposition processesgrowth
is dominated by the adatom mobility and the deposition rate, i.e. the number of atoms
impinging on the surfaceper time unit. Thesetwo factors determinethe meanfree path
time of the adatombeforeit readeseither a surfacestep, whereit is attached and migrate
to a kink, or collides with other adatoms and forms a cluster which may result in the
nucleation of a new terrace on the surface.A simpli ed model of the behavior of adatoms
at step edgesis givenin gure 2.1. The potential energyof the adatomsdeterminesthe
migration and incorporation probabilities. The most favorable site for incorporation of an
adatom on the lower terraceis a kink in the step edge.Herethe potential energyshows a
minimum, asthe atom hasthe most neighoors satisfying dangling bonds. For an adatom
on the upper terrace, the step edgemight form a so called positive Sdwoebel barrier [25].
If the kinetic energy of the adatom is lower than the barrier heigh, 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 Stwoebel barrier depend on the substrate orientation
and the surfacereconstruction (seealso chapter 2.3).

At low deposition temperatures three di erent growth modes are distinguished in
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Figure 2.1: At deposition temperaturesTqge, 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 potertial energy of
the adatom, asillustrated in the lower half of the picture. At stepedgesa minimum
of the potential energyis found. The most favorable site for incorporation of the
adatom in the crystal-lattice is then a kink in the step edge.Howewer, adatomsmi-
grating on the upper terrace and readiing the step might seea so called Sdwoebel
barrier. If the kinetic energy of the adatom is lower than the barrier heigh, the

atom will be re ected and the motion down the stepis impeded.

homoepitaxial growth asillustrated in gure 2.2[26]:i) island growth at very low temper-
aturesupto Tgep 150 C, ii) layer by layer growth in the rangeof Tyep 150 C t0 Tyep

450 C, and step ow growth for deposition temperaturesabove Tqe, 450 C. Note, that
thesetemperaturesmay vary with the type of growth technique, the deposition rate and

the materials system.

In randomor island growth mode, the substratetemperature, and thereforethe adatom
mobility, is solow, that the probability of clustering of adatomsis signi cantly higherthan
for the incorporation at a step edge.In consequencea high number of islandsform on the

surface,which coalesceduring progressinggrowth. Newertheless,new islands are formed
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Figure 2.2: Growth modesat low temperatures[26].

on top while coalescencef the lower layer is incomplete, resulting in high densities of
point defectsand surfaceroughening.

Oncethe adatom mobility is high enoughthat the adatomscan migrate on the surface,
layer by layer growth mode is readed. Incorporation of adatomsin this mode occurs
mostly at step edgesHowe\er, if the meanfree path of the adatomsis signi cantly lower
than the step distance (terrace width), newterracesnucleateby collision of adatoms.If a
Sdwoebel barrier at surfacestepsexist, surfacerougheningis enhanced,as adatomson
aterracemay not Il up vacart placesat lower atomic layers due to the barrier.

In step ow growth mode, the mobility of the adatomsis sohigh, that nucleationtakes
place on the surfaceand growth only occursat step edges.l.e. onemonolayeris lled up
beforethe next terrace is formed. Howewer, surfacerougheningdue to kinetically limited
growth conditions is also obsened in the temperature range of Tgep, = 45Q::625 C for

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

2.1.4 Limited epitaxial thic kness

The growth modesdiscussedn the previous chapter have an important consequencéor
the maximum epitaxial thicknessof the Ims. In principle, epitaxial growth is possible
even at very low deposition temperatures down to room temperature [28]. Howeer, at

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

thicknesshg, in MBE-epitaxy, beyond which the growth mode turns from crystalline
to amorphous. This e ect sets a fundamenal limit to the thicknessof epitaxial Ims

grown at low temperatures, and has beenshawvn to exist for ECR-CVD [31], ion-beam
sputter deposition (IBS) [32]and MBE methods [33{37]. The e ective he, dependsonthe
materials system,the deposition method, and the deposition conditions. After Eaglesham
[30], the critical epitaxial thicknesshep, hasan exponertial dependenceon the deposition

temperature and is given by

hepi = ho exp( Eact:kBTdep); (2.1)

where hg is a prefactor that depends on the deposition rate and E, 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 2.3shavsthe dependenceof the critical epitaxial thickness
on the deposition temperature for thin Ims deposited on Si(100), Si(113), Si(110), and
Si(111) by ion assisteddeposition [38]. Analysis of the slope in Arrhenius represetation
revealsactivation energiesof 0.6 eV, 1.2eV, 1.4eV 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 temperatureis in the rangeof Tyep, = 390 ::420 C, whereasfor deposition
on Si(110), Si(113), and Si(111) this transition occursat temperatures Tgep, 450 C.

Platen et al. demonstrated low temperature epitaxy using electron cyclotron reso-
nancechemical vapor deposition at temperaturesof 325 C [39]. They alsofound a limited
epitaxial thicknesswith hepi(100) > (311) > (111) > (110).

Seeral modelsare proposedin the literature to explainthe limited epitaxial thickness.
Jorke et al. explainedthe e ect by a temperature dependert accunulation of defectsin
the Ims [29], although this model doesnot predict the obsened Arrhenius temperature
dependence.Thiesen et al. suggesteda model basedon the segregationof impurities,

mainly hydrogen,on the surface[40]. This model reproducesthe exponertial temperature
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Figure 2.3: The exponertial 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.

dependencehowe\er, thereis no evidencefor the presenceof the high amourts of hydrogen
necessaryfor the breakdovn of epitaxy in MBE or IAD. Additionally, the activation
energy of 0.48 eV for the di usion of hydrogenin 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 probable explanationis a kinetic surfacerougheningdue to limited adatom
mobility and step di usion barriers, as proposedby Eaglesham[33]. The transition from
defectfree epitaxial growth to amorphousor nanaocrystalline growth occursvia a phaseof
surfaceroughening. Subsequetty f111g-facetsare formed, followed by the nucleation of
stacking faults and twin lamellaeon the f 111g-planes[38,42].This behavior is illustrated

in gure 2.4for the deposition on Si(100) at Tgep = 270 C by IAD, but similar resultsare
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Figure 2.4: High resolution transmission electron micrograph (cross section) of a
IAD-Im depositedat Tgqep = 270 C in [110]-prgection. The transition from epitaxial
defectfreegrowth to amorphousgrowth occursvia a f 111g-facetting and subsequen
formation of high densitiesof stading faults (white arrow). The smallinsertson the

right show details of the three sections.[38]

found for other substrate orientations. The activation energiesfor the limited epitaxial
thicknessare in good agreemenh with literature data of the activation energyof adatom
mobility 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 Sdwoebel-
barriers[25] at step edgesnay enhancethe surfaceroughening,asadatomscannot di use
down a step at low adatom energydue to this barrier. The formation of stacking faults
then occurson f 111g-planes,oncethe surfaceis facetted. Therefore, the limiting factor

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

Defectsin semiconductorsmay be classi ed accordingto their dimension:Point defectsare
zerodimensionaldefects. The most simple examplesof this classare self-irterstitials and
vacanciesAlso impurity-atomson interstitial and substitutional sitesand smallcomplexes
of impurities, sometimesn conjunction with interstitials or vacanciesare denotedaspoint
defects.Dislocations, are one-dimensionalbdefects,while stadking faults, twins, and grain
boundariesare two-dimensionaldefects. Precipitates of impurity atoms may form three
dimensionaldefectsin semiconductormaterials.

In general,a high number of structural defectschangesthe electronic and optical
propertiesof semiconductorsObviously, the intro duction of dopart 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 defectspresen in silicon are detrimental to
the performanceof devices,and huge e orts have beenand are undertaken in order to
minimize defectsin crystal growth and device processing.The researb on defectsin
silicon, aswell ason defectengineeringfor silicon deviceshasresultedin a vast number of
publications. Howeer, there is still a high number of ongoingresearb projects on defects,
as a complete understanding of the microscopicstructure and interactions of defectsis
still lacking. In the following a brief preseration of the literature data on defectsin bulk
and thin Im silicon is given, that is of importance for the analysis and discussionof

defectsin low temperature epitaxial Ims.

2.2.1 Extended defects

Dislocations and stadking faults are the two mostimportant typesof extendeddefectsin
epitaxial Ims [44]. There are two main dislocation types[45]: (i) edgedislocations and
(i) screwdislocations. In epitaxial Ims, dislocations are generatedin seeral ways. Any
distortion of the surfacestructure, e.g. particles or moulds on the substrate surface,may
result in the formation of dislocations when thesestructures are overgravn. Also, if there

is a mismatch in the lattice constarts of the substrate and the epitaxial Im, the resulting
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stressis reducedby the formation of dislocations[46]. And nally , any dislocation that is
presei in the substrate will be cortinued in the epitaxial Im.

At dislocations, the distorted lattice structure represets a preferred gettering site
for impurities. Dislocation core states (dangling bonds), as well as decoration of disloca-
tions with impurities might result in electronic defectlevelsin the band gap with a high
reconbination activity [47] (seealsochapter 2.2.2).

Staing faults represen an irregularity in the staking sequencef the crystal lattice.
No broken bondsremain at stadking faults, exceptfor the partial dislocations bordering
the stading fault. Newertheless,staking faults might be assaiated to shallow electronic
levelsin the band gap [48,49].For epitaxial growth, the formation of stadking faults has

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

2.2.2 Optically activ e defects

In principle, a perfect, clean,direct band gap semiconductorshould not emit any lumines-
cenceexceptlight correspnding 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, reconbination requiresthe participation of a phonon. The resulting photon energy
is therefore reducedby the phonon energy leading to a broad spectrum of free exciton
luminescencdypical for a speci ¢ semiconductor(intrinsic luminescence)lf the semicon-
ductor is not clean or perfect, free carriers can be captured by acceptors,donators, or
other impurities and defects[51]. Radiative deca of excitonscaptured in traps givesrise
to impurity or defect speci ¢ luminescencefeatures[52]. Figure 2.5 shaws a typical PL
spectrum of low phosphorusdoped (1 x 10'® cm 3) Czochralski-grown silicon (CZ-Si) that
exhibits lines correspnding to the phonon assistedextrinsic and intrinsic reconbination
radiation bands as reported in literature [51]. All of the obsenable peaksare identi ed
with lines from intrinsic or phosphorusdoped silicon within a deviation of h = 0.001
eV. It shouldbe noted, that photoluminescencen generalis not a quartitativ e technique

becauseof the competition of radiative and non radiative reconbination medanisms.
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Figure 2.5: Photoluminescencespectrum of low phosphorusdoped (1x 10 cm 3)
CZ-silicon, recordedat Tp, = 12 K, an excitation power of 3 W/cm?, and a
slit-width of 1 mm. a) The obsened peaksabove 1.0 eV correspnd to the phonon-
assistedreconbination of free or bound excitons. b) Identi cation of the phonons
involved for the main PL lines:1 T© - intrinsic transversaloptical, | T°*© - intrinsic
TO + Brillouin zonecerter phonon,P% and P{# - phosphorusrelated reconbination
(after [51]).

Defect free intrinsic and doped silicon

A study of intrinsic and doped silicon PL featureswaspublishedin [51]: The main intrinsic
linesareat 1.097,1.032,1.137,and 1.074eV, with an intensity ratio of 1 : 0.07: 0.035:
0.016.Theselines correspnd to the phononspatrticipating in the reconbination process,
in particular the transversalacoustical(TA) at 18.4meV, the transversaloptical (TO) at
58.0meV and the zonecerter phononO at 64.4meV [53].If siliconis 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 defectfreeintrinsic, and phosphorus-and boron-
doped silicon, no PL lines are obsened belonv 0.968eV, and therefore any luminescence

at lower energiesmay be attributed to defectsor impurities. This part of a PL-spectrum
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further on will be referredto as defect-luminescencewhile the luminescenceabove 0.968
eV will be assignedas band-to-band-luminescencéBtB-luminescence).

Upon doping of Si with either boron or phosphorusthe sharp bound exciton spectra
smearout to broad peaksassaiated with excitonsboundto multiple acceptorsor donators
for doping densitiesgreaterthan 1x10cm 3 [54]. Sauer[55] descrited a broadening of
the lines upon higher doping levels in boron aswell asin 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 1.086¢eV,
but is only obsened when the excitation intensity is above a certain threshold [56]. The

intensity of the peakthen increasedinearly 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 impurity cloudsand intrinsic point defectsin
the vicinity of the dislocations or from long range strain elds of dislocations [47,57].

Reconbination radiation connectedwith dislocationsin silicon has beenobsened for
the rst time by Drozdov et al. [58]. At T=4.2 K, the dislocation radiation correspndsto
a seriesof lines with energiesof 0.812,0.875,0.934,and 1.000eV at the maxima. These
are the socalled D-lines, erumerated D1 to D4, respectively.

D-line luminescencéhasbeeniderti ed with dislocationsin plastically deformedbulk
silicon by Saueret al. [59]. Howeer, no PL-intensity is obsened from undecorateddislo-

cations [60,61].

Photoluminescence after implan tation and irradiation

Broad luminescencéandsin the rangebetween0.8and 1.05eV were obsened by Weman
et al. in boron doped silicon after reactive-ion etching (RIE) and plasma etching using
deuterium [62]. After RIE treatment they obsened a band peakingat 0.9 eV and related
this band to extendeddefectscausedby the dry etching process.They also carried out

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

A setof v e photoluminescencdines (0.772::: 0.745eV) formed through nitrogen-
carbon interactions hasbeenstudied by Dernenet al. [63]. Sampleshave beenimplanted

with N, N plus C, Ar, and C at dosesof 5x10* cm 2.

In CZ-Si, a prominert PL spectrum arisesafter irradiation by high energyelectrons
(1.5 { 2.0 MeV). The defectat 0.79 eV, also known as C-line, is asseiated with the
presenceof oxygen and carbon in the samples[64]. This defectpossesseseeral phonon

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

Another defectline, the socalled P-line, is very similar in energeticposition and local
mode energiedo the C-line and alsoass@iated to the presencenf oxygenin silicon [66{68].
Further, the authors of [66] noted, that P-line luminescencewas obsened in irradiated
CZ-Si. The certer of the P-line is at 0.767 eV, and phononreplicas are found at 0.749,
0.724,and 0.705eV [69]. Additionally, a luminescencdine at 0.926eV, labeledH-line, is
directly correlatedin intensity with the P-line [66,68].

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

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

The C, P, and H-lines are only obsened in CZ-Si after a thermal treatment at 450 C
and are closely related to the thermal donor concettration. Thermal treatment belov
400 C and above 500 C resultsin signi cant lower H and P-line luminescenceand thermal

donor concettration [68].

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

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

In lithium-dop ed silicon, the so called Q and S-linesat 1.045eV and 1.082eV are
obsened after irradiation with 2 MeV electronirradiation [73]. The intensity of the S-line
dependson the carbon concettration. The Q-lines are around 1.045eV and the S-lines
around 1.082,although reported S-linesalsoinclude 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 Ims

Lightowlers et al. studied Ims from molecular beam epitaxy deposited at temperatures
belov 800 C by meansof photoluminescencg74,75]. They obsened very broad lumi-
nescencearound the D-lines, especially around 0.8 eV, which they termed a cortinuum
underlying the D-line luminescenceThe dislocation density in this casewas1x10* cm 2.
They also mertioned a defect complex of N-Al that givesrise to the so called A-line at
1.12235eV.

Epitaxial Ims depositedby MBE at 500 C, dopedwith As by ion-beamdoping yields
material with high point defectdensities,while at higher deposition temperatures Tgep >
650 C no defectsin the band gap were obsened [76]. The ion energyin this experimert
was in the range of 500 eV. The authors did not obsene the D-lines assaiated with
dislocationsand thereforeassigneda broad badkground PL below 0.89eV to point defects
causedby low adatom mobility at low growth temperatures. They alsoperformedDLTS
measuremets and discoveredtwo deeplevel electrontraps at 0.51and 0.06eV below the

conduction band at a level around 10 cm 2 in Ims grown at 500 C.

Ni et al. [77] shaved that broad sub band gap photoluminescencds obsened, if an
accelerationvoltage of -1000V is applied to the substrate during low temperature MBE
at Tgep = 420 C. A similar e ect was obsened with oating substrate bias. Only with 0

V bias no sub band gap photoluminescencevas detected.

Noel et al. investigated MBE silicon doped by B* -ions during growth [54]. They ob-
sened at low deposition temperaturesTyep, = 500 C a peakat 1.040eV, that they labeled
I3 and related it to the defectsobsened in [78] from irradiation defects.Howeer, they
even obsened a small signatureof 13 in undoped samplesand concluded,that the adatom
mobility is too low at 500 C to obtain defectfree growth, and the I3 is a result of point
defectsor point defectcomplexes.

Robbinset al. reported about PL from MBE Ims depositedat 850 C. They obsened
mainly FE and BE (free and bound excitons) luminescencebut alsothe G-line at 0.97eV
after irradiating the sampleswith 20 keV electrons,which they attributed to a carbon-

complexbeing presen in the Ims dueto a graphite susceptor[79]. This complexanneals
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at 300 C. They also reported increasedelectron hole droplets at around 1.081eV upon
increasinglaser power from 40to 150 mW.

A broad PL peakaround 0.8 eV is obsened in SiGeand pure silicon Ims deposited
on a strained Si-bu er layer at Tgep = 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 comprehensie summary of defectlinesidenti ed in silicon.

2.2.3 Deep level defects
Thermal donors

Thermal donors (TD) are createdin oxygen rich silicon, e.g. CZ-Si in cortrast 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-type statesin the band gap. The formation rate
hasa maximum at about 450 C [85]. The maximum conceitration of the TDs at 450 C is
proportional to the third power of the interstitial oxygenconcerration [86]. The thermal
donorsare statesin the band gapthat arisefrom di erent typesof oxygen-aggregatesAt
least 16 di erent speciesof thermal donorswith energylevelsin the rangeof Ec  0.07
eVandEc 0.15eV have beenreported [87,88].I1t hasbeenshown, that thermal donors
are passiated by hydrogen[89,90].The formation kinetics and the microscopicmodel are
still under discussion[91] and are summarizedby Wada[92]. Somemodelsseethe core of
the defectto consistof chains of oxygen interstitials aligned alongthe <110> direction,
while someother modelsrelate the TDs to silicon selfinterstitials 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 assaiated with SiOj-
precipitates and shov a broad defect distribution in the upper half of the band gap.

Additionally, a sharp PL peakat 0.903eV is detected.
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Table 2.1: Photoluminescencdines from radiative reconbination certers in silicon
and their origin or identi cation.
main line  phononreplica  name identi cation reference

energyh (eV)

0.812 D1 [58,59]

0.875 D2

0934 D3 dislocations, decorated

1.000 D4

0.745 0.758, 0.761, N nitrogen-carbon interaction [63]

0.767,and 0.772
0.767 0.749,0.724,and P oxygen-rich silicon, after [66,67,69]
0.705eV heat treatment

0.926 H oxygen-rich silicon, after [66,68]
heat treatment

0.79 C carbon and oxygen related, [64,65]
after irradiation

0.97 G carbon related, after irradi- [68,70]
ation

1.040 13 after ion or neutron irradia- [72]
tion and annealing

1.045 Q lithium-dop ed Si, after [73]

1.082 S 2 MeV electronirradiation

1.122 isoelectronic trap, carbon, [75,81]
Al-doping

broad peak 0.8-peak strain in the bulk [80,82,83]
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Interstitial defects

Silicon cortaining oxygen, carbon, and Group |11 or Group V impurities showvs a wide
spectrum of defectstatesassaiated with interstitial and substitutional complexesof these
impurities. The formation and reactions of these complexesdepend on the temperature
treatment and the impurity concenration [94]. Most of thesedefectreactionstake place
in the annealingtemperature rangeof T 400 C. Only the BjBs (i = interstitial, s =

substitutional) complexis stable above T = 400 C, which shonvs a holetrap at E; = 0.30

eV, asdeterminedby DLTS.

Metallic impurities

Among the metallic impurities, the transition metalsare the mostintensively 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 metalssud 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 defectlevels
in the band gap reported after indi usion of the metals. Alimost 20 energylevelsin the
band gap of silicon are ass@iated with iron [96]. In epitaxial thin Ims, metallic impu-
rities sud as Ni, Fe, and Cr can arrive form the chamber walls or componernts sud as
thermocouples.Copper may be introducedby unintentional sputtering from the crucible
or the water cooling tub es. Thesemetalshave a highly detrimertal in uence on the device
performanceof solar cells[95] and microelectronics,and thereforegreat e ort is put into

avoiding metallic cortamination during device processing[97].

2.2.4 Recombination mechanisms

In semiconductors,there is a steady thermal excitation or geneantion of carriers, i. e.
an electron is lifted to the conduction band and leaves a hole in the valenceband [98].
This processis expressedoy the thermal generationrate G,. The opposing process,the

recombination of thesecarriers, is described by the equilibrium reconbination rate Ug. In
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order to maintain thermodynamic equilibrium, it holds that
Uy = Go; (22)

and the equilibrium concertration of electronsand holesat a certain temperature is given
by [99]
Ec Er
KT
Ev

E
Po = Ny exp( F?

No = N¢ eXFK

) (2.3)

) (2.4)

with the e ective density of statesfor the conductionband N and the valenceband Ny, .
The valuesof ng and po are connectedvia the Fermi level and thereforenot independert:
The product of both amourts to the squareof the intrinsic carrier concefration nopy = n2.
The thermal generationrate Gy dependson the absorption properties of the semicon-
ductor, in particular on the band gap energyEg4, whereasthe equilibrium reconbination

rate Rq is proportional to the carrier conceirations
Ro = Bnopo; (2.5)

with the material dependen radiative reconbination constart B. In the caseof crystalline
silicon, an indirect semiconductor,B hasa rather small value of 1x10 ** cm?®/s, [100]in
cortrast to direct semiconductorswhich have a higher radiative reconbination constart,
e.g. B (GaAs) = 3x10 0 cm?/s [101]

Any perturbation of the thermal equilibrium of a semiconductor,sud asillumination
with photon energiesabove Eg4, resultsin generationof excessarriers,i. e.np  n? with
a generationrate G. Theseexces<sarriersreconbine via three basicreconbination med-
anisms:(i) radiative reconbination, (ii) Auger reconbination, and (iii) reconbination via
defectsas descriked by the Shackley Read Hall statistics (SRH) [102,103].Under steady
state conditions, i. e. the generationrate is constart, it holdsthat the net reconbination
rate U is given by

U= G: (2.6)

The net reconbination rate is the total reconbination minus the equilibrium reconbina-

tion rate Up, and it followsthat U = Ofor n=n ng= 0.
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In the following the net reconbination rate will be given for the basicreconbination

processesn the caseof negligible electric elds, the absenceof carrier traps, and under

the condition of equal excesscarrier concefrations: n = p. The carrier lifetime is
then given by
n
= — 2.7
5 (27)

After termination of the generation, the thermodynamic equilibrium is restored by a
characteristic decyy of excesscarriers n(t), descriked by

d n(t) _
dt

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

U( n(t)): (2.8)

(no,po), and the injection level n.

Radiativ e recom bination

Radiative reconbination is the inverseprocessto the absorption of light. An electronand
a hole reconbine under emissionof a photon, in generalwith an energy correspnding
to the band gap. This fundamerial reconbination processis unavoidable, even in the
most perfect and clean semiconductor.As an electron and a hole are required for the
reconbination processthe net rate of radiative reconbination U, o4 is proportional to the

number of electronsand holes

Urad = B(np nOpO); (2-9)
andwith n=ng+ n,p=po+ p, andchargeneutrality n = pit follows that
Urag = B(No+ po) n+ B( n)* (2.10)

According to equation 2.7, the radiative lifetime ,,q is given by

1
~ B(no+p)+B n’

(2.11)

rad

In the limit of low injection levels n No + Po, rad IS iNjection independen and
inversely proportional to the doping concetration (ng + po)

1

) B(no + Po): (212)

rad
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In the limit of high injection n  ng+ pg the doping concerration is negligibleand

rad IS INnverselyproportional to n

1
rad = —B n: (2.13)

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

dominart reconbination medanism at low doping levels.

Auger recom bination

Auger reconbination descrikes the reconbination processof an electron with a hole,
wherely the excessenergy is transferred to a third carrier, i.e. an electron or a hole.
Howewer, this reconbination becomesonly important for high dopart conceirations.

The net Auger reconbination rate Up,q can be calculated by
Uaug = Cn(n®p  Nngpo) + Cyp(np*  nops); (2.14)

with the Auger coe cients C, and C,, which are insensitive to dopart concerration.
The Auger coe cien ts of Si are measuredto C, = 2:8x10 3! cmPs *and C, = 1x10

cm®s ! [104,105].The Auger reconbination lifetime ayq for n- and p-type material can

be deducedfrom equation2.7using n= p:
= 1 for n-type (2.15)
= 1 for p-type (2.16)

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

low injection levels n  ng+ po it holdsthat n = ng and equation 2.15becomes

Au
9 Cund

for n-type (2.17)

(for p-type respectively) and therefore only dependson the dopart level via ny. Under

high injection conditions A,y becomesnjection dependen and can be written as

MO T (Ch+ C)( )2

(2.18)
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At low doping lewvels belov Np-n  1x10® cm 3, Coulonbic interactions must be
takeninto accoun, which enhancethe probability for band to band Auger reconbination.
This e ect, called enhancedAuger reconbination, reducesthe intrinsic lifetime of silicon
and is the limiting processfor ultra pure silicon doped above Np-a 1x10*® cm 3
[106,107] A usefulappraximation of the Auger-lifetime at low doping concenrations and
low injection conditions at 300K for p-type is given by Sdmidt [108]:

_ 2:374x 1074

Aug = W (2.19)

Recombination via band gap states

Electronic statesin the band gap are presen either due to intentionally doping, e.g. for
pn junction formation and optoelectronicpurposes,or dueto defectsin the bulk material.
The kinetics of the reconbination are described by the Shockley Read Hall statistics
(SRH), proposedindependerly by Shackley and Read [102], and Hall [103]. The excess
energy may be releasedby seeral possiblemetanisms[109]: Similar to band to band
reconbination, radiative and Auger reconbination occur. In addition, cascading{and
multi{phonon{pro cessesake place,wherethe energyis lost either by the carrier dropping
through a seriesof closely spacedlevels, emitting one phonon during ead step [110], or
by vibronic coupling to the lattice and excitation of local phonons[111].

The SRH-theoryis basedon a two-stepmaodel, wherean electronfrom the conduction
band and a hole from the valenceband are captured or 'trapp ed' successigly in the defect
level E; (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 , and
for electronsand holes,respectively, as pictured in gure 2.6.In thermal equilibrium the
rates of carrier capture and emissionare equal. The SRH-reconbination rate Usry , i.€.

the net rate of electron{hole reconbination is given by

Vih n pNt(np n|2)

U = ; 2.20
SRH n(N+ng)+ p(p+ p1) ( )
wherevy, is the thermal velocity of the carriers, and the SRH-densitiesn; and p;
_ Ec Ei | _ E: Ev
Ny = Nc exp( T) , P1 = Nv exp( T) (2.21)
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Figure 2.6: Two-step reconbination via a defectlevel E;. Electrons and holesare
captured successiely into the trap level. The e ciency of the capture processess

determined by the capture crosssections , and , , respectively.

are the numbers of electronsand holesin the conduction and valenceband, respectively,
in the casein which the Fermi level falls at E;.
With n=ng+ n,p=po+ p, n = pandusing equation 2.7, the Shakley-
Read-Halllifetime sgry is given by
no(Pot Pr+ N)+ po(No+ N1+ N

= ; 2.22
SRH P+ Mo+ N ; ( )

wherethe capture time constans are givenby nop0 = (Nt npVin) *. From equation2.22
it isobviousthat sgy dependson the injection level n, the dopinglevel (via ng and py),
the defectdensity N, and in particular on the defectlevel E; via n; and p;. The highest
reconbination, and hencethe lowest carrier lifetime ggy , results from defectlevels with

E. closeto the certer of the band gap, i.e. E; E;.

Surface recom bination

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

bondsof the surfaceatomsresultin alargedensity of defectstatesNs, the socalledsurface
states. In most casesthese surfacestates have a quasi cortinuous distribution in energy
Ns(E), depending on the surfacereconstruction or adsorption of other species,sud as

oxygen or metallic cortaminations. For the calculation of the surfacereconbination rate
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Figure 2.7: lllustration of the reconbination via continuoussurfacestatesNg result-

ing from dangling bonds of the distorted semiconductorlattice.

Us the reconbination via the surfacestatesis ewvaluated by applying SRH-statistics (see
equation 2.20) integral to the surfacedefectsunder the assumption,that no interaction
betweenthe statesoccurs. Dependingon the densitiesof electronsns and holesn,, at the
surface,Us is given by

Zg

Ue = ¢ Vi n(E) p(E)Ns(E)(nsps n?)dE
. =

e, n(E)ns+ny(E)) + p(E)(ps+ pu(E))

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

(2.23)

S= —; (2.24)

where ns is the injection level at the surface.The surfacereconbination velocity shows
a complicated dependenceon the injection level ns, the doping concenrations ng and

Po, and the capture crosssections ., [108].

2.3 Structure of silicon surfaces

The surfaceof a single crystal 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

cortribute 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 bonds per surfaceareawill have the lowest
surfaceenergyand consequetty be the most stable surface$ [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 surfaceareaand the resulting surfaceenergyfor these surfaceori-

ertations is given in table 2.2.

Table 2.2: Number of broken bondsand atoms per areaand resulting surfaceenergy

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

surface  atomsper area broken bondsper area surfaceenergyper area

orientation  1x10* cm 2 A 2 eVA 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-Sibondsin the
bulk are all directed along one of the <111> directions. Indeed, silicon crystals cleave
preferenially alongf 111g-planesunder applied stress[113]. If the surfaceorientation is
not exactly alongoneof thesestable surfacesj. e. a small deviation of only a few degrees,
then the surfaceconsistsof at terraceswith the stable orientation separatedby steps.
Thosevicinal surfacesoriertations have a higher surfaceenergydue to the non-saturated
danglingbondsat the step, getting higherwith increasingangleto the stablesurface.If the

angle of the surfaceorientation to a stable surfacegetstoo high, facetting of the surface

LA thermodynamically stable surfaceis represened by a cuspin the Wul surfaceenergy plot [112].
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occurs, i. e. the stepsthemselesform a stable surface,and the surfacethen consistsof
sawtooth-like facetsof adjacen stable surfaceg[114].

The stable surfacesthemsehesshaw certain reconstructionsof the surfaceatoms. The
nomenclatureis given by the dimensionsof a unit cell of reconstructedatoms. A 1x1
surfacereconstructionsimply means,that no reconstructionof the surfaceoccursand eah
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 ewlvemen of sud surfacereconstructionsdepends
of the substrate orientation and the temperature.

For epitaxial thin Im deposition, the surfacestructure is of crucial importancefor the
growth. With the exceptionof subplartation e ects in ion-beamand ion-assistedgrowth,
all CvD and PVD processesre 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) surface has 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 samedirection. Howeer, 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 dueto a rehybridization of the unoc-
cupiedorbitals [118].The buckling not only a ects the bonding structure of the two atoms,
but a superstructure of the reconstructionis obsened, the socalled c(4x 2)-structure. An
important consequencef the 2x1 dimerization is anisotropic adatom di usion [119].
As surfacesin reality generally shav a small miscut to the desired orientation, the
surfaceis formed by terraces separatedby steps (even exactly oriented surfacesshawv
steps[120]). According to Chadi, the stepsare classi ed with S (single) for monoatomic

stepsand D (double) for biatomic steps. A step is labeled Sy or D,, if the dimers on



2.3. Structure of silicon surfaces 31

the upper terrace are perpendicular to the edgeof a straight step and Sg or Dg 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. S
and Sg vary alternatively from stepto step. On the other hand, the upper and the lower
terrace of biatomic stepshave the sameorientation of the dimers. The stepsthemsehes
then might shov a reconstruction of the surfaceatoms, resulting in rebonded and non-
rebondedmonoatomicand biatomic steps.On Si(100) surfaceswith miscut alongthe [110]
direction, biatomic stepsin equilibrium are only stableif the miscut angleis at leastof the
order of 1.5 at atemperature of 500 C [122].Howeer, step bunching, i.e. the creation of
higher stepsby seweral monoatomic stepscan occur under certain deposition conditions.
Sud step bunching might be due to the fact that Sg stepsare better sinks for adatoms

than Sy steps[123],or to step ow instabilities sud as Sthwoebel barriers.

The morphology of epitaxial Ims deposited on Si(100) dependson numerousparam-
eters, sud asthe deposition temperature, the deposition rate, the miscut angle and the
orientation of the miscut. Growth instabilities dueto kinetically limited surfaceprocesses
might result in surfacerougheningor the formation of ripplesin m thick Ims, ewenin

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

Si(110)

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

at 1200 C for cleaning.Above 750 C the 16x 2 transformsinto a disordered1x 1 [124,125].

Si(113)

At room temperature the Si(113)surfaceis reconstructedby a 3x2 periodicity [126].This
is converted reversibly to a 3x1 reconstructionin the temperature range of 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]. Howewer, this reconstruction is
metastable, and the periodicity changesto the stable 7x7 after annealing [129]. The
7x7 is very complex, consisting of nine dimer bonds, twelve adatoms and a subsurface
stadking fault (Dimer-Adatom-Stadking 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
consequencef the fact, that a reorderingfrom 1x1to 7x7 requiresmasstransport across
the surfacefrom stepsdueto the di erence in the number of atoms cortained in the DAS
7x7 reconstruction comparedto a 7x7 areaof the truncated bulk. The 5x5 transforms
irreversibly to the 7x7 for temperaturesabove 600 C [132].

The stability of the 7x7 reconstruction hasin uence on the epitaxial growth at low
deposition temperatures. Gossmannand Feldman reported reducedstructural quality of
Si- Ims deposited at room temperature on Si(111) comparedto deposition on Si(100),
and assignedthis di erence to the stability of the 7x7 reconstruction with its inherert

stadking fault [28].
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Exp erimen tal

3.1 Deposition of epitaxial Ims

3.1.1 Sample preparation
Substrate materials

As monacrystalline substrates we either use 4" (100)- and (111)-orierted wafers
(WACKER or FREIBERGER) or (100)-, (111)-, (110)-, and (113)-orierted samples,re-
spectively, that were cut to a size of 25 x 25 mm?. The cut samplesundergoan RCA
cleaning sequencd133]. As polycrystalline substrates, block cast BAYSIX-wafers from

BAYER AG, Germary are used.

Substrate cleaning

In order to obtain high quality epitaxial growth, the substrate surfaceis of crucial impor-
tance. Any leftover particles, even elemerts or silicideson the surfacemay causedefects
in the epitaxial Ims. Thereforethe silicon surfacehasto be free of any cortaminations
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. These can be divided

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

33
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treatments sud asthe RCA method [133], which removes metallic and organic cortam-
inations from the surfaceby subsequen oxidation- and oxide-removal-processesin-situ

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

Silicon oxide removal

A thin 'native’ Si-axide forms on a clean Si-surface,when kept under ambient conditions
with oxygenpresen. Therefore,silicon samplesnormally are coveredwith a thin Si-axide
layer, that hasto be removed prior to deposition. Similar to substrate cleaning,the silicon
oxide removal is either carried out in-situ or ex-situ. When the substrate and the process
allow for high temperaturesof morethan 850 C, thermal oxide removal might be applied.

Herethe chemical reaction

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

applies,with (s) = solid and (g) = gaseougphase.When a small amourt of Si-atomsis
provided during this prebake, the equilibrium is shifted to the gaseousSiO sideof equation
3.1, and oxide desorptionis possibledown to temperaturesof 700 C [134].

Ex-situ oxide removal is accomplishedby a wet chemical etching in diluted hydro uo-
ric acid (HF). After this treatment, the surfaceis terminated with hydrogenand remains
oxide-free for seweral minutes under ambient conditions. After installation in an UHV-
chamber, growth can be started immediately at the desireddeposition temperature with-
out any further high temperature pretreatmert. It is noted, that suc a nal HF-dip before
installing the samplesin the chamber resultsin a visible cortrast at the surface-epilger

interfacein TEM-in vestigationsand was therefore omitted.

3.1.2 lon assisted deposition
Dep osition chamber

As ion assisteddeposition is an advancedmolecularbeamepitaxy method, the deposition

systemconsistsof typical elemens of a MBE system.The deposition chamber is an ultra
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high vacuumchamber Uni 107 P 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 systemis located. It consistof 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 gaslet. The attainable base pressure
is 1x10 7 Pa with the viton and 6x10 & Pa with the metal seal. Figure 3.1 shows a

schematic drawing of the setup of the IAD-reactor.

O00O0
lamp heater M/ T /T

substrate e ————.
ionization — ..
stage [ ° .: o 21—V, .

': Y, : boron and
e-gun &~ ! lMu phosphorous

effusion cells

Figure 3.1: Sthematicillustration of the ion-assistedreactorsetup.An electronbeam
evaporator (e-gun) senesfor 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 stage are acceleratedtowards the certer 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 V.

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 distanceto the substrate,
which accourns to about 30 cm. Deposition rates of up to 0.8 m=min are achieved in the
system,equippedwith crucible of 63cm® volume.A polycrystalline Si-feedstak locatedin
the vacuumchamber senesto re Il the crucible without openingthe chamber. This results
in high up-times ewven for total deposition thicknesse®f morethan 100 m. E usion cells
from MBE-K OMPONENTEN allow for in situ doping with boron and phosphorusof the
Si- Ims. Elemertal boronis evaporated at temperaturesof 1700...1950 C, phosphorusis
decompmsedfrom GaP at temperaturesof 760. ..820 C. The substrateis heatedfrom the
badkside up to 820 C by the useof four halogenlamps. The temperature was calibrated
by pyrometer measuremets and is cortrolled 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 © Pa.

lonization stage

The main di erence betweenlAD and MBE is the toroid-shapedionizer that is locatedin
betweenthe electron gun crucible and the substrate. The ionizer consistsof a resistively
heated tungsten wire and se\eral molybderum-electrades. lonization is achieved by the
emissionof thermal electronsfrom the glowing tungsten wire, which are acceleratedto
the certer 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 cortrolled in the
range of 0 to 1000eV by applying an accelerationvoltage to the substrate and to an

additional accelerationelectrade.

If not mertioned otherwisewe usean optimum value of the ion energyof 20 eV, which
canalsobe found in literature onion-beamepitaxy asthe idealtrade o betweenpositive

e ects of the Si-ionsand additional defectgenerationby ion bombardmert [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 senesfor the desorptionof H,O and CH-adsorbates.Subsequetty, 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 s initiated during the prebake

beforecooling down to deposition temperature [134].

3.1.3 Hydrogen passivation

Hydrogenpassiation wascarried out 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 equivalernt annealingstep in nitrogen atmosphere.This annealinghad no
e ect on the point defectdensities,asveri ed by PL. Hence,the obsened 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 recorded using an Ar-ion laser operating at 488 nm, a
JOBIN YV ON HR460monaochromator equippedwith a 600line/mm grating, and a cooled
NORTH COAST germaniumdetector. The samplesare cooleddown in a OXFORD cryo-
stat operatedby a closedcycle helium refrigerator, that allowsto cortrol the temperature
down to 11 K. The germaniumdetector restricts the measurablephoton energiesto h >
0.7 eV. A lock in amplier senesto ewaluate the intensity-signal. The spectra are cor-
rectedfor transmissionof the optical componerts [135].Note that this correctionbecomes
important for photon energiesbelonv 0.73 eV, resulting in a high measuremen error in

the energyrangeof 0.7eV < h < 0.73eV. The laserpower for a standard measuremen
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is adjustedto 90 mW, focusedon a spot with approx. 1 mm diameter, correspnding to a
typical excitation energyof 11.5Wcm 2. The resolution of the spectra is determined by
the erntrance and exit slit widths of the monochromator, which can be openedup to 1.9
mm. A rotatable sampleholder allows for the measuremets of up to 6 samplesduring
one sessionwithout changingthe optical setup.

In order to comparedirectly the intensity of the spectra, samplesare measuredwith
exactly the same optical setup and laser power. Most of the spectra comparedin the
gures shavn in this work are measuredwithin one session,i.e. without any change
of the setup. It is veri ed that measuremets of the same Im do not vary more than
10%in intensity if measuredin di erent sessionsewen after a long time in between. If
not indicated otherwisethe spectra are not normalized and show directly the measured

intensity with the standard setup.

3.2.2 Deep level transient spectroscopy:. Electronically active

defects

Deep level transient spectroscoy (DLTS) allows for the characterization of defectsin
semiconductorsby the evaluation of the transient junction capacitancein dependenceof
the measuremen temperature [136]. In a standard measuremety the samplesare kept
under a reverse bias voltage, resulting in a spacecharge region width of Wj;,. A short
forward voltage puls senesto changethe spacechargeregionwidth by W; . During this
puls, the charge state of defectlevelsin the regionof W; is changed,and consequetty
the capacitanceof the junction C; aswell. After the puls (t = 0), the junction capacitance

restoresits original value with a characteristic transiert given by
Ci(t)= Cio  Cexplepnt); (3.2)

with C;. the junction capacitanceunder reversebias and e, the emissionfrequency of
holesor electronsto the respective band. The sigrum of the transien is dependen of the
type of the trap, i.e. if the defectlevel is acting asa majority or minority carrier trap.

The samplesunder investigation require a one sided abrupt junction. This can be
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either achieved by the formation of a Sdottky cortact or an abrupt pn-junction. The
planar size of the junction herely determinesthe capacitanceof the diodes. The used
capacitancebridge only allowed the analysisof diodeswith a capacitanceC; o belov 1 nF.
For the Ims deposited by IAD this requiresdiode diametersbelov 1 mm. In the caseof
n-type Ims, a Sdottky junction wasformed by the evaporation of small gold contacts.
In the caseof p-type Ims, neither cortacts with gold or titan did result in a satisfying
diode characteristic, although Sdottky diodesformed on similarly doped referencewvafers
succeededTherefore,in situ doped one sidedabrupt n* p-junction Ims are usedfor the
analysisof p-type Ims. A photolithogaphic structuring processwas deweloped, in order
to fabricate mesa-di@eswith a diameterof 1 mm.

A SEMITRAP DLS 82 spectrometersenesfor the measuremenof 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, is directly related to the emissionfrequencyf, = e,,. 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, in the caseof a singletrap level is directly proportional to

C by

C
N¢ = ND;ABDLTSC—; (3.3)
i 0

where Np . is the doping concettration of the material and Bp 15 is a proportional
constart given by the con guration of the lock-in ampli er. The determination of the
defectdensity of broad defectbandsrequiresa moreelaborated evaluation of the respective
peak. However, most of the spectra investigatedin this work show overlapping peaks,and
therefore, the defect density correspnding to the maximum of the peak is given as a
rough estimate.

The temperature of the peak maxima vary with the repetition frequencyf,. Sewral
measuremets with di erent f, arecarriedout, in orderto determinethe energeticposition
of the defectlevel. This is doneby an Arrhenius plot of f ,=T? versusthe respective tem-
perature of the peakmaximum. A t to the slope of the repetition frequency{temperature

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

Seweral medanismslimit 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; 1x10 3 Np-a. Films deposited by IAD shaw a typical n{t ype badkground doping
in the range of Npg = 5x10':::1x10'® cm 3, as revealed by CV-measuremets. The
badkground doping is causedby residual phosphorusin the chamber that desorbsfrom
the chamber walls during subsequendeposition processest dependson the Sideposition
rate and on the chamber status i.e. phosphorusdoping level usedin previousexperimerts
and chamber wall temperature during deposition. For nominally intrinsic samples,the
detectionlimit is thereforeof the order of 1x10*? cm 3. For p-type Ims, the doping level
hasto exceedthe n-type badkground doping in order to ensurean overcompensation of
the badkground doping. This resultsin a DLTS detection limit of N, 1x10* cm 3 for
p-type Ims. As a consequencegnly Ims with a defectdensity above theselimits shov
a signalin DLTS measuremets.

The capacitance,as well asthe capacitance-vltage measuremets (CV) usedfor the
determination of the doping density of the Ims, 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 measuremets, a HP 3487A
multimeter senesfor the measuremen of the voltage drop at the sample.

For the DLTS and Capacitancemeasuremets, the samplesare mourted in a liquid

nitrogen cooled cryostat, that allows for temperature cortrol 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 cortain dicromat-ions (Cr,0? ) and
hydro uoric acid (HF) are particularly suited for the demonstration of defects,sud as
dislocationsand stadking faults, becauseof their high anisotropic etch rate at lattice inho-
mogeneities.The etching processresultsin characteristic etch pits for di erent structural

defects[137]. The Secco-etl solution [138]usedin this work generatessmall oval pits at
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the surfaceintersection of dislocations for (100)- and (111)-orierted surfaces.In the case
of staking faults, the partial dislocations assaiated with the stading fault show typi-
cally a quadratic or triangular form for (100)- and (111)-orierted surfaces,respectively.
The density of dislocations is evaluated by courting the number of etch pits ne, or the
number of lines, squaresor triangles in the caseof stadking faults, found on the surface
after etching. For this purpose,an optical microscope, equipped with an Nomarski Dif-
ferertial InterferenceContrast (NDIC) unit [139]is used.As the accuracyof this method
decreasewith decreasingnumber of etch pits, valuesof ne, < 1x10° cm 2 and nep <
1x10% cm 2 represen upper limits of the etch pit density for dislocations and stading
faults, respectively. The actual etch pit density may be signi cantly lower. Typical etching

times are in the rangeof 1 to 3 min.

3.3 Electronic characterization

3.3.1 Quantum e ciency

The quartum e ciency isthe ratio of the short circuit current j sc generatedoy monochro-
matic light of wavelength to the impinging photon ux ,n( ). Two typesof the quan-
tum e ciency aredistinguished:(i) The externalquantum e ciency EQE( ) is a measure

of the whole deviceincluding optical and electronic properties. The EQE is de ned by

EQE( )= q‘;c( ;i (3.4)

where q is the elememary charge. (i) The internal quantum e ciency IQE additionally
takesthe re ectance R of the deviceinto accour. Here, only the electronic properties
and internal re ection determinethe quartum e ciency. The IQE is calculatedfrom the

EQE by

1 .
1 R()
The measuremets of the EQE and the re ectance are carried out in a VARIAN spec-

IQE( )= EQE() (3.5)

trometer equipped with an Ulbricht sphere.Thesetwo measuremets 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 squarestting of the IQE in order to deducethe devicerelevant parameters,
sudh as minority carrier di usion length or surfacereconbination velocities [141]. This
evaluation method givesreliable resultsfor the di usion length, whenthe di usion length
L is higher than the spacecharge region width W, 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
decreasesHoweer, 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 Light beam induced current

For light beam induced current (LBIC) measuremets a laser beam of wavelength 780
nm is scannedacrossthe surfaceof a test solar cell, and the spatial resolved short circuit
current generatedby the laserbeamis 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 currert is used. At this wavelength the laser light has an absorption length of
around 10 m in silicon and is therefore well suited for the characterization of epitaxial
thin Im solar cells. Locally electric active defects,sud as grain boundariesgeneratea
cortrast in the LBIC mapping, allowing easyidenti cation. Also for polycrystalline Ims,
the reconbination activity of grain boundariesand single grains can be studied. For the
latter application, especially for thin Ims deposited on large grained BAY SIX-wafers,
spatial resolutions of 25 m are applied. Howewer, with careful tuning of the optical

setup, measuremets with a resolutionin the m rangeare possible.



Chapter 4

Defects in low temp erature epitaxial

Ims on Si(100)

The electronic and medanical properties of silicon depend to a high extend on the de-
fectspresen in the material. Photoluminescencend DLTS spectroscopy, aswell asdefect
etching serne to analyzethe density of extendedstructural defectsand the density and
electronic levels of point defectsin the Ims deposited by MBE and IAD. Since the
Si(100)-oriertation is the most commonly usedwafer-oriertation for microelectronic and
solar cell applications, and Im deposition on sud substratesyields the best electronic
and structural properties, this chapter only reports on Ims deposited on (100)-orierted
substrates.Deposition on other monacrystalline or polycrystalline substrateswill be dis-

cussedin chapter 6.

4.1 Extended structural defects

Prefereriial wet chemical etching, using the etch solution proposedby Seccod'Aragona
[138], senesto determine the type and density of structural defectsin the Ims. Table
4.1 comparesthe density of structural defectsin epitaxial thin Ims deposited on sub-
strates which underwert a certain ex-situ pretreatmert with the density in Ims which

are deposited on waferswithout any ex-situ pretreatmert. It is noted that all substrates

43
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undervent an in-situ annealing step for oxygen removal, seepage 37. The ex-situ pre-
treatment consistsof a cutting step on semiconductordisc sav and a subsequenh RCA
cleaning[133] of the samples.During the cutting, the wafer surfaceis covered with an
adhesie tape, that is easily removed after UV-light exposure. The density of disloca-
tions and stacking faults, asgivenin table 4.1,is below 1x10° cm 2, when epitaxial Ims
are deposited on waferswithout ex-situ pretreatmert asdeliveredfrom the manufacturer
(WACKER SILTRONIC). Note that the valuesfor the as delivered (100)-orierted Ims
only represen an upper limit for the defect density due to the detection limit of the
analysismethod. On somewafers, the extendeddefectdensity is estimatedto be belov
1x10? cm 2.

Films deposited on substratesthat underwent the ex-situ pretreatmert show high dis-
location densitiesabove 1x10* cm 2. The dislocations most 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 padkaging, 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 Ims deposited on substrateswith and
without ex-situ pretreatmert, respectively. The Ims are deposited at Tgyep =
46Q::700 C and rgep = 0.1:::0.5 m/min.

Substrate defectdensity (cm 2)
pretreatmert  dislocations stading faults

cutting + RCA > 1x10* < 1x10?

no pretreatmert < 1x10° < 1x1¢?

As animportant result, the density of extendeddefectsis belov 1x10° cm 2, indepen-
dert of the deposition temperature and rate for Ims deposited on p-type (100)-orierted

substratesin the range of Tgep = 46Q::700 C and rgep = 0.1:::0.5 m/min on wafers
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without ex-situ pretreatmert. Therefore, epitaxy at low temperatures doesnot result in
higher densitiesof dislocations or stadking faults. Instead, the density of extendeddefects
is only determinedby the surfacepretreatmert. This alsoholds for the caseof IAD with
accelerationvoltagesup to 100V. Here,the defectdensity shavs a smallincreaseto values

around 2x10° cm 2.

4.2 Optically activ e defects

As stated in the previous chapter, the density of extendeddefectsin the Ims is low and
therefore, Im properties are mainly dominated by the presenceof point defects, suh
asinterstitials, vacancies,jmpurities, and their complexes.Photoluminescenceas well as
DLTS allow for the characterization of thin Ims in respect to point defectsacting as
reconbination certers or traps for carriers. The density of optically active point defectsis

determinedusingphotoluminescenceavhile DLTS analyzeselectrically active point defects.

Photoluminescencespectra reveal information about radiative reconbination of ex-
cesscarriers only. Non-radiative reconbination, sud as Auger reconbination or SRH-
reconbination via multi-phonon or cascadingprocessesare not directly accessibleby
luminescencemethods. However, if non-radiative reconbination occurs, the number of
excesscarriers reconbining radiatively is reduced and lower defect and band to band
luminescenceis obsened. Therefore, the total luminescenceintensity is a signature of
the non-radiative reconbination, and in particular the band to band luminescences a

measureof the carrier lifetime.

Deeplevel transient spectroscopy, on the other hand, is sensitive to the capture process
of traps in the depletion layer of pn-junctions or Scdottky cortacts. The DLTS signal is
proportional to the number of traps, and from seweral DLTS measuremets at di erent
repetition rates the energeticlevel of a trap can be deduced.The information obtained
by the conmbination of these two methods combined gives an insight in the energetic

distribution and reconbination activity of point defectsin the Ims.
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4.2.1 Low temp erature epitaxial Ims
Photoluminescence from intrinsic Ims

Films that are deposited without the use of the boron and phosphoruse usion cells
always shov an n-type badkground doping from residual phosphorusdesorbingfrom the
chamber walls. The badkground doping level depends on previous phosphorusdoping
processedn the chamber, on the history of the chamber, i.e. the number of previous
depositions without phosphorusand on the deposition rate and temperature (seepage37
for a description of the standard deposition process).The badkground doping level varies
in the range of 5x10"* cm 3 to 5x10° cm 3, as determined from CV-measuremets.
These Ims will bereferredto asintrinsic Ims, in cortrast to typical phosphorusdopart
densitiesof 1x10' cm 3 for emitter formation in solar cells. Figure 4.1 givesan example
of anintrinsic Im deposited at Tgep = 550 C and rgep = 0.1 m=min by IAD, compared
to luminescencefrom the low phosphorusdoped (Np  1x10* cm 3) wafer used as
substrate for this Im. As the Im thicknessis 3 m and the absorption length of the
laser light usedfor the PL measuremets with = 488 nm is of the order of 1 m,
about 95 % of the luminescencentensity stem from the deposited epitaxial Im. Both
samplespresen 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 Im shows luminescenceat lower photon energies(h < 0.8

eV), correspnding to deeplevel defecttransitions.

Dop ed epitaxial Ims

A typical example of photoluminescencerom a doped Si- Im is given in gure 4.2a).
The Im 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 concerration

Np  1x10Y cm 2) and a high phosphorusdoped emitter with a thicknessof 0.3 m
(doping concemration Np  1x10* cm 3). In cortrast to intrinsic Ims, seeral broad
peaksaround1.122,1.102,1.081,1.047,and 0.987eV are obsened in the PL spectrum of

the doped Im. The newly detectedpeaksare labeleda to e, respectively. This spectrum
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Figure 4.1: Photoluminescenceof a 3 m thin epitaxial Im deposited at Tgep =
550 C comparedto the PL spectrum of the substratewafer. The absorptionlength of
the Ar-ion laserlight ( = 488nm) isabout 1 m, therefore95% of the luminescence
stem from the epitaxial Im. For photon energiesabove 1 eV the typical phonon
assistedfree-and bound exciton transitions are obsened for both samples. At lower
energieghe epitaxial Im displays luminescencdrom deeplevel defects.The spectra

are normalizedwith respect to the intensity of the highest peak.

is recordedwith a slit width of 1000 m, and consequetly the spectral resolutionis low.
A higher resolution spectrum of the same Im is givenin gure 4.2b). Herethe slitwidth
is 300 m, but newerthelessthe peaksb, c, and e are still unresohed. Only the a-peakis
sharpwith a satellite at 1.125eV. Further reduction of the slitwidth resultsin too low an
intensity.

The a-peak and its satellite areidenti ed by the A-line luminescenceriginating from
excitons bound to an isoelectronic trap [81]. The b-p eak is a superposition of seeral
peaksand only two small featuresat 1.102and 1.106eV are resohed. 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). Howewer, experimerts with increased
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Figure 4.2:a) Total range photoluminescencespectrum of an MBE- Im deposited
at Tgep = 650 C and rgep = 0.4 m=min. Peaksare obsened around 1.122(a-peak),
1.102(b-peak), 1.081(c-peak), 1.047(d-peak), and 0.987eV (e-peak). b) Same Im

measuredwith smallerslitwidth. The b, ¢, and d-peaksare still unresohed and reveal
a broad substructure. Only the 1.122eV peakis sharp with a satellite at 1.125eV.
The peakat 1.092eV is the signature of the phosphorustransversal optical phonon

transition P,

laser power did not con rm that the c-peakis due to the EHD. Numerousinvestigations
of over 20 IAD- and MBE- Ims allow the conclusionthat the d-p eak is most likely a
superposition of se\eral lines, themsehesbeing rather broad. Numerical ts of the d-peak
shaw three linesat 1.042,1.047and 1.052eV. Thesepeaksmight belongto the O/ -system,
consisting of thermal donors[142]. 1t hasto 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]).Howvewer, thesebroad peaksare not obsenedin the intrinsic epitaxial Im showvn
in gure 4.1. This may be dueto a lower residual phosphorusdoping level of the intrinsic
Im, asthe electronbeamewvaporator in this casewas running seeral hours prior to the

deposition, in order to remove excesssilicon from the crucible.
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As expected, the high resolution spectrum shavs a PL line at 1.092eV due to the

phosphorusbound exciton (PT°).

MBE Ims atT = 460 C

Broad defectluminescencas obsened from Ims deposited by MBE at low temperatures
Tuep < 500 C, asdemonstratedin gure 4.3.The defectbandbelov 0.9eV hasa maximum
at 0.8 eV and an unresoled substructure with se\eral 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 (Tgep = 460 C) Im
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.

obsened in multicrystalline or implanted samplesthat shav 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 photoluminescencdrom a Im deposited by IAD (Vaec = 20V)
at Tgep = 460C and rgep = 0.3 m=min with the PL spectrum of a Im deposited by
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MBE using the otherwiseidentical parameters.The most prominent di erence is found
in the low energyrangeat 0.767eV and belon. The PL spectrum of the IAD- Im shows
seweral discretepeaksat 0.767,0.749,0.724,and 0.705eV, that correspnd exactly to the
P-line luminescenceobsened in oxygenrich CZ-silicon after a heat-treatmert at around
450 C [66,67,69].Howeer, the broad defectband around 0.8 eV is presein in both Ims,
and the intensity of the high energy peaksb, c, d and e is almost the sameas in the
caseof the MBE- Im. The a-peak,still visible asa shoulderin the MBE spectrum, is not

presen in the PL spectrum of the IAD- Im.

.TPL:' 12|K, ‘|'Idep:|46olo C, Irdep:IO.Slpm/lmin-
. 80 d T
3: IAD, P-lines ]
8 /
= 60 T
-*5 MBE,
g defect band
2 40 c 7
=
|
o 20 J
i a

87 08 09 10 11 1.2
Photon energy hn (eV)
Figure 4.4: Photoluminescencespectra of two Ims deposited with (IAD, Vaec = 20
V) and without (MBE) acceleratedSi-ionsin the molecularbeam.Both Ims showv
broad PL intensity aroundh = 0.8eV. In addition, in the spectrum of the IAD- Im
P-line luminescenceat 0.767eV is obsened. This indicatesthat Siions generatethe

defectcerter responsiblefor P-line luminescence.

The intensity of the P-lines is rising with increasedaccelerationvoltage, as shavn in
gure 4.5for a Im deposited with Vaec = 100V at Tgep = 460 C in comparisonto Vuec
= 20 V. Interestingly, the intensity of the high energypeaksb, c, d, and e is also higher,

while the intensity of the defectband around 0.8 eV decreasesAdditionally, a small peak
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at 0.790eV appears,identi ed with the socalled"C-line" correspnding to a defectthat
is often obsened after irradiation of silicon and that is assaiated with carbon and oxygen

cortamination of the sample[64,65].
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Figure 4.5: The Im deposited at higher accelerationvoltage V,.c = 100V displays
higher P-line intensity comparedto the Im deposited at Vo = 20V. At 0.790eV
the so called "C-line" appears, a defectthat is often obsened after irradiation of
silicon and assaiated with the presenceof carbon and oxygen. The b-, c-, d, and
e-peaksremain unchangedin their intensity ratios, howewer, the total intensity in

the high energyrangeof the Im deposited with V.. = 100V is higher.

A closeupwith a higher spectral resolution of the low energyrange of the IAD- Im
deposited with V,.c = 100V is given in gure 4.6. These measuremets 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 measuremets. In addition to
the dominart P-lines, so-called"N-lines”, an other thermal donor, areidenti ed at 0.745,
0.758,0.761,and 0.772eV [63]. The N-defect has alsoa componert at 0.767eV, which
cannot be distinguishedfrom the main P-line at exactly the sameenergeticposition. This

N-defect is assaiated with the presenceof nitrogen and carbon in silicon. In the high
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Figure 4.6: Luminescencespectra from a Im deposited at Tgep = 460 C and rgep
= 0.3 m/min and an accelerationvoltage of 100eV. Measuremets with di erent
slitwidths allow for the determination of low intensity peaks.In addition to the
dominart P-lines the so-calledN-lines, an other thermal donor, are iderntied 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 singlelines.

At higher deposition temperature Ty, = 540 C the in uence of the Si-ions on the
defect luminescencads lesspronouncedas demonstratedin gure 4.7. Due to the higher
temperature, no defect luminescences obsened for the samplesdeposited with Vae =
20and 100V. Howeer, the band to band luminescenceb-, c-, d-, and e-peak) decreases
with increasingaccelerationvoltage indicating decreasingelectronic quality of the Ims.
Further increaseof the accelerationvoltage up to Vac = 1000V results in broad defect

luminescencewith a local peakaround 0.8 eV.

Table 4.2 gives an overview of the defect peaks obsened in MBE and IAD Ims

deposited at Tyep, = 460 C.
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Figure 4.7:In uence of ion energy on the photoluminescenceof silicon Ims de-
positedat Tgep = 540 C andrgep = 0.18 m/min. Dueto the relative high deposition
temperature no defectluminescencas obsened for V,.c = 20and 100V, however, at
Vace = 1000V broad defectluminescenceoccursdueto the high point defectdensity

createdby the high energyions.

4.2.3 Inuence of deposition temp erature and rate

Epitaxial growth of thin Si- Ims is mainly dominated by the adatom mobility on the
surface.Hence,the deposition temperature is the key parameterin low temperature de-
position. The in uence of the deposition temperature on the photoluminescenceof Ims
deposited at 460,550and 650 C at rqep = 0.5 m/min is shovn in gure 4.8. It canbe
seenthat with increasingdeposition temperature, the band to band luminescencealso
increasesAt lower photon energiesonly for the Im depositedat Tgep, = 460 C the above
mertioned P-line defectluminescenceand the broad defectdistribution around 0.8 eV is
obsened.

The dependenceof the luminescenceon the deposition rate for Ims depositedat Tgep
= 460 C is depictedin gure 4.9. At the highestrate rge, = 0.30 m=min, the P-linesare

obsened, howeer, the a-peakis not presen in the spectrum. The P-line luminescence
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Table 4.2: Photoluminescencedefect lines obsened in a Im deposited at Tyep =
460 C, rgep = 0.3 m/min and an accelerationvoltage of 100 eV see gure 4.6).
The energeticpositions match within 1 meV the literature valuesfor the specic

iderti ed line.

no-phononline phononreplicas name occursin 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 Ims at

low temperatures

1.122 A  MBE [81]

decreasesvith decreasingleposition while the intensity of the a-peak,aswell of the broad
defectband around 0.8 eV increase.Note that the lowest deposition rate shovn herer gep
= 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 temperatures460C  Tgep 510 C display defectlines known to
originate from thermal donors. Thesedefectlines are mainly the P-line defects,and to a
lower extendthe N-, and C-lines. Thermal donorsare only obsened 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 presemn Ims. Resultsfrom literature
(seechapter 2.2.3) show that thermal donor defectscan be annealedout using a thermal
treatment at highertemperatures.This alsoholdsfor the IAD Ims, asit is demonstrated

in gure 4.10.After deposition at Tgep, = 460 C the Im shaows P-line luminescenceAfter
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Figure 4.8: Dependenceof the photoluminescencentensity on the deposition tem-
perature of thin Ims depositedat 460,550,and 650 C at rgep = 0.5 m/min. Band
to band luminescenceat photon energiesabove 1.0 eV increaseswith increasingde-
position temperature. Broad defectluminescenceat photon energiesbelov 1.0eV is

only obsened for Ims deposited at low deposition temperature Tge, = 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 bandtransitions remainsalmostconstart, aswell asthe defectbandaround0.8eV
whoseintensity only weakly decreasesThe spectrum after heat treatment resenblesthat
ofa Im depositedat low temperaturesTye, < 510 C by MBE, i.e., the broad peakaround
0.8 eV is presen without a signi cant signature of the thermal donor lines. Howe\er, this
alsoindicates, that the defectsresponsible for the peak around 0.8 eV are not annealed
out at 650 C after onehour, although this peakis normally not obsenedfor Ims directly

deposited at Tgep, = 650 C with respective deposition times also below one hour.



56 4. Defectsin low temperature epitaxial Ims on Si(100)

(0]
o
T

1

(2]
o

T HE , increasing rate
A 0.09 um/min
\

I
o

PL Intensity (a.u.)

N
o
T
-

0.30 um/mi‘r‘i':‘,
O‘ " I " I " I " I i N
0.7 08 09 10 1.1

Photon energy hn (eV)

...........

Figure 4.9: Photoluminescencespectra of Ims depositedat Tqep = 460 C at various
deposition rates rgep, = 0.09,0.12, and 0.30 m=min. P-line luminescenceis only
obsened for the Ims deposited at higher deposition rates 0.12and 0.30 m=min.
In cortrast, 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 independen of the deposition rate.

4.2.4 Hydrogen passivation of defects

The e ect of hydrogentreatment on the photoluminescenceof a Im deposited at Tgep
= 460C and rgep = 0.16 m=min is depictedin 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-demsited Im is no longer obsenable and the intensity of the
bound exciton (BE™) has increased.Note, that this Im is only weakly boron doped,
in the rangeof N5 = 1x10' cm 3, and thereforethe d-peak is lesspronouncedthan in
higher doped samples.The defectband around 0.8 eV is not in uenced by the hydrogen
treatment. In orderto demonstratethat the changeof the P-line luminescences dueto the
hydrogenation, a spectrum of another samplefrom the same Im is shavn in gure 4.11,

that is annealedin nitrogen ambient, usingthe sameparametersasfor the hydrogenation
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Figure 4.10: After a thermal treatment of a IAD deposited Im the P-line lumines-
cencebelow 0.792eV is greatly reduced,instead the a-peakat 1.122eV hasrisen.
The spectrum now resenbles to spectra of Ims deposited by MBE at otherwise
unchangeddeposition parameters.It is notable that the broad defectband around

0.8 eV is only weakly a ected.

(duration: 1 h, Tannear = 360 C). Here,no major di erences are obsened comparedto the

as-demsited Im.

4.2.5 Discussion: Optically activ e defects

Three major featuresin the photoluminescencespectra of the low temperature Ims 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 belov 0.8 eV. The results of the photo-
luminescencenvestigationsare summarizedin table 4.3 with the in uence of deposition

temperature, rate, and ion-bombardmert on the intensity of the three features.
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Figure 4.11:Hydrogenation of a Im deposited at Tyep = 460 C and rgep = 0.16

m=min passiatesthe P-line defects.Also shavn is the photoluminescenceof an-
other sampleof the same Im after onehour annealingat 360 C in nitrogen ambient
usingthe samethermal budgetasfor the hydrogenation.Here,only minor di erences
to the as-demsited Im are detected,thus verifying that hydrogenis responsiblefor

the defectpassiation.

Band to band luminescence

A clearidenti cation of the b-, c-, d-, and e-peaksis di cult. They decreasevery similarly
with increasingPL-measuremetitemperature. It is noted, that the intensity of theselines
did not shov pronounceddependenceon the power of the excitation laser light, which
excludeselectron hole droplet (EHD) formation. In the caseof doped Ims with doping
levels above 1x10'° cm 3, the d-peak (luminescencearound 1.04 eV) is the most promi-
nert line. The intensity of the d-peakdependson the Im doping: Intrinsic Ims, i.e. Ims
deposited without additional P- or B-doping, do not shov pronouncedintensity around
1.04 eV, while the intensity of this line increaseswith increasingdoping concetration.
This is consistem with investigations of Eswaran et al., where a band structure around

1.045eV was detectedin photoluminescencaneasuremets of highly phosphorusdoped
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Table4.3: Major photoluminescencédeaturesof low temperature epitaxial Ims. The
photon energyh and the dependenceof the PL intensity of the featureson the
(increasing) deposition temperature Tqep, the (increasing) deposition rate rgep, and

the ion-bombardmert with low energyionsV,.,. 100V is given.

PL feature PL energyh Taep I dep ion-bombardmert

0.8eVpeak around0.8eV only460C  decreases weakinuence
P, N, and C-line < 0.8eV only 460 C sharper lines only in IAD

band to band > 0.98eV increases noin uence weak increase

silicon [143]. These broad lines appear even at high deposition temperatures of 810 C.
Hence,they are more likely a result of the dopart impurities and seemto be related to
multiple excitonsbound at dopart impurity certers than related to point defectsformed
by imperfect growth. The electronic quality of the Ims correlateswith the intensity of
theselines which supports the thesisthat theselines are related to band to band recom-
bination in the caseof doped epitaxial Ims. The useof acceleratedions with V,.. = 20
weakly increaseghe intensity of the d-peak. Howewer, the d-peakintensity decreasegor
Vaee 100V. The complexQ- and S-lines,togetherwith their splitting under stressmight
explain the broad featuresof the obsened b-, c-, and d-peaksas well [73]. Howeer, the
Q- and S-linesare only obsened in lithium doped Ims and SIMS measuremets did not

shaw lithium in the IAD- Ims.

Strong A-line PL (a-peak) at 1.122¢V is found in MBE- Ims, whereasthe A-line is
suppressedr 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 was alsoreported by
Weber et al. [81]. The authors speculatedthat the origin of the certer is anisoelectrictrap
wherecarbon is involved. Isoelectric defectsare impurity atoms or clusters,that have the
sameelectronic con guration asthe host lattice. For exampleGe in Si, wherethe strain

is responsible for the trapping of carriers.
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0.8 eV peak

The broad defectband around 0.8 eV may result from imperfectgrowth at low deposition
temperatures,asdemonstratedby the temperature dependen PL-measuremets in gure
4.8. From similar experimerts, not shown in this work, it is obvious that the peak does
not appear in the spectra obtained from Ims deposited at Tqep, 510 C. Newertheless,
the defect band remainsewen after a 1 h heat treatment at 650 C, and after hydrogen
treatment for 1 h at 360 C. A possibleexplanationfor the formation of this defectband is
the presenceof stressin the Ims, that canresult in sud broad luminescencdeatures.A
broad peakaround0.8eV in photoluminescencevasobsenedin silicon samplesmplanted
with either hydrogenor oxygenafter a hydrostatic argonambient pressuretreatment with
up to 1.5 GPa [83]. The applied stressenhanceghe emissionof the defectluminescence,
wherely the origin of the luminescem reconbination remains unclear. A similar defect
bandaround0.8eV, additional to the D-linesfrom dislocations,wasobsened by Mudryi et
al in multicrystalline siliconfor solarcell applications[82]. From the PL measuremets the
stressin the sampleswas determinedto valuesaround 10 MPa. The band was attributed
to gettering of impurities sud as carbon and oxygen or self interstitials forming during
growth. Additionally, sud a broad defectband around 0.8 eV is obsened in silicon Ims
depositedat Tgep = 800 C by LPCVD on strained Si-bu er layers [80]. However, Raman-
spectroscopy investigationsof IAD-Ims deposited at Tgep = 460 C did not reveal stress

in the Ims 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 Ims deposited at temperaturesaround Tyep, = 460 C. This is con rmed by the
exactly matching energeticpositions of the obsened P-, N- and C-lines with literature
data, aswell asthe characteristic annealingof theselines at temperaturesof 650 C.

The most intenseof theselines in the PL spectra are the P-lines (seepagel7). Their
intensity increaseswith increasingion energy The N- and C-lines are obsened in high

resolution spectra as well, albeit with lower intensity. In the literature, these PL lines
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are only reported from Si sampleswhich have a high density of either oxygen, carbon or
nitrogen, sud as CZ-silicon wafers. The formation of complexeswith vacanciesand/or Si
self-irterstitials from theseimpurities is responsiblefor the obsened defectluminescence.
Although the concertration of theseimpurities in Ims deposited by IAD is belowv the
detection limit of our SIMS-madine, (O* 5x10® cm 2 [144], C* 1:1x10*® cm 3, N*
1:0x10'° cm 2 [145]), the defectlinesin the PL measuremets are most likely causedby
theseimpurities. The occurrenceof the sharp P-linesdependson the deposition rate. Only
for Ims depositedwith rqep > 0.1 m=min they are clearly obsened. At lower deposition
rates, the sharp P-lines smearout together with the peak around 0.8 eV into a broad
defectdistribution below 0,9 eV. A hydrogenpassiation 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 Ims typically consistof relatively broad
overlapping peaks,asdepictedin gure 4.12a)for a Im depositedat Tgep = 460 C andr gep
= 0.16 m=min. The Im hasa low boron doping concetration of N5, 5x10* cm 3.
The maxima of the DLTS spectra correspnd to majority-carrier traps for the chosen
represemation, i.e. in this caseof a p-type Im the peaksA, B, and C represen hole-traps.
Minorit y-carrier traps would appear as minima in the spectra. Each peak correspndsto
a distinct defectlevel. Seweral spectra recordedat di erent emissionfrequenciese, are
usedto determinethe energeticlevels of the defectsin the Ims by plotting the emission
frequencyversusthe inversesampletemperature at the peak maximum in an Arrhenius
graph (see gure 4.12b)). Analysis of the three peak maximais madeby tting Gaussian
pro les to the DLTS spectra. The energeticlevels of the defectsobtained by this method
areE;, Ey = 214meV 16 meV (A), 412meV 53 meV (B), and 330meV 6

meV (C). The given error of the measuremenis 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

frequenciese,. The spectra show three broad, overlapping peaks,represeting 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
frequency e, versusthe inversetemperature of the maxima A, B, and C from a)

revealsthe defectlevelsof E; Ey = 214 meV (A), 412 meV (B), and 330 meV
(©).

overlapping of the peakscomplicatesthe determination of the defectlevel correspnding

to peak B, asexpresseduy the signi cantly larger error.

An exampleof an n-type epitaxial Im is givenin gure 4.13a).The spectrum is nor-
malizedto the correspnding defectdensity. As before,positive peaksare due to majority
carrier traps, in this caseelectrontraps. The analysisof the DLTS spectrum revealsan
energeticlevel of peakX of Ec  E{ = 136meV, asrepreseted in gure 4.13b). Although
two more peaksY and Z are visible in this spectrum, their peak position is not clearly
detectablefor other repetition frequenciesand 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 136 meV is in good
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Figure 4.13:a) DLTS-spectrum of an n-type sample.The spectrum is normalizedto
the defect concenration, and shows a broad defect distribution. b) The Arrhenius
plot of the emissionfrequencye, versusthe inversetemperature of peak X reveals
a defectlevel at Ec E{ = 136 meV. The energeticlevels of peaksY and Z cannot

be derived from the spectra.

agreemenh with valuesreported in literature for thermal donorsin n-type oxygen rich
silicon [87,88].

Figure 4.14summarizedata from DLTS analysisof seven Ims depositedby IAD (no.
1to 6) and MBE (no. 7). All Ims aredepositedat Tqep, = 460 C, however, the deposition
rate varied in the rangeof rgep, = 0:1:::0:5 m=min. Note that the DLTS-spectra of all
samplesshowv seweral peaksand that only those that were undoubtedly determined are
showvn here. Consequetly, only very few data points are available. From the available
data, defectbandsaround 120, 200, 250, 350,and 430 meV are deduced.The distinction
betweenthe 200and 250 meV bandsis motivated by the data of samples3 and 4, where
two levelsin this energyrange are found. Howewer, for the 350and 430 meV bandsit is
not obvious if there are two bandsor only discretelevels, and the suggestedassignmen

to defectbandsis only tentativ e.
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Figure 4.14: Tenativ e represetation of the defect bandsin the lower half of the
band gap of low temperature epitaxial Si-Ims. All Ims are deposited at Tgyep =

460 C by IAD exceptfor sampleno. 7 that is deposited by MBE.

4.3.2 Inuence of deposition temp erature, rate, and silicon ions

Dep osition temp erature

Similar to the resultsfrom photoluminescenceneasuremets, defectlevelswereonly found
in Ims deposited at Tqep = 460 C, whereasfor higher deposition temperatures Tgep

510 C no peaksin the DLTS-spectra are obsened. Hence,the defect conceitration for
Ims deposited at higher temperaturesis below the detection limit of the DLTS-method,
which is about 1x10" cm 2 for p-type Ims. A method for the estimation of the defect
density from the minority carrier di usion length of Ims deposited at Tqep, 460C is
givenin chapter 5.3. There it is found that the defectdensity deca/s exponertially with

the deposition temperature.
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Dep osition rate

Figure 4.15shownsthe in uence of the deposition rate on the deeplevel defects. Two strong
peaksare found for the Im deposited at rgep = 0.12 m=min, labeled B and D. These
two peaksare still presen in the spectrum of the Im deposited at rgep = 0.36 m=min,
albeit to a much lower extert. The peakslabeled A and C, clearly visible for the higher

deposition rate are barely visible for Ims deposited at the lower deposition rate.
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Figure 4.15: Dependenceof the DLTS spectra on the deposition rate. Peak B of the
Im depositedat 0.12 m=min correspndsto a defectlevel of E; Ey = 250meV
and peakD to 374meV. The density of thesetwo defectlevelsdecreasesigni cantly
when the deposition rate is increasedto 0.36 m=min, whereasthe peak A of the
Im deposited at 0.36 m=min correspndingto E; E, = 124meV 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 Ims deposited by IAD are
comparedto those deposited by MBE. The Im grown under Si-ion-bombardmert with
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Vace = 20V (IAD) shaws 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-Im. In the caseof MBE the defectdistribution is smearedout, and defect
identi cation becomedi cult. PeakA of the MBE- Im correspndsto an energyof 217

meV, peak A and peak C of the IAD-Im to 124meV and 274 meV, respectively.
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Figure 4.16:1n uence of acceleratedsilicon ions with accelerationvoltage Ve = 20

V on the DLTS spectra. The defectdensity is increasedby more than a factor of 2

by the useof siliconionsin the beam.

4.3.3 Discussion: Deep level defects

In general,the DLTS spectra of Ims deposited at Tqep, = 460 C consistof seweral broad,
overlapping peaks. This often hampers the iderti cation of all defect levels presen in
a single Im. The compiled data of defect levels of sewen p-type Ims reweals, that in
the lower half of the band gap, a variety of defect levels, or more likely defect bands,
are presen. The density of ead defectlevel in a single Im dependson the deposition

rate and the use of acceleratedSi-ions. An increaseof the deposition rate resultsin less
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pronouncedpeaksin the DLTS experimerts. The use of acceleratedSi-ions results in
increaseddensity of the trap levels in the DLTS spectra. Howewer, the density of all
peakspresen in the Im is increased,whereasin the PL experimerts only the P-lines
increasedupon increasedSi-ion energy From this results, no clear correlation of the
photoluminescenceand DLTS results could be established.The n-type samplesdeposited
by IAD typically shov a shallov defect level around 0.136 eV belon the conduction
band. This is in the range of DLTS results for thermal donors reported in literature,
where 16 di erent specieswith energylevelsbetweenE. 0.07eVandEc 0.15eV are
obsened [87,88].Transition metal impurities, sud asCu, Ni, or Fe are known to generate
defectlevelsin the band gap, someof them in the rangeof the defectbandsdeterminedby
DLTS in the epitaxial Ims investigated here [96,146,147]Howe\er, the reported DLTS
signals for metallic impurities are much sharper, and the obsened dependenceof the
defectdensity on the deposition temperature of the Ims remainsunclear. Additionally,
dislocationsdecoratedwith transition metalsshow typical D-line luminescencg58,59,148],
which is not obsened in the epitaxial Ims, even for dislocation densitiesup to 1x10’

cm 2.

4.4 Correlation of carrier lifetime and defect density

4.4.1 Inuence of deposition temp erature and rate

Testsolar cell structureswerefabricatedto determinethe minority carrier di usion length
in the Ims. Measuremets of the internal quartum e ciency allow for the evaluation of
the minority carrier di usion length L, a key parameter for the characterization of the
electronicquality of Ims for solar cell applications. The minority carrier di usion length
L is correlatedwith the carrier lifetime via the di usion constart D by L = P D ,and
is a direct measureof the electronic quality of the Ims.

Figure 4.17shavsthe dependenceof L on the deposition temperature and rate of Ims
depositedby IAD with Ve = 20V. At low temperaturesTqe, 510 C L hasa maximum

at a deposition rate around rgep, = 0.3 m=min. At higher deposition temperaturesthe



68 4. Defectsin low temperature epitaxial Ims on Si(100)

100: T T T T T T T T ]
= | ° 1
= 650° C |
<
o 10r -
[ r o 1
@ 510° C ]
- _
IS
wn ]
= 460° C
o 1f ]

0.0 0.2 0.4 0.6 0.8

Deposition rate Fyep (um/min)
Figure 4.17: Minority carrier di usion length L asdeterminedby IQE-measuremets
for Ims deposited at Tqep = 460, 510, and 650 C by IAD. At low temperatures
Teep 510 C the di usion length L hasa maximum at a deposition rate rge, 0.3

m=min. At higher deposition temperaturesthe di usion length remainsat a high

valueof L 40 m, ewen for rates exceedingrgep = 0.3 m=min. After [7].

di usion length remains almost constart at a high valueof L 40 m, ewen for rates

exceedingrqep = 0.3 m=min, demonstrating the high electronic quality of the epitaxial

Ims.

Figure 4.18 shaws the correlation betweenthe di usion length and the trap density
asdeterminedby DLTS asa function of the deposition rate for Ims deposited at Tgep =
460 C. The given trap density is the maximum of the peak of the respective defectlevel
in the range of 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 possible explanation of this behavior is an interplay of two defect generating
medanismsthat depend on the deposition rate during epitaxial growth [149].0n 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 defectcomplexesN; as determined
by DLTS and minority carrier di usion length L of Ims depositedat Tge, = 460 C
in dependenceof the deposition rate r4ep. The di usion length is determinedby the
presenceof point defectsasindicated by the correlation of the minimum of Ny and
the maximum of L at deposition rates around rge, = 0.3 m=min. The lines are a

guideto the eye.

lower the deposition rate. Thus, Ims deposited with low deposition rates should shav a

higher amourt of impurities. On the other hand, a high deposition rate reducesthe mean
free time of the adatomson the wafer surface,resulting in a higher amourt of vacancies
and interstitials due to imperfect growth. The latter e ect becomeslesspronouncedat

higher deposition temperatures as demonstratedby the curve of the Ims deposited at

Taep = 650 C shawvn in gure 4.17.

4.4.2 Benets from accelerated silicon ions

Photoluminescenceand DLTS investigations (see chapter 4.2.2 and 4.3.2) have shown,
that even moderately acceleratedSi-ions with V... = 20 V used during deposition of

thin Ims at low deposition temperatures generateadditional defectsand increasethe
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defectdensity. In this chapter, the in uence of the Si-ionson the electronicproperties will
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 Tgep
= 460 C and 650 C with rgep = 0.3 m=min for both series.The caseof V,.c = 0V
correspnds to standard MBE-deposition conditions with grounded substrate. At both

deposition temperatures,an increaseof the di usion length with the accelerationvoltage

is obsened.
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Figure 4.19:Films deposited at a) Tgep = 460 C and b) Tgep = 650 C with rgep =
0.3 m=min shaw an increaseof the minority carrier di usion length with increased

accelerationvoltage.

At Tgep = 460C (gure 4.19a),L increasesfrom 1.15 m to valuesaround 1.3 m
for applied accelerationvoltagesof V... = 20 and 50 V. Further increaseof V.. to 100
V resultsin L = 1,82 m. This result is in good agreemen with the photoluminescence
experimerts shavn in gure 4.5. Although the PL experimerts show increasedP-line
defectdensity with increasedaccelerationvoltage, the band to band luminescencepeaks
B through E), a measurefor the electronic quality, alsoincreases.

Forthe Im depositedat Tgep = 650 C, displayedin gure 4.19b),L increasedrom 4.1

m to 11.4 m upon increaseof V¢ from 0 to 20V. In this seriesof depositions, no ex-
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perimerts with higher V,.. were carried out. Howeer, resultsfrom literature on ion-beam
deposition [13] and the intensity of the band to band luminescenceof experimerts with

higher accelerationvoltagesabove V,.. = 20V, shovn in gure 4.7, allow the conclusion,
that the electronic quality of Ims deposited at Tgep = 650 C decreasegor acceleration
voltageshigher than V.. 20V.

Two test solar cells, deposited at Tgep = 750 C under MBE and IAD (Ve = 20 V)
conditions, respectively, shav the samecorversione ciency of = 13.8%. The minority
carrier di usion length of these Ims, obtained by the analysisof the IQE, exceedsn both
casesthe Im thicknessof 15 m and is of the order of L = 30:::40 m. Therefore, at
this relatively high deposition temperature of Tqe, = 750 C, no signi cant e ect of the

acceleratedSi-ionscould be deducedexperimertally.

4.5 Discussion: Defect formation in low temp erature
epitaxy

The photoluminescenceand DLTS results presetied in this chapter shoved a variety of
defectsin IAD and MBE Ims deposited at low temperatures. It hasto be emphasized
hereagain, that both analysismethods reveal a signi cant dependenceof the point defect
density on the deposition temperature. Chapter 5.3 shaws that the temperature depen-
denceof the defectdensity determined from the minority carrier di usion length of the
Ims exhibits an exponertial decg of the defectdensity with the deposition temperature.
Hence,when discussingthe defectformation during molecular beam epitaxy, we have to
look for defect formation medanisms, that depend on temperature. These are (i) the
adatom mobility, (ii) sticking coe cien t of impurities during deposition, and (iii) temper-
ature dependert complexformation, e.g.thermal donorsand interstitial defectreactions.
As has beenpointed out in chapter 2.1.3, the adatom mobility is clearly one of the
dominating parametersfor the ewolution of Im morphologyduring low temperature epi-
taxy. The number of structural defectsand especially for (100)-orierted Ims deposited

above Tgep = 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

obsened even in step ow 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 1200C [151]and 850 C [152], respectively. It hasto be merntioned here, that the
basepressureof the MBE reactor used for this investigationsof 1x10 ° 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 ’ mbar,
wherethe main speciesare hydrogen, and to a lesserextend nitrogen. Howewer, for long
deposition durations, oxygen and carbon related masssignalsare obsened in the resid-
ual gasby the massspectrum analyzer.No experimertal proof of other impurities, apart
from oxygen, carbon, nitrogen and the doparts boron and phosphorus,are obsened in
the Ims investigatedin this work within the resolution limits of residual gas analysis
and SIMS measuremets. Hencethere is a high probability that the Ims deposited at
low temperatures cortain oxygen, carbon, and nitrogen as impurities. Other impurities
may be incorporated as well, howeer there is no direct proof of their presencein the
Ims. As the impinging rate of impurities dependson the partial pressurein the residual
gas[153],it is expected, that the density of impurity atoms is inversely proportional to
the Si-deposition rate. This hypothesisis con rmed by the results shovn in gure 4.18:
the di usion length L increasesand the defectdensity N, deceasesvith rising deposition
rate for rgep = 0.1:::0.3 m=min. Howeer, at low deposition temperaturesTge, 510C
and deposition ratesabover 4, = 0.3 m=min, the increasingnumber of defectsgenerated

by imperfect growth dominates[149].

The sheerexistenceof impurities sud 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 selfinterstitials, and the temperature treatment
of the samples,as demonstratedby numerousinvestigationson thermal donorsand new
oxygendonorsin CZ-silicon (seechapter 2.2.3). The temperature and passiation charac-

teristics of the obsened P, N, and C-line luminescencalemonstrate,that theseimpurities
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are active in the Ims.

Chapter 2.1.2preselts the principle interactions of low-energyions with the surfaceof
the growing crystal. Experimertally, the comparisonof Ims deposited by IAD and MBE
shaws, 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, obsened in PL experimerts, decreasedy the
useof acceleratedSi-ions, it seemsnot to be related to the vacancydensity. The 0.8 eV
peak alsois not correlated to the density of extendeddefects,as this peak is obsened
in Ims with structural densitiesranging from nep, = 1x10°cm 2 to 1x1C° cm 2. Similar
PL-peaksare reported in literature from bulk silicon under stress[82,83]or epitaxial Ims
deposited on strained substrates[80]. Therefore, the 0.8 eV peak might be a result of
strain in the Ims, that is dueto imperfect growth at low deposition temperatures.

Despite the increaseddefectdensity obsened by PL and DLTS in Ims deposited by
IAD, the minority carrier di usion length L of those Ims alsoincreasesA possibleex-
planation of the increasingL with increasingion energyis a gettering e ect of carbon and
oxygento the newly createdvacancies.The TQE measuremets of chapter 5 show, that
rather shallow defectlevelsin the rangeof 0.16to 0.21eV arethe dominart reconbination
certers at room temperature. The respective defectmight be a certer where oxygen and
carbon are involved as well. If additional vacanciesare generatedby the use of Si-ions,
thesemight act asgettering certers for oxygenand carbon and form thermal donorsthat

are lessactive reconbination certers, and thereforethe total reconbination is reduced.



Chapter 5

Temperature dependent quantum
eciency { TOQE

The investigations of defectsin (100)-orierted epitaxial thin Ims deposited at low tem-
peraturesTye, 650 C preserted in chapter 4 revealedthe presenceof a variety of defect
levelsin the band gap. Photoluminescenceas well as DLTS give results on the energetic
position of those defect levels, howewer, they do not allow for an identi cation of the
reconbination activity, i.e. the capture of an electronand a hole in the defectlevel. The
tailoring of devicesrequiresthe analysisof the dominart reconbination certer in the ma-
terial under working conditions. As the minority carrier lifetime is the key parameterfor
solar cell applications, lifetime spectroscopy (LS), i.e., the measuremen of the lifetime
under varied measurementemperature or injection level, allowsfor a determination of the
dominarnt reconbination certers. Howewer, the corvertional measuremen techniquesfor
the lifetime, microwave photoconductancedecyy (MWPCD) and quasisteady state pho-
toconductance(QSSPC) cannot be applied to thin Ims or processedlevices.Therefore,
a newmethod for the temperature dependen extraction of the lifetime that is compatible

with thin Im solar cellswas deweloped in this work.

In this chapter, rst the principlesof lifetime spectroscopy arediscussedSubsequetty,
this chapter introducestemperature dependert quartum e ciency (TQE) measuremets

asa new lifetime spectroscoy method for completeddevices.At the end of the chapter,

74
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TQE is applied to IAD-thin Im solar cells and a model for the analysisof the data is

deweloped.

5.1 Lifetime spectroscopy

The major disadwantage of defectanalysismethods sud asDLTS and photoluminescence
is given by the fact, that they do not give clear evidencefor the dominating reconbination
medanism that leadsto device degradation under working conditions. In cortrast, the
minority carrier lifetime is a direct measureof the total reconbination process,.e. the
capture of an electronand the capture of a holein the trap, and analysisof using meth-
ods that analysethe minority carrier lifetime as a function of temperature (temperature
dependert lifetime spectroscopy, TDLS) [154,155]or injection level (injection dependert
lifetime spectroscopy, IDLS) [156] allow for the determination of the energeticlevel of
the dominart defectswith a high sensitivity. The combination of both, TDLS and IDLS,
reveals most of the relevant parametersof the reconbination certer, sud 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; [102,103].The Shockley-Read-Hall
lifetime sry underthe assumptionthat the electronand hole excessarrier densitiesare
equal: n= pisgivenby

no(Pot P+ N)+ po(Not+ ni+ n)

= ; 51
- T (5.1)

where .o and o are the capture time constarts and np and pp are the equilibrium

densitiesof electronsand holes,respectively. The SRH-densitiesn; and p; are given by

EC Et Et EV
- . e N - Y .
kgT  'PrT Nvexp ke T '

whereNc and Ny arethe e ectiv e densitiesof statesof the conduction and valenceband

Ny = Nc exp (5.2)

and Ec and Ey the energiesof the conduction and valenceband edge,respectively.

In the caseof IDLS, the excesscarrier density n is varied over se\eral orders of
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magnitude by light generatedelectron-holepairs, and the variation of the SRH-lifetime
with  n is studied.

The analysisof the TDLS will be discussedherein more detail with seweral simpli -
cations of the SRH-lifetime for the application to p-type silicon Ims under low injection

conditions. Under low level injection (LLI:  n  ng+ pp) the SRH-lifetime simpli es to

i — no(Po+ P1) + po(no+ Ny),
SRH — o+ Mo ) (5.3)

and in the caseof a p-type semiconductor(py  no):

i p_ no(Pot P1) + poha,

SRH — Po (54)

At low temperatures, i.e. p; Po and n; po equation 5.4 yields 5 = o

and g;‘H?p is only slightly temperature depender via the temperature dependenceof
: P . . .

the thermal velocity vy, (T) = = 8kT= m, where m, is the thermal velocity e ective

mass[159]. Assumingthe capture crosssection , to beindependen of the temperature,

the capture time constart o becomes

1 _
T) = — 1=2 3OOK: 55
nO( ) Nt thh(T) n0 ( )
Using the normalized temperature = T=30K allows to eliminate the temperature

dependencein o and refer to a temperature invariant referencelifetime 39

At elewated temperatureseither p; or n; dominatesequation 5.4, and SLE'H;" becomes
thermally activated with either E, = E; Ey (caseA, defectin the lower half of the
band gap) or E, = Ec  E; (caseB, defectin the upper half of the band gap). Under
considerationof the temperature dependenceof the e ectiv e densitiesof statesN¢=y (T) =

32 N 22 1160], equation 5.4 can be rewritten by
sri” = aon P+ exp( EavkeT) (5.6)

whereeither = NJ* =N, (caseA) or = FHNK=( F%N,) (caseB).
As a consequencethe temperature dependert SRH-lifetime Sn,(T) only depends

on the activation energy E,, the capture time constart .o, and in caseB on the ratio
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0% = 1% . Figure 5.1 depicts the in uence of the activation energy E, of a singlere-
combination certer in the lower half of the band gap (caseA) on the lifetime gry,® scaled
by the normalizedtemperature in an Arrhenius represetation for simulated data with

Po = Na = 1x10* cm 3 and ,0 = 1 s.In the Arrhenius represemtation, the slope of
the scaledlifetime in the high temperature regimeis determinedby the activation energy
only. With increasedE ,, the minimum of $g.;P= movesto highertemperatures.The low
temperature regimeof $n,/’= is a direct measureof the referencelifetime 3% . If the
defectlevel is in the upper half of the band gap (caseB), the minimum of $g,"= would
be shifted additionally if 3% = %% 6 1, while the slope at high temperaturesand the
low temperature regimewon't be a ected. In the caseof %= %% = 1, a defectlevel

in the upper half could not be distinguishedfrom a defectlevel in the lower half by means

of temperature dependen lifetime spectroscop.

Rein et al. [158] gave an overview of the possibilities and restrictions of lifetime spec-
troscopy for defectanalysis. The higher the activation energyand the higher the doping
density, the higher is the temperature at which the minimum of ¢g,®= occurs. This
may be inconveniert if the measuremen setup or the device under investigation are not
compatible with high temperatures. As mertioned above, only for F% = 3% 6 1 the
conclusionthat the trap level is located in the upper half of band gap is possible. If

0% = 1% = 1, the unambiguousdetermination whether the defectlevel is in the upper
or lower half of the band gapis not possibleby TDLS alone.Here additional information,

e.g.from IDLS or DLTS measuremets, is necessary

Dominan t recombination pro cess

If se\eral defectlevelsare presen in a sample,the e ective lifetime . of the sampleis

the inversesum of the single defectrelated lifetimes sgy (i) under the assumptionthat
eah defectmay be descriked by an individual SRH-lifetime [161]
1 X 1

I Y &9
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Figure 5.1: Simulation of the Shackley-Read-Halllifetime gy, ® divided by the nor-

malized temperature  of p-type Si with a single defect in the lower half of the
band gap, plotted for seweral activation energiesE, with pp = N = 1x10% cm 3

and ,o = 1 s.The higherthe activation energy the higher is the temperature of

the minimum in  $g,,® and the steeger the slope of the high temperature regime of

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

X 1 1
off 300K [ 3= - : (5.8)
SRH i n0 (I) -+ i eXr*X Ea_kBT)

Thus, the defectwith the smallestindividual lifetime at a given temperature will be
the dominating defectat this temperature. As canbe seenin gure 5.1, the SRH-lifetime
of a single defect level undergees a minimum at a certain temperature Ty, , Which is
determined by the activation energy E, and the referencelifetime 33% . For very low
temperatures T 300 K, the defect with the lowest referencelifetime 3% will be
the dominant defect. With increasingtemperature the reconbination activity of defects

will decreaseaccordingto their activation energiesE’. The in uence of the E, on the
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reconbination activity will be discussedhere for the example of a p-type sample with
defectsin the lower half of the band gap. In this caseit holdsthat n; pgandn; p;
and equation 5.4 simpli es to

LLl 5p _ P .

sRH™ = no 1+ o (5.9)
where p; is exponertially dependert on E, (seeequation 5.2). Figure 5.2 shows the de-
pendenceof the ratio p;=p on the temperature for a typical doping density of thin Im
solar cellsof pp = Na = 5x10 cm 3. Only for valuesof p;=p 1, the reconbination
activity of a certain defectlevel is the highest,i.e. $q/”(i) = no(i). Consequetly, even
a defect level with an activation energyaslow asE, = 0.2 eV might be the dominan
reconbination certer at T = 300K, if the respective referencelifetime is lower than that
of defectlevelswith higher activation energiesFigure 5.2 alsounveils, that for sud high
doping levels of py = 5x10' cm 3, the ratio p,=p, of defectswith activation energies
E. 0.3eV would be below unity, even at temperaturesas high as450K. Therefore, if
a defectwith E, 0.3 eV is the dominarnt defect,it would not be detectableby a linear
increasein the Arrhenius represetation of = for temperaturesbelov 450K.

In conclusion:if in an Arrhenius represetation of = a linear increasewith rising
temperature at a giventemperature is obsened, then the respective defectis the dominart
defectlevel at this temperature. If in the investigatedtemperature regimeno increasewith
rising temperature is obsened, then a defect with an activation energy higher then the

maximum obsenable activation energymay be dominart.

5.2 TQE measurement setup and data analysis

Convertionally, lifetime spectroscopy is carried out using either microwave-detectedpho-
toconductancedecyy (MWPCD) [162]for TDLS or quasi-steady-stategphotoconductance
(QSSPC) [163]for IDLS. Thesemethods require silicon waferswith well passiated sur-
facesfor the analysisof the minority carrier lifetime, and are not applicableto processed
devicesor thin Ims. Internal quantum e ciency (IQE) allows for the determination of

the minority carrier di usion length, hencethe minority carrier lifetime in processedolar
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Figure 5.2: Dependenceof the ratio of the SRH-densiy p; to the equilibrium density

Po on the temperature for di erent trap energiesE;. The equilibrium density po is

xed to atypical value of the doping density No = 5x10 cm 2 for thin Im solar

cells.For valuesof py=py 1 the correspnding lifetime of the defectis equalto the

capture time constart .

cells,and under certain circumstancesalsoin thin Im solar cells.Here, for the rst time,
temperature dependent quartum e ciency measuremets are usedas a device speci ¢

method of lifetime spectroscopy for thin Im solar cells.

Measuremen t setup

Figure 5.3 shavs sthematicsof the measuremensetupfor the standardroom temperature
measuremen of the external quartum e ciency EQE (gure 5.3a) and of the setup for
temperature dependert EQE measuremen( gure 5.3b).In the latter casethe monochro-
matic light from the monochromator is conducted by an optical b er to the cryostat
that allows for temperature cortrol of the samplein a range of Teqge = 80::: 420 K.

Measuremets at room temperature in the standard setup and in the cryostat sene 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)

&— N\ I

Halogen lamp Sample

M onochrom ator

b)
O ptical fibre

S — \/\%{%

Halogen lamp

Cryostat
M onochrom ator

Figure 5.3: Measuremeh setup for a) the standard room temperature measuremen
of the external quantum e ciency, and b) for the temperature dependernt quartum
e ciency. In the latter case,an optical b er senesto conduct the monochromatic

light to the cryostat in which the sampleis mourted.

Data analysis

The internal quantum e ciency of the sampleis calculated from the EQE and the re-
ectance, asdescriked in chapter 3.3.1. Figure 5.4 shovs an exampleof the temperature
dependert internal quartum e ciency of athin Im Si solar cell. The epitaxial absorker
and emitter layer of this solar cell were deposited at Tqep, = 460 C, which resultsin a high
number of point defects(seechapter 4.3). Therefore, the internal quartum e ciency as
well asthe minority carrier di usion length of the Ims are rather low.

There are two factors cortributing to a shift of the EQE with the temperature: i) the
increaseof the carrier lifetime with increasedtemperature asdiscussedabove, and ii) the

increasedabsorptioncoe cient . In orderto extract the lifetime from the temperature de-
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Figure 5.4: Temperature dependen measuremets of the internal quantum e ciency
IQE of an epitaxial thin Im solarcell. The Im wasdepositedat rather low temper-
ature Tgep = 460 C and therefore cortains 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 measuremen temperature Tege: )

higher minority carrier lifetime and ii) higher absorption.

pendert quartum e ciency, the analysissoftware hasto take the temperature dependen
absorption coe cient into accourt. This is done following the model of Rajkanan [164]
for the temperature dependernt absorption coe cient (T). Under consideration of the
possiblephonon cortributions of energy E,, and the direct as well as di erent indirect

band gapsEy, (T) is empirically given by

X [hc=  Eg(T)+ Ep? [he=  Eg(T) Epl

M= A Bk U il EazkeT) 1)

q
+Ag hc= Egd(T) (5.10)
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where the valuesof the constaris Cq; C,; A1; As; andAy are derived from a t to ex-
perimertal absorption data and are given in table 5.1. The temperature variation of the
bandgapsis given by [165]
2

, —E. . 4 .
Egi(T) = Eg(0K)  7:021 10 eV o e

(5.11)

Table 5.1: Constarts for the calculation of the temperature dependen absorption

coe cient [164].

Quartity Units Value
Eq (0) (eV) 1.17
Eg (0) (eV) 2.5
Ega (0) (eV) 3.2
Epi (meV) 18.27
Ep (meV) 57.73
Ci 5.5
C, 4.0
A (cm tev ) 323.1
A, (cm tev 7237
Ay (cm teVv 1) 1:052x1C°

The temperature dependert model of the absorption coe cient ™M9(T) is used

to generate a temperature and wavelength dependen correction factor f(; T) =

mod(T)= mod(300). The absorptioncoe cient (; T) is then obtained by correcting the

experimertal room temperature absorption coe cient **(300) from [166]with the help
of (; T)=1(; T) ®300).

The diusion length L is derived from IQE measuremets 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 mobility, the di usion constarts, the band gap, the intrinsic carrier
concelration, and the build-in voltage into accour. In order to verify the accuracy of
the analysis, the results of the room temperature measuremets are crossbeded with
the computer program IQE1D [140],and found to be in good agreemet The analytical
model coversthe current generationin the emitter, the spacechargeregion,and the active
baseof the cell, under considerationof the front and rear surfacereconbination. In the
caseof thin Im solarcells,deposited on a highly doped substrate, the cortribution of the
substrate to the total current can be neglectedas long as the di usion length doesnot
exceedthe active Im thickness.In this casethe rear surfacereconbination of the model
correspndsto the reconbination at the interfacefrom the epitaxial Im to the substrate.

The lifetime of electronsin p-type material is calculatedfrom the di usion length L

by
L3
= _n. A2
"= B (512)
The di usion coe cient D, for electronsis given by the Einstein relationship
kg T
Dn(T) = —E; a(T): (5.13)
Herein, the temperature dependenceof the electron mobility is given by
T 2:3
— 300K .
(M= 2 ooge (5.14)

with  39% peing the mobility at room temperature [168,169].
A t of equation5.6 to experimertal temperature dependert lifetime data allows for
the determination of the activation energy E,, the referencelifetime 3%, and in the

caseof a defectlevel in the upper half of the band gap (caseB) the ratio 3% = 3% .

5.3 TQE of epitaxial thin Im solar cells

Tw o-defect model

The temperature dependen lifetime scaledby the normalized temperature of a thin
Im solar cell deposited at Tgqep = 510 C, as deducedfrom TQE measuremets is pre-

serted in gure 5.5. The data, when comparedto the simulated data shovn in gure
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Figure 5.5: Scaledtemperature dependert lifetime = of a thin Im solar cell de-

positedat Tgep = 510 C asdeducedfrom temperature dependert quartum e ciency
measuremets. The solid line isa t to the data with a two defectmodel unveiling
activation energiesof E! = 0.19eV and E2 = 0.07eV above the valenceband and

respective referencelifetimes constarts of 3% = 0.18and ¥ = 0.03 s.

5.1, demonstratethat not only one single energeticdefect level cortributes to the total
di usion length. Therefore, a simple two defectmodel will be deweloped to simulate the
data. This model consistsof a superposition of two SRH-traps, following equation 5.8.
The DLTS results of p-type Ims preserted in chapter 4.3.1showv se\eral defectlevelsin
the lower half of the band gap. Therefore,for the analysisof thin Ims solar cellswith a
p-type base,two defectlevels in the lower half of the band gap with activation energies
El and E2 and respective referencelifetimes 3% (1) and 3% (2) are assumed.Using

= NJ* =N, (caseA), equation 5.8 with two defectsreads

X2
= 1 1 : (5.15)

gll;fH i=1 r?(())OK (I) =2 + (N\:;OOK :|\IA) eXp( Eész T)
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Herein, 33% (1;2), EX?, and N, are the only free parameters.The equilibrium doping
density of the Ims was determinedby CV-measuremets and found to be No = 5x10'®
cm 3 for all investigated samples.A leastsquarest of equation5.15to the data senes
to determine the defect characteristic valuesof 3% (1;2) and EX?. The t of the two
defect model to the data is represeted by the solid line in gure 5.5 with two rather
shallov defectswith activation energiesof E1 = 0.19eV and E2 = 0.07 eV above the
valenceband and respective capture referencelifetimes of 3% (1) = 0.18and 3% (2)
= 0.03 s. Figure 5.6 comparesthe scaledlifetime = of this sampleand three other
sampleswhich were deposited using various deposition parameters.All four samplesshov
a steepincreaseof = with increasingtemperature with onsetat around 300K. Fitting

of the data with the proposedtwo-defectmodel, depictedin solid lines, gives very sim-
ilar results of the activation energiesk,, as listed in table 5.2. This suggeststhat the
dominating defectremainsthe same,though deposition rate and temperature are varied.
This alsodemonstratesthe advantage of the temperature dependert quartum e ciency,
as defectsin Ims deposited at temperatures above 460 C where not resohed by DLTS

and photoluminescencaneasuremets.

Additionally, the data was tted with N, as a free parameterin order to ched the
self-consistencyfthe ts. In this casethe ts reproducedthe freecarrier densitieswithin

a limit of 50% and the trap activation energieswere found still consistem.

The dominart defectlevelsof the samplesdeposited at Tyep, = 460 C at room temper-
ature arein very good agreemeh with the resultsfrom DLTS measuremets of the same
Ims, asshovn in gure 5.7. The DLTS-defectlevel of 0.172eV of the Im deposited at
raep= 0.3 m=min is in good agreemen with the TQE-defect level of 0.16 eV. For the
Im depositedat rqep = 0.5 m=min, two DLTS-defectlevels of 0.206and 0.217eV might
be responsible for the dominart defectlevel identied by TQE of 0.21eV. Although the
spectra of the Im deposited at rqep= 0.3 m=min, aswell as of other p-type Ims also
shav deeper defectlevels,asdepictedin gure 4.14,the TQE-measuremets demonstrate
that the defectlevelsaround 0.2 eV have the major in uence on the deviceperformance

at room temperature.
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Figure 5.6: Comparisonof the temperature dependent lifetime of four epitaxial thin
Ims deposited at various deposition temperatures Tyep, and rates rgep. The solid

linesare ts to the measuremendata usingthe two-defectmodel. Details of the ts

results are given in table 5.2.

Estimation of the defect density

As no direct determination of the defectdensity for Ims depositedat temperaturesabove
Taep = 460 C is possibleby using DLTS, the minority carrier di usion length, a sensible
measureof the electronic quality of the Ims, can sene to analysethe defectdensity in
the epitaxial Ims. This is possibleif the defectdensity and the minority carrier lifetime
are both known for a single deposition temperature and under the assumptionthat the
dominart reconbination medanism remainsthe sameindependen of Tgep. The DLTS-
results for the Im deposited at Tgep = 460 C and rgep = 0.3 m=min are givenin table
5.3. The defectlevel with E; = 0.17eV is identied asthe dominart defectlevel at 300
K by the TQE measuremets, as stated above. Togetherwith the data from the lifetime-

spectroscopy providedin table 5.2, the capture crosssectionfor electrons ,, is determined
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Table5.2: Fit parameters 33°(1; 2) and Ex2 for the t of the temperature dependert
lifetime displayed in gure 5.6. The trap energiesEl and E2 are similar although
the Ims weredepositedat various deposition temperaturesand rates. The reference
lifetimes 33°(1; 2) of the Ims support the resultsof chapter 4.4.1,i.e. the lifetime of
the Ims increaseswith increasingdeposition temperature and the highestlifetimes

are found at a deposition rate around 0.3 m=min.

Im deposited at El E2 30 X2

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 5x10*® cm 3 and a minority carrier di usion lengthof L = 5 m at

TEQE = 300K via

Dn NV
- 1+ VY ex
"7 VN2 N, (P

E. Ev
kg T

(5.16)

to be , = 7:9x10 3 cm 2. For a seriesof depositions where only the deposition tem-
perature is varied, it may be assumedthat the dominarnt defect responsible for device
degradationremainsthe same.This is supported by the results of the Im deposited at
Taep = 510 C and rgep = 0.3 m=min, asgivenin table 5.2, which shav the samedefect
levelsasthe Im depositedat Tgep, = 460 C. Under theseassumptionsand for a given de-
position temperature, the measuremenof the room temperature minority di usion length

L allows for the determination of the defectdensity N

D, Ny Ei Ev  _ Ade

N; = 1+ —ex
tT VL2 Na P T L2

(5.17)

with Ager being a characteristic defect constart, fully determinedby the doping concen-

tration N and the defectparameters , and E;. For the Im depositedat Tgep, = 460 C
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Figure 5.7: Deeplevel transient spectroscopy revealsseeral defectlevelsin p-type
Ims deposited at Tqep = 460 C. The defectlevels around of 0.172eV of the Im
depositedat rgep = 0.3 m=min and the two defectlevelsaround 0.21eV found for

the Im depositedat rgep = 0.5 m=min corresmnd nicely to the dominart defect

certers asdetermined by TQE-analysis

and rgep = 0.3 m=min Age is given by 2:16x10 © cm !, and for the Im deposited at
Taep = 460 C andrgep = 0.5 m=min Ager = 1:47x10 6 cm 1. For thesetwo sampleseries
with deposition rates rgep = 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 Im, and gure 5.8bthe correspnding calculateddefectden-

sity. Both sampleseriesshav an exponertial deca of the defectdensity with increasing

deposition temperature.

5.4 Discussion: TQE metho d

Temperature dependert quartum e ciency (TQE) is introduced here as a new lifetime

spectroscoy method that appliesto processedsolar cells. This method allows for the
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Table 5.3: Energeticposition E; Ey, trap density N, and capture crosssection ,
of defectsas determinedby DLTS in a Im deposited at Tgep = 460 C and rgep =
0.3 m=min by IAD.

peak E; Ey (meV) N;(cm 3) ,(cm ?)

1 172 1:1x10% 1:6x10 7
2 239 1:1x10%  7:4x10 VY
3 458 1:1x10% 9:0x10 16

determination of the dominart reconbination processesn the absorker material. The
analysisof the data requiresa thoroughly temperature dependert modeling of the absorp-
tion and reconbination processesthat is carried out using a newly deweloped computer
program. The advantage of lifetime spectroscopy is the high sensitivity of the method.
In cortrast to DLTS, the sensitivity is not only determined by the defect density N,
but the product of defectdensity and capture crosssectionN; . Therefore, defectswith
high reconbination activity, i.e. high valuesof may be detected, though their density
may be low. Howeer, if in a conmbined analysisthe samedefectlevels are identi ed with
DLTS and TQE, all the reconbination parameters,activation energyE », defectdensity
N, and capture crosssectionsfor electronsand holes ,; , may be determined. If all
the reconbination parametersof a Im deposited at certain deposition parametersare
known, the defectdensity of Ims deposited under similar deposition conditions can be
estimatedfrom a simple room temperature IQE-measuremet under the assumptionthat

the dominarnt defectremainsthe same.

The TQE method is here applied to thin epitaxial Ims, that shoved a variety of
defectlevels as determinedby DLTS and PL. In all investigated Ims a clear activation
of the lifetime with the temperature is obsened. Howe\er, 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 shallov defectlevelsin the rangeof E 5
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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 defectdensity of the samplesis calculated by the parametersof
the dominart defectdetermined from the Im deposited at Tqep = 460 C and the

deposition temperature dependernt minority carrier di usion length givenin a).

= 0:16:::0:21 eV being the dominart reconbination certer at room temperature. This
nding supports the correlation of the defectdensity of the 0.2 eV band with the minority
carrier di usion length asgivenin gure 4.18. The seconddefectcerter, found at E, =
0.07 eV in three of the four investigated thin Ims, is the dominart defectin the low
temperature regime T < 250K. This certer may be identied with Gallium that showvs
a shallow acceptorlevel at 0.07 eV [160]. Gallium may be introducedinto the thin Ims
from the decompsition of GaP usedin the deposition system for phosphorousdoping

purpose.

The high sensitivity of the TQE-method is demonstrated by the clear signature of
the two defectsfound in the Im deposited at Tgep = 510 C and rgep = 0.3 m=min, see
gure 5.6. For the same Im, neither PL nor DLTS investigationsallowed a clear defect
determination. Howewer, 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 exceedghe thicknessof the photovoltaic active baseW,, or falls below the width
of the spacechargeregionW;. In both caseghe extraction of the bulk di usion length L
from TQE spectra becomeddi cult or even ambiguous. Howeer, within the restriction
W; < L < W,, TQE analysisof completed solar cells proves itself as a reliable device-
basedmethod for detecting and analyzing reconbination certers that limit the di usion

length and, in consequencethe photovoltaic performanceof the devices.



Chapter 6

Epitaxial growth on arbitrary

substrate orien tations

This chapter investigatesthe formation of defectsduring low temperature epitaxial growth
on non-(100)-oriened substratesand their in uence onthe electronicproperties. First the
properties of epitaxial Ims grown on monaocrystalline (111)-, (110)-, and (113)-orierted
substratesare discussedfollowed by investigationsof growth on arbitrarily oriented sub-
strate surfacesFinally, a classi cation for the suitability of substrate orientations for low

temperature epitaxial growth is given.

6.1 Deposition on mono crystalline Si(111), Si(110)
and Si(113)

6.1.1 Extended defects

In cortrast to epitaxial growth on (100)-orierted substrates,growth on non-(100)-orierted
substratesis dominated by the formation of stacking faults and dislocations. Table 6.1
comparesthe densitiesof extendeddefectsin (100)- and (111)-orierted Ims. The (111)-
oriented Ims show signi cantly higher densitiesof extendeddefectsasrevealedby Secco

etching. This is in accordancewith investigationsof Oberbed [7], who found a minimum

93
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Table 6.1: Comparisonof the extendeddefectdensitiesof Ims deposited on (100)-
and (111)-orierted substrates. (100)- Ims were grown at Tge, = 460 ::700 C and
ragep = 0.1::0.5 m/min, (111)-Ims at Tgep = 460 C and rgep = 0.3 m/min on

wafersas delivered by the manufacturer without any ex-situ pretreatmert.

Substrate defectdensity (cm ?)
orientation dislocations stading faults
(100) < 1x10° < 1x10¢
(111) 3x10P 7x10°

of the density of extendeddefectsat around 10° cm 2 in (111)-orierted Ims deposited
by IAD at Tgep = 650 C and rgep = 0.3 m=min, while (100)-orierted Ims, deposited
in the samerun, and which underwent the sameex-situ pretreatmert did shav signi -

cartly lower defect concenrations. Therefore, an in uence of the deposition conditions
may be excludedand the higher defectdensity of (111)- Ims is a result of the di erent

substrate oriertation. High-resolution TEM investigationsof Ims depositedbelowv 460 C
on Si(100), Si(110), and Si(113) showved that stadking faults nucleate on f 111g-planes
oncethe surfacegetsrough dueto the low Si adatom mobility at low deposition tempera-
tures[38]. Theseinvestigationsalsodemonstratedthat Ims depositedat low temperatures
on Si(111)have an anisotropy of the stading fault formation. At T4,=355 C, the stacking
faults in the defective layer are nearly exclusively nucleating on the f 111g-planesparallel
to the substrate surface,whereasat Tqep, = 450 C stading faults are nearly exclusively
nucleating on inclined f 111g-planes.In the intermediate range of the deposition temper-
ature, nucleation on both typesof f 111g-planesis obsened. Sud an obsenation may be
explainedby the 7x7 surfacereconstruction of the Si(111) surface,which is highly stable
under deposition at low temperatures [28]. The 7x7 reconstruction already cortains a
stadking fault that is parallel to the substrate surface[130,131]If the surfacereconstruc-
tion is not reorderedcompletely during growth at low temperatures, this stadking fault

may still be presen in the epitaxial Im.
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6.1.2 Point defects

Deeplevel transiert spectroscoly measuremets of (111)-orierted Ims deposited at Tgep
= 650 C give rise to DLTS-signalsequivalert to point defect densitiesof 7x 10 cm 3.
Howewer, dueto broad, overlapping peaksthe correspnding energylevelsare not resohed.
As a result of shunting problems possibly causedby the high density of stadking faults
and dislocations, DLTS could not be appliedto (111)-orierted samplesdeposited at lower

temperatures Tgep 550 C.

Photoluminescenceanvestigations of Ims deposited on (111)-orierted substrates at
Taep = 650C and rgep = 0.5 m=min, as shawvn in gure 6.1, reveal a band to band
luminescencestructure, consistem of the broad B, C, and D-peaks, similar to (100)-
oriented Ims (seechapter 4.2.1). Howewer, with decreasingdeposition temperature this
band to band luminescencedecreasesapidly. At Tye, = 460 C only a weak D-peak and
weak defect luminescencefor photon energiesbelov h = 0.85 eV is obsened. Films
deposited at lower deposition ratesrge, = 0.1and 0.3 m=min show equalresults. (100)-
oriented Ims deposited in the samerun as the above described (111)-orierted samples
show P-line luminescenceasthe deposition was carried out using acceleratedsilicon ions

with Vaec = 20V. Sud lines are not obsened for the (111)-orierted Ims.

Figure 6.2 comparesphotoluminescencespectra of Ims depositedat Tgep, = 650 C on
(100)-, (111)-, (110)-, and (113)-orierted 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 Ims were deposited in the samerun and the PL
measuremets werecarried out in the samePL-sessiorwithout any changeofthe PL setup.
Consequetly, the only di erence of the Ims is the surfaceorientation of the substrate,
resulting in the obsened di erences in the PL properties. Of the samplesinvestigated
here, only the (113)-orierted Im, which has the highestintensity, shovs a small peak
at 0.96 eV and broad defect luminescencefor photon energiesbelov 0.85eV. The peak
around 0.96 eV might be idertied asthe G-line found at 0.97 eV after irradiation of
carbon rich samples[68,70].

It is noted, that no D-line luminescenceassaiated with decorateddislocations (see
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Figure 6.1: Thin Ims deposited by IAD at Tgep = 650 C on (111)-orierted sub-
stratesshaw the typical band to band luminescenceawith the B, C, and D-peaksalso
obsened for (100)-orierted Ims. The intensity of this band to band luminescence

decreasesapidly with decreasingdeposition temperature. At Tqep = 460 C weak

defectluminescencdor photon energiesbelon 0.85eV is obsened.

chapter 2.2.2)is found in (111)-orierted Ims, although the dislocation density is at least
of the order of 3x1° cm 2 for these Ims.

In conclusion,the DLTS and photoluminescencenvestigationsunveil only few details
about defectsin non-(100)-orierted Ims. The DLTS resultsreveal, that the point defect
density of (111)- Ims deposited at Tgep, = 650 C is orders of magnitude higher than for
(100)-orierted Ims depositedin the samedeposition run (seechapter 5.3). For sud Ims,
the photoluminescenceaesults shaved, that the band to band reconbination of (113)-,
(110)-,and (111)-orierted Ims is similar to that of (100)-orierted Ims. Defectstructures
other than the broad defectdistribution belov 0.85eV, that might be comparableto the
broad peak around 0.8 eV in (100)-orierted Ims and the G-line in the spectrum of
the (113)-orierted Im deposited at 650 C, are not found. Astonishingly, the fact that

DLTS and PL do not seemto be suitable for the detection of point defectsin non-
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Figure 6.2: Photoluminescenceof four Ims deposited simultaneously by IAD with
Taep = 650 C and rgep = 0.3 m=min on (113)-, (110)-, (100)-, and (111)-orierted
substrates.All Ims shaow similar featureswith comparableintensity ratios of the A
to E peaks.Only the (113)-orierted Im shaws an additional defectpeakat h =

0.96eV and low luminescencantensity for h < 0.85eV.

(100)-orierted Ims is most probably a result of the high density of structural and point
defectsthemsehes. While the DLTS measuremets for Ims deposited at temperatures
below 650 C are hampered by the poor rectifying properties of the diode structures, the
photoluminescencentensity of the (111)-orierted Ims most probably is low becauseof a

high density of non radiative reconbination certers.

6.1.3 Electronic prop erties of (111)-, (110)-, and (113)-orien ted
Ims
Figure 6.3 depicts the dependenceof the minority carrier di usion length L on the ap-

plied accelerationvoltage V., i.€ ion energy during ion assistedgrowth for Ims de-

positedat Tyep = 650 C. At Vo = 0V, this is the caseof "normal" MBE, the substrateis
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grounded.For (100)-orierted Ims, L increasewwith rising ion energy whereas. of (111)-,
(110)-, and (113)-orierted Ims decreasesNote, that although the minority carrier dif-
fusion length of the non-(100)-orieted Ims is equal to or ewen higher than L of the
(100)- Im at Ve = 0V, the other solar cell parameters,especially the Il factor, and in
the caseof the (110)- Im the open circuit voltage, are signi cantly lower, most probably
as a result of shunts causedby the high density of structural defectsin the Ims. The
origin of the detrimental in uence of acceleratedions during growth on the electronic
properties of non-(100)-orieted Ims remainsunclear up to now, and is unprecedeted

in the literature.
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Figure 6.3: The minority carrier di usion length L increaseswith applied accelera-
tion voltage V,.. in the caseof (100)-orierted Ims. In cortrast, Ims deposited on
other substrate orientations, sud as Si(111), Si(110),and Si(113) display a decreas-
ing L with increasingVye.. After [7];

Table 6.2 givesan overview of solar cells processedat higher deposition temperatures
of Tyep = 750 C with rgep= 0.36 m=min. The cellshave a simple planar cell structure as
depictedin gure 6.4, with no light trapping. The active cell consistsof an epitaxial Im

with total thicknessof 15 m including the p-type basewith p*-type badk surface eld
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and an n* -type doped emitter. A 75 nm thick SiN-layer senesas artire ection coating
and surfacepassiation layer. The SiN is opened photolithographically for front cortact
metalization and the badside of the highly boron doped substrateis cortacted by an Al

layer.

Table 6.2: Solar cell results (not approved) of cells processedat Tgep= 750 C on
(100)- and (111)-orierted substratesby MBE (Vac=0 V) and IAD (Vac=20 V). The
thicknessof the active epitaxial Im is 15 m. The cells have a SiN antire ection

and surfacepassiation coating, but no light trapping is applied.

Substrate Vaiee Isc Voc FF

orientation (V) (mA) (mV) (%) (%)
(100) 0 275 616 81.2 138
(100) 20 27.7 622 799 1338
(111) 0 225 452 526 54
(1112) 20 16.7 404 50.1 34

Both (100)-orierted Ims show a relatively high conversion e ciency of =13.8 %
independen of the useof acceleratedsilicon ions. Simulations with the computer program
PC1D [170]and the ewvaluation of internal quartum e ciency conrm, 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 energy of the ions on the
propertiesof the epitaxial layer is negligibleasthe Si adatomsalready have a high mobility
due to the high substrate temperature. Howeer, this doesnot hold for the caseof (111)-
oriented epitaxial Ims. Though the performanceof the (111)-orierted 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 Ims deposited at 750 C (seetable 6.2). The total thicknessof the epitaxial

Im is about 15 m. The sketch is not to scale.

6.2 Deposition on polycrystalline substrates

6.2.1 Electronic prop erties of polycrystalline epitaxial Ims

The resultsdescriked above, concerningthe minority carrier di usion length and solarcell
results of (100)- and (111)-orierted epitaxial Ims suggestthat the substrate oriertation
has a signi cant inuence on Im growth at low temperatures. In order to investigate
epitaxial growth on arbitrarily oriented substrateswe deposit thin epitaxial Ims on com-
mercially available polycrystalline silicon substrates(BAYSIX) at Tgep, = 650 C. Figure

6.5 shows light beaminduced current (LBIC) measuremets 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 reconbination activity
within the grains causesthe variation in the short circuit currert, as grain boundaries
do not show pronouncedreconbination. Also, the di erencesin current collection do not
stem from a breakdavn of epitaxy during growth but from di erences in the densily

of extendedand/or point defectsin the grainsasveri ed by crosssectionaltransmission
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Figure 6.5: Light beaminduced currert (LBIC) from a solar cell using an epitaxial
layer deposited at 650 C. Someof the grain orientations have beendetermined by

electron badk-scattering di raction (EBSD).

electronmicrographs(TEM), seegure 6.7.To further investigatethe correlation between
currernt collectionand grain orientation, the orientation of se\eral grainsis determinedby
meansof electron badk-scattering di raction (EBSD) [171]and related to the generated
currert as detected by LBIC?!. Table 6.3 summarizesa represetativ e selectionof these
data, the respective spots on the sample where the measuremets were carried out are
indicated in gure 6.5.

Tointerpret the aboveresults,it isimportant to know that epitaxial growth of siliconat
low temperaturesis governedby the state of the substrate surface.Commonly, a surfaceis

called stable (or singular) whenit forms large, atomically at terracesof the basalplane

1| gratefully acknowledgeM. Nerding from the University of Erlangen-Nernbergfor carrying out EBSD

and TEM-in vestigations
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Table 6.3: Correlation betweengrain orientation determinedusing EBSD and short
circuit current as measuredby meansof LBIC for seeral grains of an epitaxial Im

grown on a BAYSIX substrateat Tyep, = 650 C.

Grain orientation LBIC current
( 10x10 ©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 represeted by a cusp in the Wul
surfaceenergyplot [112].Although a completeoverview of the stable Si surfacedacks up
to now we may assumethat most of the orientations with high Miller indicesdo not posses
a stable, terrace-like surface,but consistof facetsof adjacen stable surfaceorientations,
as it is demonstrated for the surfacesranging from (100) to (111) in Ref. [114].1t is
remarkable that those areasof the polycrystalline samplein gure 6.5 which generate
high short circuit currents shov mostly grain orientations which are known to exhibit
at surfaces(e.g.the (111)-surface).In cortrast, areaswhich generatea low short circuit

currert density exhibit orientations with high Miller indices.

6.2.2 Classication of silicon surfaces

From the electronicpropertiesof Ims on mono-and polycrystalline substratespresened
above, we may distinguish three di erent typesof substrate orientations (see gure 6.6):1)
stable (100)-orierted 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 suitability of Si surfacedor low temperature epitaxy,
accordingto the resulting electronicquality. Type A - Si(100) surfacesand vicinals -
result in highestelectronicquality, type B - stable, at surfacessud 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 adjacen stable surfaces{ type C.

As already mertioned above in the section about monaocrystalline Ims, the deposi-
tion on type A substratesresults in excellet crystallographic and electronic properties
comparedto Ims on type B substrates,which shov a higher density (1x10° cm 2) of
structural defects. The highest short circuit currert obsened in gure 6.5 stemsfrom
(115)-orierted grains. Despite their small, only two dimers wide (100)-terraces[114,172],
(115)-orierted surfacesthereforebelongto type A. Epitaxial growth at low temperatures
on type C surfacesseemso produce Ims of poor electronic quality. This result is most
probably due to the generationof a high density of structural defectssud as stadking
faults, twins, or dislocations at the facetted surface.This is demonstratedby transmis-
sion electronmicrographs(PHILIPS CM30, operatedat 300kV) asdepictedin gure 6.7.
Someof the grains shav almost no defectsin the epitaxial layer, whereashigh densities

( 1x10° cm 2 partial dislocations asseiated with stading faults) of stacking faults
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nucleating at the substrate surfaceare obsened for others (the grain orientations are not

determinedin this case).

Figure 6.7: Transmissionelectron micrograph (crosssection, bright eld image) of
an epitaxial thin Im on polycrystalline substrate.In the two dark appearing grains
nucleationof a high density of structural defectson the substratesurfaceis obsened,
while the epitaxial growth in the bright grain in the middle starts defectfree at 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 Ims hasimportant consequencesn the possibleapplications. It hasbeen
shawn, that epitaxial Ims deposited by MBE V... = 0V and especially at lower tem-
peraturesTgep, 650 C by IAD on (100)-orierted substratescan result in Ims of high
electronicquality. This is demonstratedby di usion lengthsof morethan 30 m for Tgep

650 C and solar cell e ciencies of 12.7%[173]and 13.8%for simplethin Ims solar cells
(20 m and15 m Im thickness)depositedat Tgep = 650and 750 C, respectively. How-
ewer, the electronic properties of Ims deposited on non-(100)-orierted substratessu er

drastically from high structural and point defectdensitiesin the Ims, ewen at deposition
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temperaturesas high as 750 C. Additionally, irradiation with acceleratedSi-ionsduring
growth hasa detrimental in uence on the electronic quality.

Oberbed pointed out, usinga simple model of two diodesrepreseting (100)-epitaxial
grains and non-(100)-orierted grains, that the solar cell performanceof polycrystalline
epitaxial cellsdecreasesapidly with increasingfraction of non-(100)-grains[7].

For the application of low temperature epitaxy to the production of solar cells on
polycrystalline seed-lgerson glass,there are se\eral seeretechnologicalchallenges Most
large grained laser-crystallizedseedlayers shov a (111)-preferredorientation of the sur-
facesnormals of the grains[174,175].Howeer, rst resultswith a relatively high fraction
of (100)-orierted grains are published [176]. Assumed,that all grains are (100)-orierted,
there is still the question of the surfacecleaning and silicon oxide removal prior to de-
position at glasscompatible temperatures. There are se\eral proposals,amongthem the
in-situ sputtering techniquesare the most promising [177]. Finally, the epitaxial Im still
is poly- or microcrystalline, as the grain sizeis determined by the seedinglayer. Here,
hydrogenpassiation of grain boundariesmight result in enhanceddevicequality. Taking
all these technological di culties into accoun, the prospect of epitaxial solar cells on

seed-lgers on glassremainsquestionable.



Chapter 7

Outlo ok

The investigations shovn in this work revealed a high density of structural defectsin
low temperature epitaxial silicon Ims deposited at temperatures460C Ty, 650 C.
Dependen on the substrate orientation, the electronicpropertiesare determinedby point
defectsor extendeddefectsfor (100)-orierted Ims and non-(100)-orierted Ims, respec-
tively. The use of moderately acceleratedSi-ions (Va.c 20 €V) during deposition is
favorable for (100)-orierted Ims: the minority carrier di usion length L increaseswith
applied accelerationvoltage V... Howeer, for V.. 50V, the increaseddefect gener-
ation results in decreasingelectronic quality of the Ims. An increaseof the fraction of
Si-ionsin the beam, by a modi cation of the ionization stagein the deposition chamber,
while still using low accelerationvoltagesVa.c 20 eV might result in further improved

electronic quality of the (100)-orierted Ims.

The origin of the increasedL for (100)-orierted Ims and decreased. for non-(100)-
oriented Ims upon deposition with Si-ionsis only poorly understood so far. Here, the
application of the temperature dependen quartum e ciency (TQE), dewloped in this
work, might unveil the dominart reconbination medanism in the non-(100)-orierned
Ims. Furthermore, sud investigationsmight help to clarify the defectreactionsinitiated

by the ion-bombardmern for both, (100)- and non-(100)-orierted Ims.

The hypothesisthat the broad peakaround 0.8 eV obsenedin the photoluminescence

spectra of Ims deposited at Tqep = 460 C is correlatedto strain in the epitaxial Ims is
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basedon comparableliterature data only. A direct proof of strain or stressin the Ims
by X-ray diraction or Raman spectroscoy with higher resolution would allow for a
veri cation of this hypothesis.

In order to verify that the defect formation medanismsdiscussedin this work are
a generalphenomenaof low temperature epitaxy, investigationsof the structural defects
of Ims depositedin other MBE-systemsor CVD-basedprocesseshould be carried out.
With respect to the required Im thicknessfor defectcharacterization, electron cyclotron
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 conceptof epitaxial thickening of laser crystallized seedlayers, the presered
results suggestthat only epitaxy on large grained seedlayerswith preferred(100)-surface
orientation might be successfulHere, enhancede orts in the dewlopmen of the crys-
tallization processfor the production of preferred seedlayers is required, as well as the
dewelopmen of an applicablesurfacecleaningand oxide-removal processwith low thermal

budget, that is compatible with the substrate material.



App endix A: Analytical model of the

guantum e ciency

The model for the calculation of the internal quartum 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 constart doping on ead side. The given
cortributions of the emitter (n-type), the spacechargeregion(SCR) and the base(p-type)
are the solutions of the cortinuity and current density equations.
The width of the junction or spacechargeregion (SCR) W; is given by
s

Wj:

20 r(Na+ Np)Vui
gNaNp ’

(1)

with Vy; the build in voltage. The value x; denotesthe width of the neutral emitter, i.e.
the emitter thicknessW, minus the fraction of the SCR width in the emitter

Na

Xj = We ij

(2)

The value H ° denotesthe width of the neutral base,i.e. the basethicknessW,, minus
the fraction of the SCRin the base

Np

HO= W, W ——:
Na + Np

3)

The front surfacereconbination of the cellis given by S, the rear surfacereconbination
by S,. The di usion coe cien t is denotedby D, andthe minority carrier di usion length

by Lnp, for electronsand holesrespectively. The absorption coe cien t is denoted by
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Emitter contribution
L
| QE emitter = Wpl

(Rp+ Lp) expl xj)[Rpcoshkp) + sinh(x,)]
Rp sinh(xp) + cosh(Xp)

Loexp(  Xj) ;(4)

Base contribution

L
| QEpase = Zinl EXH (Xi + Wj )]

LA
Rn[cosh(x,) exp( HY]+ sinh(x,)+ L,exp( HY
X L, : )
R, sinh(x,) + cosh(xn)
whereR, = S,L,=D,, and x, = H%L,,.
Space charge region contribution
(Under the assumption,that no reconbination in the SCR occurs.)
I QEscr = exp(  xj)[1 exp( Wj)] (6)

IQE

The total IQE nally is the sum of the equations4, 5, and 6

IQE = IQEemitter + IQEbase+ IQESCR: (7)



Abbreviations and symbols

Abbreviations

BAYSIX
BE

cV
CVD
CZ-Si
DAS
DLTS
EBSD
ECR-CVD
EHD
EQE

FE
HWCVD
IAD

IBD
IBSD
IDLS
IQE
LBIC
LLI
LPCVD
LPE

block castsilicon from Bayer AG, Germary
bound exciton

capcitance{voltage

chemical vapor deposition
Czochralski-grown silicon
dimer-adatom-sta&ing fault

deeplevel transiernt spectroscoyy
electronbadk scattering di raction
electron cyclotron resonancechemical vapor deposition
electron hole droplet

external quartum e ciency

free exciton

hot wire chemical vapor deposition
lon-assisteddeposition

ion-beam deposition

ion-beam sputter deposition

injection dependern lifetime spectroscoy
internal quartum e ciency

light beaminduced current

low level injection

low pressurechemical vapor deposition
liquid phaseepitaxy
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MBE
MWPCD
PL
PECVD
PVD
RIE
SIMS
SPE
SRH
TDLS
TEM
TQE
UHV
XTEM

molecularbeam epitaxy
microwave-detectedphotoconductancedeca
photoluminescence
plasmaenhancedchemical vapor deposition
physial vapor deposition

reactive ion etching

secondaryion massspectrometry

solid phaseepitaxy

Shackley-Read-Hall

temperature dependert lifetime spectroscoy
transmissonelectron micrograph
temperature dependert quartum e ciency
ultra high vacuum
crosssectionaltransmissonelectron micrograph
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Symbols

A ges characteristic defectconstart

BoLTs DLTS proportional constar

Cn (Cp) electron (hole) Auger coe cient (cm®s 1)
G junction capacitance(pF)

D di usion coe cient (cm?=s)

€ (€n) emissonfrequencyof holes(electrons) (Hz)
Ea TQE activation energy(eV)

Eact DLTS activation energy(eV)

Ec conduction band energy(eV)

Er Fermi energy(eV)

Eg band gap (eV)

E; intrinsic Fermi level (eV)

E: defector trap level (eV)

Ev valenceband energy(eV)

fo repetion frequncy (Hz)

f(;T) correction factor for the absorption coe cien t
FF Il factor (%)

G gernerationrate (cm 3s 1)

Go thermal gernerationrate (cm 3s 1)

h Plandk's constart (6:626x10 34 Js)

Nepi critical epitaxial thickness(nm)

h photon energy(eV)

I pLoth band to band photoluminescencentensity
lsc short circuit current (mA)

Jsc short circuit current (mAcm 2)

Ke Boltzmann constart (1:38x10 23 JK 1)

L carrier di usion length ( m)

Lt e ective carrier di usion length ( m)

My thermal velocity e ective mass

n electron concertration (cm 3)

No equilibrium electron concetration (cm 3)
ny Shackley-Read-Hall electron concerration (cm 3)
n; intrinsic carrier concetration (cm 3)
Ns,(Ps) surfaceelectron (hole) concerration (cm 3)

n exceslectron concetration (cm 3)
Ns excesssurfaceelectron concetration (cm 3)
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Na (Np)
Nc (Nv)

N SOOK (N\?OOK )

aceptor (donator) dopart conceiraion (cm 3)

e ective density of states in the conduction (valence) band
(cm 9)

e ective densily of statesin the conduction (valence)band at
room temperature (cm 3)

density of defectstatesat the surface(cm 2)
badground doping density (cm 2)

density of surfacestates(cm ?)

trap density (cm 3)

hole concerration (cm 3)

equilibrium hole concerration (cm 3)
Shackley-Read-Hallhole concerration (cm 3)
excesshole concerration (cm 3)

elemenary charge(1:6x10 ° C)

deposition rate ( m=min)

re exion

surfacereconbination velocity (cm/s)

time (s)

temperature (K or C)

deposition temperature ( C)

external quartum e cien 'y measurementemperature (K)
photoluminescenceneasuremen temperature (K)
net reconbination rate (cm 3s 1)

equilibrium reconbination rate (cm 3s 1)

Auger reconbination rate (cm 3s 1)

radiative reconbination rate (cm 3s 1)
surfacereconbination rate (cm 2s 1)
Shackley-Read-Hallreconbination rate (cm 3s 1)
thermal velocity of the charge carriers (cm=s)
accelerationvoltage (V)

open circuit voltage (mV)

Im thickness( m)

thicknessof the photovoltaic active base( m)
spacechargeregionwidth ( m)
spacechargeregion width under bias voltage ( m)
absorption coe cient (cm 1)

photon ux (cm 2s 1)
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Abbreviations and symbols

n;( p)

300

n ( p)

no; (' po)
300K . ( 300K )
n0 \ p0

ef f
Aug
rad

SRH
LLI
SRH
LLI ;p
SRH

conversione ciency (%)

= NJP® =N, (caseA), = FH NP =( 3% N,p) (caseB)
wavelength (nm)

electron (hole) mobility (cm?=Vs)

electron mobility at room temperature (cm?=Vs)
frequency(s 1)

normalizedtemperature (T=30K )

elctron (hole) capture crosssection (cm?)

carrier lifetime (s)

time constart for electron (hole) capture (s)

electron (hole) referencelifetime ( s)

e ectiv e carrier lifetime (s)

Auger carrier lifetime (s)

radiative carrier lifetime (s)

Shackley-Read-Halllifetime (s)
Shackley-Read-Halllifetime under low level injection ()
Shackley-Read-Hall lifetime under low level injection in p-type
material ( S)
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