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Seht ihr den Mond dort stehen,
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Chapter 1

Deutsche Zusammenfassung

1.1 Motivation

Organische Materialien mit halbleitenden Eigenschaften erfahren zur Zeit
wachsende Aufmerksamkeit auf Grund ihres Potentials als Material in einer
Vielzahl von elektronischen und optoelektronischen Anwendungen. In den
letzten Jahren wurden bereits Feldeffekttransistoren, Leuchtdioden und So-
larzellen auf Basis organischer Halbleiter realisiert.

Viele organische Molekiile werden zur Herstellung von Halbleiterstruk-
turen verwendet. Dies wirft grundlegende physikalische Fragen {iber die
Eigenschaften von diinnen Schichten solcher Molekiile auf. Zentraler Gegen-
stand dieser Fragen sind u.a. ihr Wachstumsverhalten, ihre kristallographi-
sche Struktur, sowie ihre elektrischen und optischen Eigenschaften. Beson-
deres Interesse wird dabei planaren aromatischen Molekilen entgegenge-
bracht, zum Beispiel einigen Phthalocyaninen, Pentacen-Derivaten, oder
Perylen-Derivaten. Thr vergleichsweise geringes molekulares Gewicht, sowie
ihre thermische Stabilitdt gegen Polymerisierung und Fragmentierung (je
nach Molekiil bis zu mehreren 100°C) erlauben Sublimation unter UHV-
Bedingungen. Dadurch ergibt sich die Mdoglichkeit, diinne kristalline Schich-
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ten dieser Molekiile mittels organischer Molekularstrahlepitaxie (OMBE)
herzustellen, d.h. unter maximal kontrollierbaren und reproduzierbaren

Wachstumsbedingungen.

1.2 Struktur und Wachstum von DIP-Schich-

ten

Vor kurzem untersuchte Miinch die Ladungstragerbeweglichkeit in diinnen
Filmen des planaren Perylen-Derivats Diindenoperylen (DIP). Bei der
Charakterisierung der Filme an Laborrontgenquellen stellte sich heraus, dass
diinne DIP-Filme eine hohe strukturelle Ordnung entlang der Probennor-
malen und sehr geringe Mosaizitdten aufweisen [1]. Obwohl die Herstellung
einfach ist und DIP-Filme interessante elektrische und strukturelle Aspekte
aufweisen, gibt es bis heute nur wenige systematische Studien {iiber ihre
physikalischen und strukturellen Eigenschaften.

Ein Ziel dieser Arbeit ist daher die systematische und detaillierte Un-
tersuchung des Wachstumsverhaltens und der hohen strukturellen Ordnung
dieser Schichten unter Verwendung hochaufiosender Rontgenstreuung an
Synchrotronquellen. Eine quantitative Analyse der Rontgendaten ermdoglicht
Einblicke sowohl in den Wachstumsmechanismus als auch in die Schicht-

dickenabhangigkeit der out-of-plane Struktur.

1.2.1 Struktur und Thermisches Verhalten

Probenherstellung

Im Hinblick auf die Untersuchung der Struktur und des thermischen Verhal-
tens diinner DIP-Filme wurden zunachst DIP-Schichten verschiedener Dicke
(ca. 70 A bis ca. 9000 A) bei stets gleicher Substrattemperatur (145°C) und



gleicher Rate (12 A /min) auf thermisch oxidierten (4000 A Oxid) Silizium-
substraten, auBerdem auf Saphirsubstraten mit (1120)-Orientierung, im UHV
(p < 2 x 1072 mbar) hergestellt.

I — Detaillierte Bestimmung der DIP-Elektronendichte entlang der

Probennormalen, p.(z), mit Hilfe der Master-Formel

Einige dieser Proben wurden an der europaischen Synchrotronquelle ESRF in
Grenoble mittels spekuldrer Rontgenstreuung charakterisiert, wobei Bragg-
Reflexe der DIP-Schichten bis zur 9. Ordnung (d.h. ¢, ~ 3.5 A=) gemessen
wurden. Die Auswertung der gemessenen Daten erfolgte mit Hilfe eines semi-
kinematischen Streumodells. Dieses erlaubt die Anpassung der gemessenen
Daten iiber den gesamten q.-Bereich, wobei Interferenzerscheinungen zwi-
schen der vom Substrat- und der vom DIP-Film gestreuten Rontgenwelle aus-
genutzt werden, um das Phasenproblem in der Réntgenstreuung (teilweise)
zu umgehen. Auf diese Weise wurde die Elektronendichte unterschiedlich
dicker DIP-Schichten entlang der Probennormalen (pe prp(2)) mit hoher
Prazision bestimmt.

Weitere strukturelle Informationen der diinnen Schichten wurden in
TEM- und AFM-Messungen gewonnen. Ellipsometrische Untersuchungen
lieferten Daten zur optischen Bandliicke der halbleitenden DIP-Schichten
(Abschnitt 7.1).

II — Temperaturverhalten der DIP out-of-plane Struktur

Ein wichtiger Aspekt im Hinblick auf technologische Anwendungen ist die
thermische Stabilitdt der diinnen funktionalen Schichten, sowie die Frage
nach dem thermischen Ausdehnungskoeffizienten. Beide Punkte sind fur
die Anwendung von organischen Molekiilen in Halbleiterelementen rele-

vant, zum einen hinsichtlich der maximalen Betriebstemperature, zum an-
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deren, weil eine stark unterschiedliche thermische Ausdehnung die Funk-
tion und damit die Lebensdauer metall-organischer Kontakte beeintrachtigen
kann. Deshalb wurde die thermische Stabilitdt von DIP-Schichten, ihr Aus-
dehnungskoeffizient entlang der Probennormalen, sowie ihr Desorptionsver-
halten an einigen Proben mittels Réntgenstreuung untersucht (am Ham-
burger Synchrotron-Labor HASYLAB).

IIT — Rontgenmessungen unter streifendem Einfall und Ellipsome-

triemessungen zur Bestimmung von in-plane Gitterkonstanten

Um die in-plane Struktur von DIP-Schichten zu bestimmen, wurden
erginzende Messungen mittels Braggstreuung unter streifendem Einfall
(GID) an hauseigenen Rontgenquellen durchgefiihrt. Der Schwerpunkt dieser
Untersuchungen lag dabei auf DIP-Schichten, die auf orientierten (Saphir-)
Substraten aufgewachsen worden sind. Zusatzlich wurden zwei auf Saphir-
substraten gewachsene DIP-Schichten in unterschiedlichen azimuthalen Ori-

entierungen mit Hilfe von Ellipsometrie gemessen.

Ergebnisse

Im Folgenden werden die Ergebnisse zu den oben unter I-III angefiihrten

Strukturuntersuchungen beschrieben.

I— Allgemeine (strukturelle) Ergebnisse und detaillierte Ergebnisse
von der DIP-Elektronendichte p.;(z)

e Die allgemeinen strukturellen Eigenschaften der im Rahmen dieser
Arbeit hergestellten DIP-Filme zeichnen sich durch eine fiir orga-
nische Diinnschichtsysteme ungewohnlich geringe Mosaizitat aus, die

bei allen Proben deutlich unter 0.015° lag und in den besten Filmen
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nur 0.0087° betrug. Die Grofle der Mosaizitat scheint dabei durch
die Welligkeit des Substrats geprdagt zu sein. Der hohe Ordnungs-
grad in den Schichten wurde sowohl in spekularer Rontgenstreuung als
auch in Querschnitts-TEM-Messungen nachgewiesen. Besonders deut-
lich zeigt sich der hohe Ordnungsgrad in den TEM-Bildern, in denen
einzelne DIP-Monolagen als hell-dunkle Streifenpaare abgezahlt wer-
den konnen. Die Rontgenspektren zeigen im Bereich kleiner Winkel
ausgepragte Kiessig-Interferenzen (aus denen sich die Gesamtschicht-
dicke Dprp ergibt). Spekuldre DIP Bragg-Reflexe bis zur 9. Ord-
nung weisen auch hier auf die hohe kristalline Ordnung im Film hin.
Um die Bragg-Reflexe herum sind ausgepragte Laue-Oszillationen zu
erkennen, die auf eine lateral homogene kohédrente Schichtdicke (D,p)
schlieBen lassen. Aus den Rontgenspektren ergibt sich eine out-of-
plane Gitterkonstante von dprp =~ 16.5 A. Ein Vergleich der Pe-
riodizitaten der Laue-Oszillationen und der Kiessig-Interferenzen of-
fenbart, dass die DIP-Filme iiber ihre gesamte Schichtdicke kristallin
geordnet sind (Dprp = Deon). AFM-Messungen an den DIP-Filmen
zeigen grofle flache Terrassen mit Langen bis zu mehreren 100 nm, die
durch monomolekulare Stufen der Hohe 16.5 A voneinander getrennt
sind. Zuséatzlich wurde die optische Bandliicke durch Ellipsometrie zu
E; opt. = 2.2 £ 0.1 eV bestimmt'.

e Die Analyse der spekuldren Rontgendaten mit Hilfe des semikine-
matischen Streumodells ergibt, dass die Gitterkonstante dp;p mit zu-
nehmender Schichtdicke bis Dp;p &~ 670 A abnimmt und dann bei
dprp = 16.56 + 0.02 A konstant bleibt. Die relative Abnahme der
Gitterkonstante von Dp;p = 126 A bis Dp;p = 670 A betragt 0.54¥ .

'In Kooperation mit M. I. Alonso und M. Garriga, Institut de Ciencia de Materials de
Barcelona, CSIC, 08193 Bellaterra, Spanien.
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o Weiterhin wurde festgestellt, dass die mittlere Elektronendichte
p%;p(2) im DIP-Film mit zunehmender Schichtdicke bis Dp;p ~ 400 A
ansteigt und anschlieBend mit p%;p(2) = 0.39 el/A~3 konstant bleibt.
Da das Produkt dprp x p%;p(2) als Funktion der Schichtdicke nicht
konstant ist, muss eine Anderung in der in-plane Struktur fir Dp;p 2

400 A angenommen werden.

e Die oszillierende Elektronendichte im DIP-Film entlang der Probennor-
malen (pprp(2)) konnte mit grofler Prézision bestimmt werden. Hierbei
wurde pprp(z) als Fourier-Reihe dargestellt, wobei die Fourierampli-
tuden durch die Intensitdt der DIP Bragg-Reflexe gegeben sind und
die Fourierphasen sich in Folge der Spiegelsymmetrie des DIP-Molekiils
auf Fouriervorzeichen (+ oder -) zuriickfithren lassen. Es stellte sich
heraus, dass die Elektronendichte pprp(z) mit der Periodizitét der
Gitterkonstanten um den Wert p};, oszilliert und dass der Elektro-
nendichtekontrast pne% /pBin, je nach Schichtdicke einen Wert bis zu
1.9 annimmt. Dieser hohe Wert erklart auch, warum in TEM-Bildern

iiberhaupt einzelne DIP-Monolagen sichtbar sind.

II — Ergebnisse des Temperaturverhaltens der out-of-plane Struk-

tur

e DIP-Filme weisen eine thermische Stabilitéat bis 7' = 155°C +10°C auf.
Hohere Temperaturen fithren zur lateral homogenen Desorption des
Films (z.B. durch einen Lage-fiir-Lage-Prozess). Letzteres konnte durch
den Vergleich der Intensitdt des ersten DIP Bragg-Reflexes mit der
koharenten Schichtdicke und der Gesamtschichtdicke in Abhangigkeit
von der Anlass-Temperatur nachgewiesen werden: alle drei Grofien

nehmen fiir 7" > 150°C bei konstanter Mosaizitat gleichméaflig ab.

e Der thermische Ausdehnungskoeffizient parallel zur Molekiilebene

Xiv



(d.h.: senkrecht zur Substratoberfliche bedingt durch die (annidhernd)
aufrecht stehenden Molekiile) betriagt im Temperaturintervall der ther-
mischen Stabilitdt (Raumtemperatur bis T ~ 160°C) a = (75.8 £
4.5) x 107% 1/K. Fiir den thermischen Ausdehnungskoeffizienten senk-
recht zur Molekiilebene (d.h.: parallel zur Substratoberfliche) wird
auf Grund theoretischer Uberlegungen und experimenteller Daten an
ahnlichen Molekiilsystemen ein zwei- bis vierfach hoherer Wert er-

wartet; allerdings liegen fiir ) (DIP) keine Messdaten vor.

e Werden die DIP-Filme Temperaturen 7' > 160°C ausgesetzt, so
sind zwei irreversible Strukturanderungen zu beobachten. Die erste
Anderung ereignet sich fiir 160°C < T < 200°C. In diesem Temperatur-
intervall steigt der Wert der Gitterkonstanten dp;p zunachst langsamer
an als durch o) beschrieben und sattigt schlieflich trotz steigender
Temperaturen. Eine weitere Temperaturerhohung resultiert in einer
zweiten Strukturanderung, die sowohl von einem rasanten Anstieg der
Desorptionsrate begleitet wird als auch von einer drastischen Zunahme
der Gitterkonstante. In diesem Temperaturbereich erreicht der ther-
mische Ausdehnungskoeffizient Werte von o = 1100 x 107° 1/K.
Er gleicht damit Werten, die an organischen Molekiilkristallen aus

Alkylketten in der Néhe eines Phasentibergangs beobachtet wurden.

e Die Desorptionsrate bei T' = 195°C konnte durch Auswertung der Os-
zillationsperiode der Laue-Oszillationen in Abhangigkeit von der Zeit

abgeschitzt werden. Sie betrégt ungefdhr 1 ML/min (Monolage/min).

11T — Ergebnisse der in-plane Struktur

e Alle untersuchten DIP-Filme sowohl auf amorphen SiO,-Substraten als
auch auf orientierten Saphiroberflichen zeigen Bragg-Reflexe, die ein-

deutig der DIP-Schicht zugeordnet werden konnen. Diese Reflexe liegen
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bei
(i) q ~ 1.47 A7! (d) ~ 4.28 A)
(i) g ~ 1.715 A=t (d) =~ 3.65 A).

e Einer der DIP-Filme auf einem Saphirsubstrat zeigte bei diesen Im-
pulsiibertrédgen azimuthale Orientierung, die auf eine Domanenstruktur
mit mindestens 4 Doménen hinweist. Ellipsometriemessungen an
diesem Film ergaben ebenfalls eine (schwache) azimuthale Anisotropie.
Ein weiterer DIP-Film auf einem Saphirsubstrat zeigte in Ellipso-
metriemessungen sogar eine ausgepragte azimuthale Anisotropie, die
auf eine Ausrichtung der Molekiile auf die Hauptachsen des Substrats

hindeuten.

1.2.2 Wachstumsverhalten und Skalenexponenten

Um das Entstehungsverhalten sowohl von Diinnschichtstrukturen als auch
der Probenmorphologie zu verstehen, ist es notwendig, den zugrundeliegen-
den Wachstumsprozess zu kennen. Neben atomistischen Wachstumsmo-
dellen, die Monte-Carlo Simulationen heranziehen, um die Entwicklung
der Diinnschichtmorphologie zu beschreiben, hat sich in den letzten zwei
Jahrzehnten ein Ansatz zur statistischen Beschreibung des Wachstumsver-
haltens etabliert. Hierbei wird der Wachstumsprozess mit Hilfe von Kon-
tinuumsmodellen beschrieben, die zur Charakterisierung unterschiedlicher
Wachstumsszenarien durch einen Satz ‘universeller’ Skalenexponenten, «, 3
und 1/z fithren. Das zugrundeliegende Konzept geht davon aus, dass die
Oberflache der diinnen Schichten ein selbstaffines Verhalten aufweist, d.h.
dass insbesondere die Oberflichenrauhigkeit ¢ als Funktion der untersuchten
lateralen Léngenskala L und der Schichtdicke D gegeben ist (siche z.B.
Refs. [2,3]):
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L* fir D >> cL®/P

1.1
DS fir D < cL/B (1.1)

o(L,D) ~ {

¢ bezeichnet eine Proportionalitatskonstante.

Der ‘inverse dynamische’ Skalenexponent, 1/z, entspricht dem Quotienten
B/a

Obwohl ‘kleinen’ halbleitenden organischen Molekiilen eine grofie Bedeu-
tung fiir den Einsatz in zukiinftigen Halbleiterbauteilen zukommt und viele
Studien zur Struktur organischer Diinnschichtsysteme existieren, gibt es bis
heute nur sehr wenige Studien, die den Wachstumsprozess organischer Schich-
ten im Rahmen der Theorie selbstaffiner Oberflichen mit Skalenexponenten
untersucht haben (z.B. Refs. [4-7]).

Eine weitere Zielsetzung dieser Arbeit war daher die Bestimmung der

Skalenexponenten «, 3 und 1/z fiir DIP-Schichten.

Methoden

Zur Bestimmung der oben aufgefithrten Skalenexponenten wurde an den
bereits zur Bestimmung von pe prp(z) verwendeten Proben neben der
spekuldren Rontgenreflektivitdt zusétzlich die diffuse Rontgenstreuung (an
der ESRF) in Rockingscans gemessen. Ferner wurde die Oberflichenmorpho-
logie einzelner Proben (70 A < D <9000 A) mit Non-Contact-AFM be-
stimmt.

Die statistische Auswertung der AFM-Bilder mittels der Hohen-Differenz-
Korrelationsfunktion g(R) ermoglicht die Bestimmung von «. Dariiber hin-
aus lasst sich a bestimmen durch die Anpassung der diffusen Streudaten im
Rahmen der dynamischen Streutheorie (Distorted Wave Born Approxima-
tion, DWBA), die zuerst von Sinha et al. beschrieben wurde [8]. Die Anpas-
sung der diffusen Streudaten erlaubt ferner die Bestimmung von 1/z. Der

Skalenexponent ( ergibt sich aus der Steigung eines linearen Fits an eine
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log-log Auftragung der Rauhigkeit o gegen die Schichtdicke Dprp, wobei in
dieser Arbeit o iiber einen ungewohnlich grofien Bereich von Schichtdicken
ermittelt wurde. Die Rauhigkeit der Proben mit Dprp < 1100 A wurde
durch Auswertung der Rontgenreflektivitdt bestimmt, fiir die Probe ‘09000’
mit Dp;p = 9000 A durch Auswertung mehrerer AFM-Bilder.

Ergebnisse

e Die Skalenexponenten fiir DIP-Schichten, die im UHV auf SiO,-
Substraten mit einer Rate von R = 12 A/min und bei einer Sub-
strattemperatur Tg,, = 145°C + 5°C hergestellt wurden, betragen
Qmean. = 0.684 + 0.06, 8 = 0.748 + 0.05, 1/z = 0.92 £+ 0.20. Die
Beziehung 1/z = 3/« ist mit diesen unabhéngig voneinander bestimm-
ten Werten innerhalb der Fehlergrenzen erfiillt. Zur Bestimmung von

(8 wurde ein vergleichsweise grofler Bereich an Schichtdicken verwendet
(69A < Dprp <9000A).

e Der Wert von f = 0.748 4+ 0.05 tbersteigt das theoretische Limit
fiir ballistische Deposition (‘random deposition’), Srp < 0.5. Das
einzige Modell, das ein ‘rapid roughening’ mit grofSleren Werten fiir
(B beschreibt, beinhaltet zufallige raumliche Inhomogenitaten in der
lokalen Wachstumsrate. Als Erklarung fiir eine laterale Inhomogenitét
der Wachtumsrate wird die Ausbildung sogenannter ‘tilt-Doménen’
(dt.: Kippwinkel-Doménen) vorgeschlagen: In Analogie zu epitakti-
schem Wachstum bei anorganischen Filmen erwartet man die Ausbil-
dung zweidimensionaler Inseln in der ersten Monolage. Die hier verwen-
deten Molekiile zeigen jedoch eine ausgepragte Formanisotropie und
stehen anndhernd senkrecht auf dem Substrat (die Abweichung von
der Senkrechten wird durch einen Kippvektor mit Kippwinkel ¢ be-

schrieben). Man kann erwarten, dass die in der Ebene liegende Kom-
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ponente des Kippvektors in jeder Insel konstant ist, sich aber von Insel
zu Insel unterscheidet. Wenn sich die beim Zusammentreffen zweier
Inseln entstehenden zweidimensionalen Korngrenzen in die nachfolgen-
den Molekiillagen fortsetzen, konnte das zu den geforderten lateralen

Inhomogenitaten in der lokalen Wachstumsrate fiihren.

1.3 Das Metall-Organische Heterosystem
Au/DIP

Neben einer hohen Ladungstragerbeweglichkeit in der organischen Schicht
ist die zuverlassige Funktion des Kontakts zwischen Metall und organi-
scher Schicht von grofler Bedeutung fiir die Leistungsfahigkeit ‘organi-
scher’ Halbleiterbauteile. Daher ist das Verstandnis sowohl der Morpho-
logie an der metall-organischen Grenzschicht als auch ihrer thermischen Sta-
bilitat sehr wichtig. Allerdings gibt es bisher nur wenige Untersuchungen an
metall-organischen Grenzflachen. Die meisten wurden an ungeordneten Poly-
meren durchgefithrt, die als Material mit geringer Dielektrizitdtskonstante
eine grofle Bedeutung im Herstellungsprozess herkommlicher Mikroelek-
tronik gewonnen haben [9-11]. Auflerdem gibt es einige Untersuchungen an
Langmuir-Blodgett-Filmen [12] und an diinnen Filmen von ‘kleinen’ organi-
schen Molekiilen, die mittels OMBE im UHV aufgewachsen wurden [13].

Im Rahmen dieser Arbeit wird die Grenzflache zwischen Gold und diinnen
DIP-Schichten als Modell-System fiir Metallkontakte auf organischen Halb-
leiterbauteilen untersucht. Dies erfolgte sowohl unmittelbar nach Deposition
des Gold-Films (‘as grown’), als auch wahrend und nach einer Temperproze-
dur.

Hierbei wurde DIP als organisches Material verwendet, weil die

Oberflache der DIP-Schichten grofie (bis zu mehreren 100 nm Lénge) flache
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Terrassen mit monomolekularen Stufen aufweist. Diese Morphologie ist ideal
geeignet, um die Grenzflachenstruktur von Metallkontakten auf organischen
diinnen Schichten zu untersuchen. Dariiber hinaus weisen die DIP Schichten
eine sehr hohe strukturelle Ordnung und, damit verbunden, vergleichsweise
hohe Ladungstragerbeweglichkeiten von bis zu p = 0.1 cm?/Vs auf. Damit
sind DIP-Schichten auch sehr gut fiir den Einsatz in organischen Halbleiter-
bauteilen geeignet.

Gold wird haufig verwendet, um organische Halbleiterelemente zu
kontaktieren. Zudem ist Gold hochgradig inert, wodurch chemische
Verbindungen an der Gold-DIP Grenzfliche nur eine kleine Rolle spielen
diirften. Zur Untersuchung der ‘as grown’-Grenzflaichenmorphologie kann da-
her das Augenmerk auf den Einfluss der Parameter Substrattemperatur und
Wachstumsrate des Goldes gerichtet werden. Die Temperstudien sind ins-
besondere wichtig, um die Frage nach der thermischen Stabilitdt organi-
scher Halbleiterelemente gegeniiber erhohten Betriebstemperaturen zu un-

tersuchen.

Probenherstellung

Fiir die Untersuchung der oben genannten Fragestellungen wurden Gold-
filme (D4, =~ 120 A) bei unterschiedlichen Wachstumsparametern im UHV
auf wohldefinierte DIP-Schichten aufgebracht (Schichtdicke Dprp ~ 380 A,
Substrattemperatur T, prp ~ 145°C, Rate Rp;p ~ 12 A/min):

1. TSub,Au = —12000, RAu ~ 23 A/mln
2. Toupau = —120°C, Ry, ~ 0.35 A/min
3. Tsup.au = +70°C, Ry, ~ 23 A/min

4. Tsup.au = +70°C, Ry, ~ 0.35 A/min



Methoden

Die Proben wurden anschliefend mit unterschiedlichen experimentellen Me-

thoden untersucht:

e Zunachst wurde die Qualitat der Grenzfliche ‘as-grown’ mit Quer-

schnitts-Transmissions-Elektronenmikroskopie bestimmt.

e Die thermische Stabilitat und der Desorptionsmechanismus der organi-
schen Schicht in diesem Heterosystem wurde anschliefend in Rontgen-
experimenten am HASYLAB in Hamburg ermittelt. Dazu wurden
die Proben in einer kleinen Vakuumkammer bei einer bestimmten
Temperatur jeweils fiir eine Stunde getempert und in der Folge wurde
die spekuldre Reflektivitdt und der erste spekulare Bragg-Reflex der
DIP-Schicht gemessen.

e Zusatzlich wurde die kristallographische Struktur und die Ordnung der
Goldschicht nach jedem Temperschritt durch spekuldre Bragg-Streuung

und durch Rockingscans untersucht.

e Mit hochauflésender Rutherford Riickstreuung (RBS) wurde schliefllich
der Frage nachgegangen, bis zu welcher Temperatur die Au/DIP-
Grenzflache gegeniiber Interdiffusion von Gold in DIP stabil ist. Dazu
wurde auf eine wohldefinierte DIP-Schicht (Dp;p ~ 380 A, TsubpIp ~
145°C, Rprp =~ 12 A/min) in situ ein Goldfilm mit Dy, ~ 70 A
bei Raumtemperatur und einer Rate von Ru, ~ 1 A /min prapariert.
Anschlielend wurde die Probe fiir jeweils eine Stunde bei schritt-
weise hoheren Temperaturen getempert. Der RBS-Gold-Peak wurde ‘as
grown’ und nach jedem Temperschritt gemessen, um aus seiner Form

auf mogliche Diffusionsprozesse schlieBen zu kénnen.
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Ergebnisse

e Es konnte gezeigt werden, dass die Morphologie der Au/DIP-
Grenzschicht entscheidend von den Wachstumsbedingungen der Gold-
schicht abhéngt. Aufdampfen von Gold bei tiefen Substrattempe-
raturen (-120°C) fiithrt dabei zu gut definierten Grenzschichten, die
lediglich einen geringen Grad an Interdiffusion von Gold in die DIP-
Schicht aufweisen. Die Wachstumsrate beeinflusste in dem hier un-
tersuchten Bereich (0.35 A/min < R < 23 A/min) die Grenzflichen-
morphologie nur, wenn gleichzeitig eine hohe Substrattemperatur

(+70°C) angewendet wurde.

e Die thermische Stabilitat der DIP-Schicht bleibt im Vergleich zu reinen
DIP-Filmen nahezu unverandert bis T" ~ 155°C gegeben. Allerdings
verlauft der bei hoheren Temperaturen einsetzende Desorptionsvor-
gang lateral inhomogen. Diese Beobachtung unterscheidet sich von der
eines lateral homogenen Desorptionsprozesses bei reinen DIP-Filmen

und konnte dem Goldfilm zugeschrieben werden.

e Die Goldschicht zeigt unmittelbar nach der Praparation eine hohe Mo-
saizitat. Goldfilme, die bei niedriger Substrattemperatur hergestellt
wurden (—120°C) zeigen bei ansteigenden Temperaturen (ab 7 2
120°C) den Beginn eines Umordnungsprozesses. Dieser fiithrt zu Gold-
Kornern, die entlang der Oberflichennormalen {iberwiegend eine (111)-
Orientierung aufweisen. Die Ursache fiir den Umordnungsprozess
konnte in der fiir 7' > 100°C erleichterten Diffusion der Goldatome
im DIP-Film gesehen werden. Goldfilme, die bei hohen Substrattempe-
raturen (470°C) hergestellt wurden, weisen nur einen geringen Umord-

nungsprozess auf, der iiberdies erst fiir 7' > 150°C beobachtet wird.

e Weiterhin konnte in den RBS-Experimenten gezeigt werden, dass die
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Grenzflache bis zu einer Temperatur von etwa 100°C stabil gegen wei-

tere Diffusionsvorgange ist.
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Chapter 2
Introduction

Due to their potential for use in electronic and optoelectronic applications,
semiconducting organic materials are in the focus of a rapidly increasing re-
search activity. Organic field effect transistors, organic light emitting diodes,
or organic solar cells are only few examples of tailored organic device struc-
tures [14-17].

There is a large number of organic molecules that could potentially be
used for the fabrication of organic electronic devices and for the study of fun-
damental questions concerning growth, structure, and physical properties.
However, planar molecules (for example some phthalocyanines, pentacene-
derivates, and perylene-derivates) are of particular interest for the investiga-
tion of these issues. Their comparatively low molecular weight in combination
with their stability against polymerization and thermal decomposition up to
several hundred degrees C permit the sublimation of the molecules under
UHV-conditions. Thus, it is possible to fabricate thin (crystalline) films of
these molecules with a maximum control of the deposition parameters by

organic molecular beam epitaxy (OMBE).



DIP thin films

Recently, Miinch investigated the charge-carrier mobility in thin films of a
certain planar molecule, the perylene-derivate diindenoperylene (DIP), de-
posited on SiO at T' &~ 140°C. Employing laboratory x-ray sources to charac-
terize the samples it turned out that the so prepared DIP thin films exhibit
high structural order normal to the substrate surface with small rocking
widths [1]. In spite of the ease of preparation and the interesting electrical
properties and structural aspects in DIP thin films, to date only little is
known about their physical and structural properties.

One aim of this thesis was to systematically investigate details of the
growth and of the structure of DIP thin films employing high-resolution x-ray
scattering at synchrotron sources. Due to the high quality of both structural
order and x-ray data a quantitative analysis of the data provides insight into
the underlying growth mechanism as well as into the out-of plane structure
as a function of film-thickness.

The first part of this thesis is organized as follows. Chapter 3 briefly re-
views the properties of the molecule DIP, the known data about its bulk
and about its thin-film structure on various substrates. In Chapters 4-6 the
experimental methods employed in this thesis are presented. The DIP thin
film structure at room temperature and upon elevated temperatures are ad-
dressed in Chapter 7. First results on DIP thin films deposited on SiO,
which were obtained by cross-sectional TEM, AFM, high-resolution x-ray
scattering and spectroscopic ellipsometry measurements are shown in Sec.
7.1. Specular x-ray scattering was used to determine the electron density
of DIP-films along the surface-normal, p.(z), with high precision. This is
achieved by fitting the specular rod up to the 9th DIP-Bragg-reflection using
a semi-kinematical formalism (Sec. 7.2). Furthermore, the thermal stability
of DIP-films as well as the thermal expansion coefficient along the z-axis and

the desorption mechanism is investigated (Sec. 7.3). At the end of Chapter



7.2, the in-plane structure of DIP-films deposited on thermally oxidized sili-
con and on A-plane sapphire is examined by means of grazing incidence x-ray
diffraction (GIXD) experiments.

The formation of thin film structures as well as the topography of sample
surfaces cannot be understood without knowledge of the underlying growth
processes. Besides atomistic growth-models using Monte-Carlo simulations to
understand the formation of thin-film morphologies, a theoretical framework
has been established over the past two decades which relates the mechanism
involved in the growth of a thin film to a set of scaling exponents (roughness
exponent «, growth exponent [, and inverse dynamical exponent 1/z) de-
scribing the dependence of the surface roughness on film thickness and lateral
length scale [2,3,18,19]. Despite their potential in technological applications
and great efforts to characterize their crystalline structure, to date there are
only very few studies concerning the scaling exponents of organic thin films
and in particular of small molecules deposited under UHV-conditions [4-7].

Therefore, the growth-process described by scaling exponents will be ad-
dressed in this thesis in addition to the structural investigations of DIP thin
films. For this purpose, DIP-films with a film thickness between ~ 70 A and
~ 9000 A were examined by non-contact AFM, by x-ray-reflectivity, and by
x-ray-diffuse scattering. In Chapter 8 these experiments and the obtained
scaling exponents «, 3, and 1/z as well as a discussion of the associated

growth process are presented.

The metal-organic heterosystem Au/DIP

Besides high charge-carrier mobilities inside the organic layer, the proper
function of the contact between the metal and the organic layer is of great im-
portance for device performance. Thus, knowledge of the associated morpho-
logy of the metal-organic interface as well as its thermal stability is essential.

To date, only few studies have been published on metal-organic interfaces,



mainly on disordered polymers used as low dielectric constant material in
conventional microelectronic fabrication processes [9-11]. Some studies have
also been published on Langmuir Blodgett films [12] and on UHV-deposited
organic thin films [13].

In this thesis, the interface between gold and DIP thin films as a model
system for metal-contacts on organic electronic devices is investigated imme-
diately after deposition and during annealing. DIP is particularly suitable for
this study, since the surface of the DIP films is very well-defined and exhibits
large terraces (up to several 100 nm) with monomolecular steps of 16.5 A.
Moreover, DIP exhibits excellent crystalline order (see, e.g., Chapter 3) asso-
ciated with high charge carrier mobilities of up to u = 0.1 cm?/Vs [1]. Gold
is widely used for contacting organic electronic devices and is rather inert,
hence specific chemical interactions are expected to play only a minor role.
This facilitates the study of the role of substrate temperature and deposition
rate on the morphology of the metal-organic interface. Annealing studies are
particularly important to address the issue of thermal stability of devices
operating at elevated temperatures.

At the beginning of Chapter 9, the preparation conditions which lead to a
well-defined Au/DIP interface immediately after deposition are examined by
cross-sectional TEM and x-ray-reflectivity measurements (Sec. 9.3). Follow-
ing this step, the thermal stability of the DIP thin film in this heterosystem
at elevated temperatures and its desorption mechanism are investigated by in
situ x-ray-scattering (Sec. 9.4). To illuminate the structural changes in the
‘contact’ at these elevated temperatures, the gold film is also investigated
by in situ x-ray scattering (Sec. 9.5). Finally, the thermal stability of the
metal-organic interface is studied employing in situ high-resolution Ruther-
ford backscattering spectrometry (RBS) as a function of temperature (Sec.

9.6).



Chapter 3

Diindenoperylene — DIP

3.1 The Molecule and its Properties

DIP (Fig. 3.1) is a planar perylene-derivate with two indeno-groups located at
opposite sides of the perylene-core thus giving the chemical formula C3sHyg,
with a molecular weigth of 400.48 g/mol and the specific name Diindeno-
[1,2,3-cd:1°,2",3’-Im]perylene (sometimes referred to as ‘Periflanthene’). The
extensions of the molecule, ~ 18.4 A x 7 A, were calculated on the basis of
the ‘Cambridge Crystallographic Database’ by a combination of the data of
fluoranthen (CigHjp) and perylene (CooHip); the H-atoms and their van-der-
Waals radii were also taken into account [1]. DIP is thermally stable against
polymerization and decomposition. It starts to sublime at 7" > 330°C.

DIP is only slightly soluble and separates as red, copper-like shimmering
crystals from solution in trichlorobenzene. The synthesis was first described
by von Braun in 1934 [20] and later on by Clar [21,22].

As a polyaromatic-hydrocarbon (PAH), DIP has been found also as a
pyrolisis-product [23] of polyaromatic hydrocarbons and even in interstellar
space [24].

Studies on the carcinogeneity of PAH molecules suggest that DIP is not



18.4 A

Figure 3.1: The structure of a DIP-molecule, C33H14: red circles denote car-
bon atoms, blue circles hydrogen atoms. The extensions were calculated by
Miinch [1].

a carcinogen [25-28]. Rather, it is thought to have the potential to be used
as an anti-virus medicine [29].

The molecules used in our experiments were purchased from Aldrich and
from the ‘Institut fiir PAH-Forschung’, Greifenberg, Germany. Before they
were used for the preparation of thin-film samples they were purified by

gradient-sublimation in the ‘Kristallabor der Universitat Stuttgart’.

3.2 Structure of DIP Single-Crystals

The structure of bulk-DIP was not known until recently. In the 1950s and
1960s Hofer published powder-diffraction data on the structure of DIP [30-
32]. However, only the most prominent lines were reported. In 2001 Frey and
Karl [33] determined the structure of DIP in single crystals. They obtained

a triclinic structure with

e space-group P1; Z = 4;



e a =1.15941(14) nm; b = 1.2968(2) nm; ¢ = 1.4879(2) nm;
o o = 98.108(9)°, B = 98.101(10)°; v = 114.527(9)°;

e V =1.9649(4) nm?; p = 1.354 g/cm?.

3.3 Thin Films of DIP

Until now, there have been only few studies completed on the structure of
DIP thin-films. Strohmaier et al. investigated (sub)monolayers of DIP on
graphite [34] by scanning tunneling microscopy (STM). In this study the
DIP-moelcules were lying flat on the substrate surface.

Hoshino et al. studied the crystallography of DIP thin films on perylene
and NaCl-substrates, respectively [35] by TEM. It was found in this study
that the molecules exhibit a herringbone structure and the following lattice

parameters were revealed

e DIP/NaCl: ¢ = 867 A, b = 6.96 A,c = 18.55 A, and 3 = 93.5°.
¢ =1852 A

e DIP(150 A)/perylene: a = 11.0 A, b = 106 A, ¢ = 17.5 A, and § =
106.0°. ¢ = 16.82 A

in which the lattice spacing along the z-axis, ¢/, is given by the relation
¢ =c-sinf.

Recently, Miinch investigated the charge carrier mobility in DIP-films
(Dprp in the order of 500 A) deposited on thermally oxidized silicon-wafers
[1]. In this study it was found that DIP films deposited onto silicon-dioxide
show a high degree of crystalline order and that the charge carrier mobility
(up to 0.1 Vs/cm?) (anti)correlates with the mosaicity of the out-of-plane
DIP-lattice planes.



The presence of high structural order in thin films of the organic semicon-
ductor DIP on SiO5 was the motivation for a systematic study of the growth
behavior and of the structural aspects of DIP thin films of various thickness
employing in particular high-resolution (synchrotron) x-ray measurements

and subsequently analyze the data quantitatively.



Chapter 4

X-ray Scattering From Thin

Films

The scattering of x-rays was used in this thesis to investigate structural
aspects of organic thin films and of metal-organic heterostructures. In this
chapter, the theory of x-ray scattering in various experimental geometries is
described. For details of the derivations see Refs. [36-38].

4.1 Optical Effects in X-Ray Scattering: Re-

fraction and Absorption

Scattering of electromagnetic waves can be described by introducing an index
of refraction, n, and solving Maxwell’s equations. In the following sections,

plane waves of x-rays are considered with the electric field vector denoted as

E(r) = Age™i™ . (4.1)



4.1.1 The index of refraction, n, and Snell’s law of re-

fraction

The complex index of refraction, n, is used in x-ray as well as in light scat-
tering to describe the effects of reflection and of refraction. For homogeneous

media it reads

n=1-06+1ip, (4.2)

with ¢ and ( being the dispersion and absorption, respectively. For x-ray

energies far from absorption edges, they are written as

)\2
6= %’I“epel (43)
and
B(r) = 2 (1.4)
r) = 47?” ) .

In the above, A is the wavelength of the impinging x-ray wave, r, = 2.8 -
107 m is the classical electron radius, p.; is the electron density of the
medium, and g is the linear absorption coefficient of the medium. For x-rays,
8 is always positive, i.e., n < 1 inside the medium (neglecting! 3).

For a single vacuum / medium interface, Snell’s law of refraction relates
the incident angle «; of the impinging wave to the angle of the transmitted

wave in the medium, oy (see also Fig. 4.1), via

n=-2di (4.5)

COoS

Because n < 1, there will be an incident angle at which a; becomes 0.
This angle is designated the critical angle of total external reflection, a., and

can be written as (Taylor expansion of cos a;):

'For 3 # 0 the index of refraction, n, becomes a complex number and ‘n < 1’ only

applies for the real part of n.
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Figure 4.1: Schematic for reflection and refraction at an interface. k;, kg,

and k¢ are the wavevectors of the incident, reflected and transmitted wave,

respectively. For a; = o the momentum transfer q = k; — k¢ reads q =
(07 07 q,z) .

e~ V26 = M/ TepPel /T (4.6)

Typical values of ¢ for x-ray energies ~ 10 keV are in the order of
107%... 1075, This implies critical angles in the range of o, = 0.2°... 0.5°.
The absorption coefficient 3 is usually a factor of 10...100 smaller than 6.
For low-Z materials like organics, 3 is in the order of 5 x 1072, Thus, for the

derivation of the intensity of specularly reflected x-rays [ will be neglected.
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4.1.2 The Fresnel coefficients

Calculating the transmitted and the reflected field-amplitudes for a plane
wave impinging on the surface, the well-known Fresnel coefficients Rr and
Tr (Eq. 4.9 and 4.10) are obtained for the reflected and transmitted waves,
respectively [39]. To calculate the transmitted and reflected field amplitudes,
the continuity of the tangential components of the electric and of the mag-
netic field at the interface (z = 0) is used. The z—components of the incoming

(ki) and the transmitted (k;,) wave read
ki . = ksinq; (4.7)
and

ki, = kyv/n? — cos? a; = ky/a? — a? (4.8)

(using Snell’s law, Eq. 4.5). For x-rays with the refractive index n being al-
most unity, the distinction between s— and p— polarization of the impinging

wave can be omitted?. Then, Rr and T are calculated as:

SRS

ki, =k, «<t o —a

Rp = =& % = 4.9

F ki + ki o + al (4.9)
2]{31 2 ;K1 20&1'

Tp = ——— = 4.10

F ki,z + kt,z o, + Oéé ( )

with the refracted beam angle o/ as

ot = JaT =t — 1= atjol (1)

2Moreover, for the experiments presented in this thesis, synchrotron light was employed

with the scattering plane perpendicular to the plane of the storage ring. This implies that

only s-polarized waves were used.
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For a; > a. it is possible to approximate o by the first term of a Taylor
expansion: o} ~ o;(1+ (a./2a;)?). Employing a second approximation, 4a? +

a? =~ 4a;, Eq. 4.9 reduces to

Rp ~ (O‘C >4 . (4.12)

20y
The deviation of this approximation from the ‘true’ Ry is smaller than 3%
for a; 2 3a.
Eq. 4.12 describes the characteristic steep decay of the intensity with
increasing incident angle «; close to the critical angle a. in x-ray reflectivity

measurements.

The case o; < a,

If the incident angle is smaller than the critical angle, a; < ., then k; . in
Eq. 4.8 becomes imaginary and reads k; , = iky/a? — a2. Inserting k: . into

the expression for the electrical field in the medium, F reads:

B o e o, gk JaTal _ gz/A (4.13)

This implies a wave traveling parallel to the surface. The amplitude which
penetrates the sample perpendicularly decreases exponentially with increas-
ing depth (evanescent wave). The depth at which the amplitude of the wave
has decreased to 1/e is designated as the penetration depth A. To calculate

A, we consider [, as otherwise A — oo for a; = a.. Then, A reads

1/2
AT = LA <\/(af —a2)2 44082+ a? — af) (4.14)

— 2 _ 2
= ky/o?:—q;

using only the (negative) solution (a? — o?) of the expression /(a? — a2)?

in the last step.
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For a; — 0, the penetration depth becomes independent of the wavelength
and is only dependent on the electron density of the medium: A = A/ (27a,) =
1/\/Arreper.

The effect of evanescent waves is used in particular for the determination
of lateral structures in thin films by grazing incidence diffraction (GID). This

method is addressed in more detail in Sec. 4.4.

4.2 Reflectivity - Specular and Diffuse Scat-

tering

4.2.1 Multiple interfaces - Parratt-formalism

The condition for specular x-ray reflectivity is ¢, = g, = 0, implying o;; = ay.
Since the momentum transfer q has only a component along the z-direction
the laterally averaged electron-density profile along the z-axis, pe(2), is mea-

sured.

Parratt-formalism for sharp interfaces

With the Parratt-formalism [38,40], the specular x-ray reflectivity intensity
from a sample consisting of N layers on top of a substrate, i.e., N + 1 inter-
faces, is calculated by a recursive algorithm. The sample is represented by a
‘box-model” where each box j corresponds to layer j with constant thickness,
D;, and refraction index nj, i.e., electron density p.;; (see Fig. 4.2). In this
model, layer 1 is the medium above the sample (usually vacuum) and the
substrate is layer N + 1.

The ratio between reflected and transmitted wave-amplitudes in the j-th

layer, X, is then calculated as:

14
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Figure 4.2: Schematic for the parameterization of a sample in the Parratt-

formalism

Rj ik yzy Rigrn + Xjpe?teons
Xj = L = ¢ tiknon 0 M (4.15)
T’j 1+ Rj7j+1Xj+1€ Rz, +1%5

with
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kej—kzj
kej+ ke ji

as the Fresnel coefficient of interface j and where k,; = k, /n? — cos?

denotes the z component of the wavevector in layer j (see also Eq. 4.8). The

Rjjn = (4.16)

measured intensity is given after N iterations as

R=|X1> = |R)? (4.17)

using the transmission-coefficient in layer 1 (= vacuum) 7} = 1. To solve
the recursive algorithm, it is assumed that there is no reflection from the
substrate, i.e., Ryi1 = Xyi1 = 0.

The most prominent features of x-ray reflectivity measurements are the
rapidly decaying intensity for incident angles «; larger than the critical angle
a. (I oc a;?, Eq. 4.12) and the so-called Kiessig fringes that are superim-
posed on the Fresnel-reflectivity. These oscillations are due to the interference
between the wave amplitudes reflected from the individual layers. Each pe-
riodicity in the oscillations Ag, ; is related to the thickness of one layer by

the relation D; = 27/Aq, ;.

Interfacial roughness

Real samples do not exhibit sharp interfaces, but show some interfacial rough-
ness. Let hj(x,y) be the height function that relates each point (z,y) of in-
terface j to a specific height, then o;, which is defined as the square root of

the mean squared height fluctuations, reads

0 =< (3(z,y))* >'2, (4.18)

where the height fluctuation Z;(x,y) at point (z,y) around the mean height
of the interface, h;o =< hj(x,y) > is given by

16



Zj(z,y) = hj(z,y) — hjo. (4.19)

Assume that the fluctuations around A, could be described by a Gaussian
probability distribution with 95% of all fluctuations lying in the interval h; o+
o; (which is often the case in real samples). Then the index of refraction, n(z),
between layer 7 and j + 1 follows a continuous, error-function-like transition
from n; to n;i;. In this case, interfacial roughness can be implemented in the
Parratt-formalism by simply multiplying R; ;11 (Eq. 4.16) by an exponential
damping factor exp(—2k,k,ji107) (referred to as ‘Névot & Croche’ factor
[41] in the literature). The modified Fresnel coefficient for the reflection from

the interface between layer j and j + 1 then reads:

N ko — ke 2

Ry = 22d ~Heid otk e jacd (4.20)
]7J+ k k

25 T Kz 41

Note, however, that this holds true only if o; is much smaller than the thick-
ness of layer j and j + 1, 0; < D; and 0; < Dj4;1.

Roughness results in damping of the specularly reflected intensity and
gives rise to diffuse scattering in non-specular directions (g, # 0), which
therefore contains information about the in-plane structure of the sample.

The analysis of the diffuse intensity will be discussed in Sec. 4.2.3.

4.2.2 Kinematic scattering theory - Master formula

In the preceding sections, the Fresnel reflectivity for single interfaces and the
recursive Parratt-formalism were considered to describe the specularly scat-
tered x-ray intensity of layered systems. This description has the advantage
that it takes into account all scattering contributions and is therefore correct
even for incident angles «; close to the critical angle.

However, the box-model, which is used to parameterize the sample can be-

come a drawback for certain practical applications. In particular, the attempt
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to fit the complete specular rod is critical, if the sample either exhibits a peri-
odic structure that gives rise to distinct Bragg-reflections (see section 4.3), or
if an (organic) thin-film system shows pronounced intralayer electron-density
oscillations. Here, a fit assuming a simple electron density profile consisting
of only a single box with a constant electron density pf., and thickness D ¢,
will fail already at small angles. On the other hand, the endeavor to model
the smooth and oscillatory ‘real’ electron density pe;(2) profile by slicing the
film into a large number of boxes results in large computing times for the
recursive algorithm. In addition, a huge number of free fitting parameters are
needed, which makes the resulting electron density profile fairly ambiguous.

Besides the (exact) Parratt-formalism, there are other approaches to cal-
culate the specular scattering intensity based on semi-kinematic theory (i.e.,
only single scattering events are considered). One of the most prominent
and simplest expressions in this framework is the so-called ‘Master formula’
(Eq. 4.21). It is well suited to describe the specular rod intensity for lay-
ered samples where the absorption of x-rays in the layers above the substrate
plays only a minor role. This condition is fulfilled for x-ray scattering on
organic thin films with x-ray energies of ~ 10 keV that were used in our
experiments. The advantage of semi-kinematic theory is the opportunity to
tailor the required (smooth and oscillatory) electron-density by (only few)
analytical functions. This tremendously reduces the number of free fitting

parameters.

The Master formula

The Master formula is given by the following expression:

2

— 1,G(¢.)Rr(2) |F(g.)]?
(4.21)

R(Qz) = IOG(QZ)RF(QZ)

1 / dpel(z) eiqzzdz

el,00 dz
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where [ is a constant factor accounting for the scattering geometry and the
flux of photons, pe ~ is the electron density of the substrate, and G(g,) is
a factor that takes into account illumination corrections for small incident
angles® ;.

For a semi-kinematic treatment of the scattering, it is possible to take
into account refraction corrections at incident angles close to «.. For this

correction, ¢, in the structure factor F'(q,) of Eq. 4.21 is replaced by

q. = 2k sin <\/a? — ai) = 2k sin(a;) (4.22)

The validity of the (semi-)kinematic approach was extensively investi-
gated by Hamley and Pederson [42,43]. It turned out that the Master-formula
intensity, Iy/r(q.), does not significantly deviate from that calculated by the
Parratt-algorithm, Ipg.rai(q.), for roughly o; 2 3a,. (with some dependence
on the sample parameters). For smaller «;, dynamical scattering effects have
a significant influence on the scattered intensity. Here, only the envelope of

Ivr(q,) matches Ipgrrari(q.), see also Fig. 4.3.

Measuring and analyzing specular x-ray reflectivity

In an experiment the measured specular intensity I;,; is a superposition of
the true specular intensity, Ig, and the diffusely scattered intensity, Ip (see
also Sec. 4.2.3): Li,; = Is + Ip. Thus, I has to be extracted by carefully
subtracting the diffusely scattered intensity from the measured intensity be-
fore analyzing the data. To subtract Ip, usually an ‘offset-scan’ is carried

out where o; = 20/2 & a,ff. ofy is chosen such that the data are recorded

3This illumination correction applies for a; < arcsin(b/L), where b is the width of
the beam, and L is the length of the sample parallel to the beam-direction. For o; <
arcsin(b/L), the illuminated area at the sample position (‘footprint’) is larger than the
sample and therefore the scattered intensity is reduced by the ratio between the totally

illuminated area and the illuminated area of the sample.
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Figure 4.3: Comparison of Master formula and Parratt-formalism. The cal-
culated intensities for an organic film with D = 100 A on a silicon substrate
at a wavelength of A\ = 1.54 A are shown. The inset displays the electron
density profile pe(z) that was used to calculate both spectra.

slightly beside the specular rod, where only diffusely scattered intensity is
expected. The data of the offset-scan are subtracted from I;,; before fitting
Is by either the Parratt-algorithm or by the Master formula.

4.2.3 Diffuse scattering

Interfacial roughness, o, gives rise to scattering in non-specular directions
(q # 0), ie., diffuse scattering [8,44-47]. Therefore, it contains informa-

tion about lateral correlations of the sample due to the non-zero momentum
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transfer parallel to the surface.

To analyze the diffusely scattered intensity of rough surfaces, it is useful to
describe the surface by a statistical approach. The height fluctuation, Z(z, y)
(Eq. 4.19), of point (x,y) around the mean height of an interface, h; o, is used
in the definition of the height-difference correlation function? (HDCF)

9(R) =< [&(z,y) — 2(z’,y)]* >, (4.23)

where

R=[(x—a)+(y—y)"> (4.24)

and the average is taken over all pairs of points on the surface, which are
separated horizontally by the length R. The function g(R) is related to the
height-height correlation function C'(R) =< Z2(R)z(0) > by

g(R) = 2<(i(z,y))" > —2<Zi(z,y)iy) >
= 207 — 2<2(R)%(0) >
= 20* — 2C(R) (4.25)

For the second step the definition of roughness, Eq. 4.18, is used.

The diffusely scattered intensity can be calculated according to Sinha et
al. [8]. They derived the cross-section for the diffuse scattering using pertur-
bation theory (DWBA). Under such theory, the deviations from a smooth
surface located at the spatial height average hy are considered as small per-
turbations. The scattering matrix is then solved using the eigenstates of the
smooth surface. Their expression for the diffuse scattering, integrated with

respect to one direction perpendicular to the scattering plane is given as

4For the height-difference correlation function of the sample surface, g(R) reduces to
9(R) =< [h(z,y) — h(=',y")]* >
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AQ |k2(1 — n?)|?

I(q”?qz) = IOT(LxLy) 167T2

|7 (k) [*| T (ke) IS (ay) (4.26)

with

exp(—[(a:)* + (4;2)%0%/2)

|Qt,z 2

/ (elaslPC) _ 1) Ga P gp, (4.27)
0

S(qppq:) =

The x-ray data are assumed to be recorded with relaxed slit settings in the
direction perpendicular to the scattering plane.
Here, kg is the wavevector magnitude, L, L, denotes the area illuminated
by the beam, and Af) is the solid angle seen by the detector at the sample.
In general, the integral of Eq. 4.27 is difficult to calculate. However, for
qﬁzC (R) < 1 the exponential of the integrand can be expanded. Then, the
scattering function for the diffuse intensity, S(qj,q.), is simply the Fourier

transformation of the height-height correlation function C'(R).

4.3 Bragg Scattering - Kinematic Theory

To derive the expressions for Bragg scattering, a monochromatic, plane x-
ray wave is considered, as given by Eq. 4.1 and at this point, polarization is
disregarded. The notations follow the notation of standard x-ray diffraction
textbooks (e.g., Ref. [36]).

If the plane wave impinges on the sample, it interacts with the electrons of
the atoms. To derive an expression for the scattered intensity, the scattering

contributions of all electrons of the illuminated sample have to be added.
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4.3.1 Lattice sum and scattering intensity of a small

3D crystal
Scattering from one atom

Scattering from the electrons of one atom is given by the (complex) atomic
scattering factor f(q), which is the Fourier transform of the electron density,
fo(a), and by energy dependent terms that account for resonance effects close

to absorption edges, f'(q, £) and f"(q, E):

fa@) = fola) + f'(q, E) +if"(q, E) (4.28)

with E as the energy of the incident x-ray wave. The terms fy(q), f’ and f”
are listed in Refs. [48-50] for the individual elements.

Scattering amplitude from a crystalline lattice

Next, consider a three-dimensional crystal with the lattice vectors ay, ay, a,
being parallel to the z—, y—, and z—axis, respectively. The position of each

atom then reads

Rn,nl,ng,ng = njayx + Noay +nza; +ry . (429)

Here, r, describes the atomic arrangement within the unit cell. For a crys-
tal lattice with an extension of N, Ns, and N3 unit cells in the directions

ay, ay, a,, the scattering amplitude is given by

Ni—1 N>—1 N3—1

Te i-(gemni0g n2a 2M30z
A(q):E.AO.F(q).Z.Z.Ze(qz +aynaay+qznzaz) . (4.30)

n1=0 mn9=0 n3=0

where Ry is the distance between scattering center and detector and F(q) is

the structure factor:
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Fl@)= Y falg)ee™ . (4.31)

unit cell
The scattered intensity

Analyzing Eq. 4.30 in terms of a geometrical series and subsequent squaring

gives the intensity

f@==@i%F@fX

sinZ(% N1 q.a;) _ sinZ(% N gyay) . sinZ(% N3 q.a,)

- - - (4.32)
SIHQ(% Qwam) SIHQ(% any) SIDQ(% QZaz)
If the so-called Laue-conditions
Q- 0y =h-2m, q,-a,=k-2m, q,-a,=1-27 (4.33)

are all fulfilled (h, k,l € Z), and F(q) # 0, then I(q) exhibits a maximum
with

Imaz(q) o< NPNZNZ . (4.34)

4.3.2 Amplitude for specular Bragg scattering in a

free-standing thin film

Specular scattering is characterized by the condition a; = oy and ¢, = ¢, = 0.
Thus, Eq. 4.30 reduces to

N3—1
AoTe °

Af’blm(q,z) = . N1N2 . F(qz) . Z 6inn3az

n3=0

Apre 1 — ei4=Nsa=
= 2 - NiNy - F(q.) » —————

(4.35)

]_ — eiQZaz
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where the factor (N;Ny) represents the typical size of a single crystalline
domain parallel to the surface.

Eq. 4.35 equals the expression for the scattering of light at an N—slit
grid. For a free standing film of uniform thickness, the measured intensity is
given by Eq. 4.32 (see also Fig. 4.4). The maxima are located at the positions
q. = 27l/a, with I,,,, o< NZ.

From the position of the principal maxima, the lattice spacing a,
perpendicular to the surface can be determined.

Aside the maxima side-peaks are visible. From the distance of the min-
ima, Ag,, of these so-called Laue-oscillations the number of ordered, i.e.,
coherently scattering, lattice planes, N3, and the coherent thickness of the

film, D, can be calculated using the relation

Deop = N3 -a, =271/Aq, . (4.36)

The intensity of a film which exhibits domains with different numbers of
lattice planes is the incoherent superposition of the intensities of the indivi-
dual domains. This superposition results in a damping or even extinction of

the Laue-oscillations.

Intensity for thin films on top of a substrate

In experiments, the intensity of the entire sample is recorded, i.e., of a thin
film on top of a substrate. To calculate the scattered intensity, first the scat-
tering amplitudes of the film and of the substrate have to be summed up.

The square of this sum then yields the intensity

](QZ) = |Afilm + ASubstrate|2 (437)
- |14film|2 + |A5ub8trate|2 + 2 Re(A;ilmASubstrate)

25



intensity (a.u.)

Ff Sl N W I S PR VIS E P SR R
10 1.2 14 16 18 20 22 24 26 28

q, (A7)

Figure 4.4: Calculation of the square of Eq. 4.35 simulating the intensity of a
free standing film with 8 monolayers (N3 = 8) and as = 5 A. All other factors

were set to 1. Note the logarithmic scale for the intensity.

The coherent superposition of the scattering amplitudes may cause signifi-
cant asymmetries in the Laue-oscillations aside the Bragg-reflections of the
thin film. This phenomenon could be observed particularly in the vicinity of
the substrate Bragg-reflections where Agupsirate 1S quite high and the inter-
ference term 2Re(A}ZilmA5ubstmte) becomes significant. The interference of
the substrate- and film-amplitudes allows in principle for the determination

of the relative scattering phase, e.g., Refs. [51,52].
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4.4 Grazing Incidence Diffraction (GID)

from thin films

In the previous section it has been shown how structural information about
a, can be obtained by analyzing specular Bragg-reflections. However, to gain
a comprehensive understanding about a thin film structure, lateral structure

information is as well needed in form of Bragg-reflections. This information

can be revealed by ‘Grazing Incidence Diffraction’, see Fig. 4.5.

Figure 4.5: Schematic of an GID setup. The small incident and exit angles, a;
and oy, respectively, (primarily) determine the momentum transfer g,. The

in-plane angle 6 determines the momentum transfer g.

In GID-experiments, small incident and exit angles, a; ¢, close to the

critical angle, o, are employed. This results in

1. a momentum transfer inside the sample, ', which has (almost) no
specular component, i.e., ¢, ~ 0 (¢, = 0 holds only for c; f < a.). Then,
the Bragg-reflections are related to an in-plane lattice parameter, ay, a,,
or a linear combination of ay and ay. At least two independent Bragg-
reflections in the plane in addition to the specular Bragg-reflections are

needed to derive a 3D description of the structure inside the thin-film
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which may significantly differ from that of the bulk phase of the film

material.

2. x-ray waves, exponentially damped inside the sample for angles a; <
a. (see also Eq. 4.13) with a penetration depth of A(w; r) (Eq. 4.14).
This allows for a very precise control of the depth from which the struc-
tural information is obtained, and therefore permits a depth resolved

structural analysis.

Detailed information about this technique and its applications are given, e.g.,
in Refs. [37,53,54].
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Chapter 5

Rutherford Backscattering
Spectrometry - RBS

Scattering of low-Z ions with an energy in the MeV range by atoms inside
the sample is employed in Rutherford backscattering spectrometry (RBS).
This allows for the determination of concentration profiles in thin film
samples. Recording an RBS-spectrum is done by detecting the number of
(back)scattered ions (under an angle 6, see Fig. 5.1) as a function of energy.
This usually requires an energy dispersive detector and a multi-channel an-
alyzer which distributes each recorded ion to the channel that covers the
appropriate energy interval.

To describe the main characteristics of RBS measurements, three basic
physical processes have to be considered. In the following three sections, these
processes will be described briefly to give a comprehensive overview about
this technique. For details the reader is referred to the books by Chu, Mayer,
and Nicolet [55], Feldman and Mayer [56] and Tesmer [57].
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5.1 The Kinematic Factor K

If a projectile with mass Mp and kinetic energy Ej hits a target-atom with

mass Mrp, there will be an energy transfer from the projectile to the target-

atom (see Fig. 5.1).

Target Projectile

M;

Figure 5.1: Schematic of the scattering between a projectile-atom with ve-
locity vq, energy Ey, and mass Mp and a target-atom with mass M. After
the collision, the projectile, scattered under the angle 6, has the velocity vy
and the energy Ey = Ky, Ey. The target-atom has the velocity v, and the
energy Es.

Using conservation of energy and momentum, the energy, E7, of the pro-
jectile after the collision can be calculated. For Mp < My the kinematic

factor, which is defined as the ratio between E; and FEj, is given by
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KMT = E_KMT(@7MP/MT)
_ V/1—[(Mp/Mz)sin O] + (Mp/Mr) cos © ’ (5.1)
1+ (Mp/Mr) ' '

K, decreases with decreasing ratio Mp /My and with increasing scatter-
ing angle ©. The variation of Kj;, with My determines the mass-resolution
of the method; the larger dK ., /dMy, the better is the mass-resolution.

Scattering of the projectile-ion by target-atoms located at the surface

results in the detected energy Ey., = £y = Ky, Ep.

5.2 The (Differential) Cross Section

So far, only the energy loss of the projectile as a result of a scattering event
has been considered. However, this does not provide information about the
scattering-probability for the event. The latter is given by the differential
scattering cross section, do /dS). Considering only scattering due to Coulomb

interaction between the two masses and assuming Mp < My, do/dS) reads

(52) = (Z22) are
[\/1 —[(Mp/Myp)sin OF + cos @] i
\/1 — [(Mp/Mr) sin ©]?

(5.2)

Here, Zp and Zr are the atomic numbers of the projectile- and of the
target-atoms, respectively, e is the elementary charge, and ¢, is the dielectric
constant. Eq. 5.2 contains the 1/sin® ©-dependence, typical for Rutherford-
scattering and was derived as early as 1911 by Rutherford [58].

The main characteristics of Eq. 5.2 are
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1. do/dQ o< Z%. This implies that the count rate increases strongly using

ions with higher atomic number as projectiles.

2. do/dQ) o< Z2. This implies that the count rate of high-Z elements is

much higher than that for low-Z elements.

3. do/d2 oc E72. The higher the projectile energy the lower is the count

rate.

4. do/dS) is essentially proportional' to 1/sin*©. This implies that for

smaller scattering angles the count rate increases dramatically.

As an example, the probability for the backscattering of a single
a—particle impinging on a silicon surface with an energy of 2 MeV under

a scattering angle of § = 172° is p = 3.3 x 10713

5.3 Energy Loss in Matter

Since the probability for (back)scattering by the target-atoms is small, the
projectile will penetrate the surface of the sample. Inside the sample, the ion
loses energy mostly due to electronic interaction with the electrons of the
target atoms. The electronic stopping power (i.e., energy loss dE per length
dx) was calculated in the 1930s by Bethe and Bloch and reads

dFE 7% Zret
__(E) — p27T6
dx dregvim,
2mv? v? v?

IThe differential cross-section is not infinite for © — 0 as suggested by Eq. 5.2. A
careful calculation of the cross-section has to take into account the electrical ‘shielding’ of
the atomic nucleus by the electron-cloud. Projectile-atoms, which do not hit the target-
nucleus in its center, ‘feel’ a Coulomb-charge smaller than Z. This results in a deviation

of the true differential cross-section from Eq. 5.2 for small ©.
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Here, Zp and Z7 are the atomic numbers of the projectile ion and of the
target atom, respectively, N denotes the atomic density of the target atoms,
m. is the mass of an electron, v and c are the velocity of the projectile ion
and the speed of light, respectively. I finally is the mean ionization potential

for electrons which can be estimated as I = 11.5 - Z (eV) [55].

5.3.1 The energy distribution in RBS spectra

Energy (keV)
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T T T T T T T T T
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Figure 5.2: Simulation of an ideal RBS-spectrum for a sample Au(250 A) /
Cr(500 A) / Si(bulk) probed by He'-ions with an energy of Ey = 1.3 MeV,
01 = 0, = 37.5° i.e., © = 75° and an energy-resolution of AE = 2.4 keV.
The Au-edge is indicated and corresponds to Eay eqge = Kry, Fo. The width
of the peaks corresponds to the thickness of the respective layer (indicated
for the Au-peak). The Cr-edge and the Si-edge are shifted to energies smaller

than Ky, Ey and Ky, Ey due to energy loss of the ions in the layers above.
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Combining the above three processes, the resulting RBS-spectrum can be

explained. Details about how a simulation of an RBS-spectrum is obtained

can be found in [59,60]. As an example, Fig. 5.2 displays an ideal RBS-
spectrum for a sample Au(250 A) / Cr(500 A) / Si(bulk) probed by He*-
ions with an energy of Fy = 1.3 MeV, 6; = 0y = 37.5°, i.e., © = 75° and
an energy-resolution of AF = 2.4 keV which has been simulated using the
standard RBS-analysis-software ‘RUMP 2.

X
+—>

E,

Figure 5.3: Schematic for the detected energy for an ion scattered at the

surface and an ion scattered in depth z. For explanations see text.

Consider a sample with only one sort of atoms with atomic number Zr

and mass M7 and projectile ions with atomic number Zp, mass Mp < Mr

2Usual RBS-analysis-programs such as ‘RUMP’ assume single scattering of the pro-
jectile only. If multiple scattering effects are to be included, time-consuming Monte-Carlo

simulations had to be applied.
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and incident energy FEj. Furthermore, let the incident angle be 6, and the exit
angle be 5, both with respect to the surface normal. The scattering angle 6
is then given as § = 180° — (6; + 62) (see Fig. 5.3).

In the RBS spectrum the number of scattering events with a specific
energy is recorded. The different energies can be related to a distinct depth

by the following considerations:

1. The highest recorded energy corresponds to scattering from the surface.
It will be Eeqge = Kngy - Eo. At Eeqge, an edge appears in the spectrum.

Its position is characteristic for the specific target element.

2. An ion that penetrates the sample loses energy on its way into the
sample with length I; = x/ cos6;. At a depth of z, the ion hits a target-
atom and is scattered. Under the assumption of a constant stopping
power dE /dx along its way into the sample, the ion has an energy just

before the scattering of

dE
E=Ey—l —| . 5.4
o= G| (5.4

Then the ion is scattered and the energy just after the scattering reads
Ky, E.

T

3. Now the ion has to travel back through the sample to the surface.
Again it loses energy along its way of length Iy = x/ cos 3. Under the
assumption of a constant stopping power dE/dx along l, the energy

at which the ion is detected after it finally has left the sample can be

calculated:
dE
By = Ky E—1, —
' M ’ dl‘ out
Ky, dE 1 dE
= Ky .Fy— r — — . 5.5
Mr =0 <cos€1 dz |, ~ cosby dx Out) v (59)
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Therefore, ions recorded with energies smaller than the ‘edge-energy’
Ky, Ey are associated with scattering events inside the sample. It is possible
to relate the energy-scale to a depth-scale. In combination with the know-
ledge of the (energy dependent) scattering cross section, concentration pro-
files of specific elements can be determined to study, e.g., diffusion-processes.
Furthermore, shifts of the element-specific edge-energy to lower energies are

a clear sign for a cover-layer above the inspected element.
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Chapter 6

Experimental Details

6.1 Sample Preparation

In the experiments, diindenoperylene (DIP) from Aldrich was used, purified
via gradient sublimation in the ‘Kristallabor’ of N. Karl at Stuttgart Univer-
sity. The purified material was evaporated at about 330°C with custom-made

Knudsen-cells in an OMICRON-MBE-system (Fig. 6.1) onto the substrates

under normal incidence.

6.1.1 The MBE system

For sample preparation and in situ surface analysis an OMICRON-MBE and
-analysis system was used (see Fig. 6.1). The system has three individually
pumped UHV-chambers connected to each other to allow for sample transfer
without breaking the vacuum.

A small load-lock chamber is used for sample transfer between the labo-
ratory and the OMBE-system without breaking the vacuum of the MBE-
and analysis-part of the system.

Up to four Knudsen-cells (see Sec. 6.1.2) can be mounted to the MBE-
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Figure 6.1: OMICRON MBE-system. Three separated UHV-chambers allow
for the growth of samples, analysis of the samples and for transfer of samples
from/to the laboratory via the load-lock chamber without breaking the vacu-
um of the system. The growth and analysis chambers are operated at a base

pressure of ~ 2 x 10719 mbar and ~ 2 x 10~ mbar, respectively.

chamber operated at a base pressure of ~ 2 x 107'% mbar. The samples
are attached to a manipulator allowing for translation and rotation of the
sample as well as for heating (up to 850°C) and cooling (down to —150°C).
The substrate on the manipulator is at a distance of about 40 cm from
the evaporation-cell aperture. During deposition at a vacuum of better than
2 x 1072 mbar the film-thickness and the deposition rate are monitored by a
quartz-microbalance (MDC).

After deposition the samples could be transferred to the analysis cham-
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ber (p ~ 2-107! mbar). A non-contact atomic force microscope (NC-AFM)
is employed to characterize the surface morphology immediately after depo-
sition (see Figs. 6.2 and 6.3 for a schematic of the NC-AFM measurement
and for a photograph of the OMICRON instrument). Note, however, that
for DIP-films the surface morphology does not change after exposure to air

(even after several months), as checked for several samples.

vibrating cantilever

h Interaction force

surface

Figure 6.2: Schematic of NC-AFM measurements.The cantilever’s resonance
frequency is a function of the interaction forces between sample-surface and
cantilever. These interaction forces are proportional to the distance between
cantilever and surface, h. Thus, the surface topography can be determined

by measuring small changes in the resonance frequency of the cantilever.

6.1.2 The evaporation cells

The materials used for the preparation of the thin films (i.e., DIP and gold)
were thermally evaporated by Knudsen-cells. Fig. 6.4 shows the simple design

of such a cell.

39



Figure 6.3: Side view of the OMICRON AFM

To evaporate the organic material DIP a custom-made Knudsen-cell was
used, designed by K. A. Ritley. The evaporation temperature is monitored by
a K-type thermocouple. Gold was evaporated from a water-cooled commercial
Knudsen-cell (CreaTec HTC-40-5-168-SH). The temperature is monitored by
a C-type thermocouple.

The cell-temperature was controlled by a Eurotherm (Eurotherm 2408)

temperature controller with a relative precision of AT < 1°C.
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Figure 6.4: Photo of a custom-made evaporation cell used for the evaporation
of DIP. For operation in the OMBE the cell is equipped with two tantalum
heat-shields and a shutter.

6.1.3 Substrates

The samples were prepared on two different types of substrates with dimen-

sions of ~ 10 x 10 mm?:

1. Thermally grown silicon-oxide on Si(100). The silicon wafers had (100)-
orientation with a miscut of 0.5° and were covered with a thermally
grown SiO,-layer of 4000 A in thickness. The substrates were cleaned
in acetone and dried in a stream of nitrogen. Prior to deposition of the
organic material the substrates were heated in UHV above 750°C for a

minimum of 12 hours.

2. Sapphire (A-plane). To investigate whether an epitaxial relationship of
the DIP-molecules with a substrate can be found, some samples were

prepared on A-plane sapphire ((1120)-orientation). The substrates were
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cleaned in acetone, dried in a stream of nitrogen and heated under
UHV-conditions to over 750°C for a minimum of 12 hours prior to film

deposition.

Details of the film-deposition parameters (DIP and gold deposition) are
given in Tables C.1 and 9.1, respectively.

6.2 X-Rays

Most of the x-ray measurements have been carried out at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France, and at the Hamburg
Synchrotron Laboratory (HASYLAB) in Hamburg, Germany.

The ESRF is a state-of-the-art 3rd generation synchrotron with the elec-
tron storage ring being operated at 6 GeV. After injection the typical electron
current is 200 mA with a lifetime of about 55 h. The experiments have been
performed at the high-brilliance multi-purpose Troika beamline (undulator).

The Synchrotron HASYLAB is a 2nd generation 4.4 GeV electron storage
ring which operates at a typical electron current of 100 mA. The experiments
at HASYLAB have been carried out at the wiggler beamline W1.

Table 6.1 summarizes the main parameters of the employed synchrotron
beamlines. The longitudinal coherence length is calculated using the relation
long = % -AE/E. The transverse coherence length given in Table 6.1, &;.qns,
is a lower limit. It was calculated using the FWHM, A©, of the rocking-curve
of the (111)-reflection of a silicon-wafer at sample position (i.e., behind the
complete beamline optics). This procedure provides an upper limit for the

beam divergence of the respective beamline at sample position'. &;qns is then

IThis assumption holds true due to the very high monochromaticity of the radiation.
Then, the upper limit for the divergence of the beam is given by the width of the rocking
curve on a Bragg-reflection of a (nearly) perfect crystal like a silicon-wafer. If the rocking

width was limited by the perfection of the crystal, i.e., by its Lorentz-width, then the
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parameter Trotka II W1

A (A) 1.563(2)  1.390(2)
AE/E 6x1075 22x107*
slit settings (detector)
vertical ‘=" (mm) 0.2 0.4
horizontal ‘||’ (mm) 4 4
rocking width of Si(111)-reflection
AO (deg) 0.003 0.007
coherence length of the beam:
Elong (A) ~ 13000  ~ 3200
Etrans (A) > 14900 > 5700

Table 6.1: Beamline-characteristics for Troika II (ESRF) and W1 (HASY-
LAB). The values A\, A20, and A® were measured during the alignment at
the Si(111)-reflection. Values AE/E are from beamline-information home-
pages. &irans and &iong are given for the beam impinging perpendicular onto
the sample. &;.4ns may be much larger at small incident angles due to pro-

jection effects (see also text).

calculated by the relation & qns &~ A/2A0 [46]. Note that the transverse co-
herence length in a specific experimental situation is the projection of &;.4ns to
the sample. For specular rod measurements it is given by émms = &irans/ Sinq;
and can exceed 50 pym for small angles.

Some additional experiments have been carried out at in-house sources
(GID-measurements, sample pre-characterization).

The main features of the x-ray sources are described below. Extensive
information about the Synchrotron sources ESRF and HASYLAB as well as

divergence would be even smaller.
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the beamlines can be found on the respective webpages?.

6.2.1 In-house sources

Several in-house x-ray sources were used to characterize the samples. Reflec-
tivity and in-plane measurements were carried out with the sources listed

below

1. Mo-K,, radiation (monochromatized by a HOPG-monochromator, A =
0.71 A) at a HUBER 6-circle diffractometer. The x-rays were produced
by a Rigaku 18 kW rotating anode x-ray generator.

2. Co-K, radiation (monochromatized by a HOPG-monochromator, A =
1.7921 A) at a small HUBER 4-circle diffractometer with an Eulerian

cradle. The x-rays were produced by a sealed tube anode.

6.2.2 Synchrotron sources
Troika IT beamline (ID10B) at ESRF in Grenoble

The beamline ID10B at the ESRF in Grenoble is a high-brilliance multi-
purpose beamline. The diffractometer is optimized for scattering from sur-
faces and interfaces using grazing-incidence diffraction and reflectivity in both
horizontal and vertical scattering geometry. The experiments were carried out
at a wavelength A\ = 1.5632 A in vertical scattering geometry (i.e., with the
sample mounted horizontally) so that the polarization factor could be neg-
lected in the evaluation of the data. The specular rod and diffuse scattering
on DIP-films of various thickness have been measured at this beamline.

Fig. 6.5 shows a schematic of the Troika II beamline setup. The
white beam is monochromatized by a double-crystal monochromator (dia-

mond(111)) which gives an intrinsic energy resolution of AE/E =6 x 107°.

2http:/ /www.esrf.fr and http://www-hasylab.desy.de
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Figure 6.5: Schematic of the Troika II beamline setup at the ESRF

A pair of mirrors can be used to suppress higher harmonics. The beam size
at sample position exhibits a cross-section of < 1 x 0.5 mm? (HxV). The
photon flux at the sample is 10" photons/s at 100 mA and a beam energy
of 8 keV.

A small cell with 360° Kapton-window and a constant stream of helium
served as sample environment to suppress air-scattering during the measure-
ments. Without sample, the measured background (i.e. ‘air-scattering’) in

this setup was negligible.

W1 beamline at HASYLAB in Hamburg

The beamline W1 at HASYLAB is a multi-purpose beamline. The diffracto-
meter is optimized for scattering from surfaces and interfaces using grazing-
incidence diffraction and reflectivity in both horizontal and vertical scattering
geometry. The experiments were carried out at a wavelength A\ = 1.3920 A
in vertical scattering geometry (i.e., with the sample mounted horizontally)
so that the polarization factor could be neglected in the evaluation of the
data. At this beamline, temperature dependent reflectivity and Bragg scat-

tering experiments on the heterostructure samples (gold on DIP) were carried
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out in several runs. In addition, the thermal expansion coefficient of DIP in

uncapped DIP-films was determined at beamline W1.

Wiggler Primary Optional Entrance
Slits gold coated slits

— mirrer
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_ I N L...... Experimental
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Pair of
Si(111)
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1 ] ] |
I T T T >
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Figure 6.6: Schematic of the W1 beamline setup at HASYLAB

Fig. 6.6 shows a schematic of the W1 beamline setup. The white beam is
monochromatized by a double-crystal monochromator (Si(111)) which gives
an intrinsic energy resolution of AE/E = 2.2 x 10~*. The monochromatic
beam may enter the experimental hutch directly (dotted line in Fig. 6.6)
or can be reflected upwards to be focused by a gold coated toroidal mirror
(straight line in Fig. 6.6). Higher harmonics are suppressed by this mirror
and /or by proper adjustment of the energy window of an energy discriminator
after the NaJ-scintillation detector. The beam size was set to a cross-section
of 40 x 1 mm? (HxV) in front of the mirror by the primary slits and to
4 x 0.2 mm? (HxV) at sample position by the entrance slits. The flux at the
sample is approximately 10° photons s™! mm™2.

For the temperature dependent measurements the samples were mounted
horizontally in a small vacuum chamber (p ~ 1 x 10~% mbar) with a Kapton-
window. The sample station (Ta-plate, 0.5 mm thick) could be heated up to
T = 300°C with the temperature being measured by a C-type thermocouple
mounted close to the sample. The precision of the absolute temperature-

measurement was approximately 3 K, the precision of relative temperature
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measurements was better than 0.3 K.

6.3 Cross-Sectional Transmission Electron

Microscopy (TEM)

In order to investigate the interfacial morphology of gold-DIP heterostruc-
tures, cross-sectional TEM measurements were employed. Electron mi-
croscopy is based on the wave-character of electrons with wavelength in the
A-range. Thus it is possible to obtain high-resolution images of solid samples.
The electrons are accelerated by a high voltage to a given energy (i.e., a
given wavelength). The latter determines the resolution. A comprehensive
introduction to this field can be found in Refs. [61-63].

Sample preparation is crucial for good TEM-images since the probed spot
in transmission geometry must not exceed a thickness of ~ 100 nm. Other-
wise the electron beam is completely absorbed by the sample. In particular,
preparation of samples with organic thin films is difficult. Careful attention
and experience are needed to prepare suitable TEM-samples. High temper-
atures (< 100°C) must be avoided and the use of organic solvents as well as
the amount of mechanical treatment (e.g., by sawing, by grinding, etc.) of
the sample have to be minimized.

The main steps of sample preparation as well as the microscopes used to

investigate the samples are described below.

6.3.1 Sample preparation

All samples investigated by cross-sectional TEM were prepared in the follow-

ing way:

1. A small slice of the sample is cleaved into two pieces.
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. The two pieces are glued together and the glue (Gatan G1) is stabilized
in an oven at T = 70°C for 2 hours resulting in a sandwich consisting
of the layers Si/SiO2/DIP/Au/glue/Au/DIP/SiOy/Si.

. The sandwich is fixed in a copper tube with 3 mm diameter (see Fig.
6.7)

. The copper tube is sliced with a diamond wire saw into thin slices of
about 500 pym thickness.

. The thin slices are grinded and polished on both sides to a final thick-

ness of ~ 80 pum

. The sample is dimple-grinded to a thickness of ~ 20 ym (see Fig. 6.7

for an example)

. In an ion-mill the sample is thinned until the thickness of the Au/DIP-
layer is in the range of 10...100 nm and then is transparent for elec-

trons

While the above preparation route is essentially standard for inorganic

systems, its application to organic systems requires special care.

In step 2, it is particularly important to use an epoxy-glue which stabilizes

at comparatively low temperatures (T < 100°C) in a short time in order to

minimize the time the organic film is exposed to elevated temperatures.

Grinding and polishing the thin slice in step 5 implies fixing the sample

onto a sample holder with a thin layer of wax (for each side once). After the

polishing procedure, the wax has to be removed with acetone. In this step

one has to take care that (a) the sample is fixed quickly onto the sample
holder which is kept at 7" &~ 130°C in order to melt the wax and (b) the

amount of acetone used to remove the wax is minimized since acetone may

dissolve the organic film.
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Figure 6.7: 3D-profile of a prepared TEM-sample just before insertion into the
ion-mill. The glue-line (indicated as white line) is the center of the sandwich-
structure and contains the parts SiO,/DIP/Au/glue/Au/DIP /SiOs.

Finally it is preferable to cool the sample during the ion-milling process
(step 7), again, to minimize thermal exposure of the organic film. For our
samples, the samples were cooled by liquid nitrogen.

Note, that also the choice of the substrate has to be considered carefully.
Extremely hard substrates (e.g., sapphire) require a long grinding-process
until their thickness is reduced sufficiently. Since the duration of the me-
chanical treatment also should be kept to a minimum, less hard substrates

such as silicon are preferable.
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With the above described procedure, cross-sectional TEM samples of sev-
eral different Au/DIP-structures have been successfully been prepared. Usu-
ally, several TEM-samples are prepared of a single Au/DIP-sample since only

30-50%" of them give reasonable images.

6.3.2 Instruments

The samples were measured with a CM200 microscope (Philips) operated at
200 keV and with a JEM 4000 FX microscope (JEOL) operated at 400 keV,
respectively. Both instruments were equipped with a LaBg-cathode which
produced the electrons. The point-resolution was 2.7 A (CM200) and 2.0 A
(JEM 4000 FX), respectively. The samples exhibited a stability against the
electron beam of 1...2 minutes, sufficient for taking representative pho-
tographs of the interface (the exposure time for photographs was 1...3 sec-
onds). Note, that the stability of the samples was larger by a factor of &~ 2.5 in
the JEM 4000 FX microscope compared to the CM200. The stability may be
increased in further experiments by cooling the sample to LNs-temperature

during the measurements.

6.4 RBS

6.4.1 The Stuttgart Pelletron

The RBS measurements were performed at the Stuttgart Pelletron, which is
described elsewhere in detail [64,65]. In brief, He*-ions of 1.3 MeV were used
and the scattering angles were 6, = 6, = 37.5°, therefore the scattering angle
0 was 0 = 75° (see Fig. 5.3 for the definition of the angles). To provide a
good depth resolution the high-resolution spectrometer was used as detector
[66]. An energy resolution of 2.4 keV was obtained corresponding to a depth
resolution of ~ 10 A in the gold layer.
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Figure 6.8: Photograph of the RBS sample-holder

A special sample holder was constructed for the RBS measurements (see
Fig. 6.8). Up to 4 samples can be accommodated in a vertical arrangement
on a Cu-plate (1 mm thick), which guarantees good thermal conductivity.
This arrangement gives access to the different samples moving them only
in z—direction. The individual samples could exhibit a maximum size of
10 x 10 mm? and are mounted on the copper plate by molybdenum-stripes
(= 14 x 2 mm?) or by a thin foil of gold (for calibration purposes). To
facilitate a fast cooling of the sample holder after annealing, the Cu-plate

was connected to a cooling-finger (—20°C) via a broad Cu-braid.
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6.4.2 In situ sample preparation

Prior to the RBS-experiment the gold layer was deposited on top of the DIP-
film in situ. The base pressure of the system was better than 2 x 10~® mbar.
Gold was evaporated from a tiny droplet of gold situated in a tungsten fila-
ment at room temperature with a rate of 1 A /min. Measurements were per-
formed immediately after preparation and after annealing. After each tem-
perature treatment (1 hour at a given temperature) the sample was cooled
down to room temperature and measured again. To exclude the influence of
ion-induced damages, the data were compared to measurements at previously

unprobed spots from time to time.
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Chapter 7

Structure of DIP-Thin-Films

7.1 First AFM-, Cross-Sectional TEM-,
High-Resolution X-Ray, and Spectro-

scopic Ellipsometry Investigations

Deposited under suitable conditions (T, =~ 150°C, R ~ 12 A/min) on
thermally oxidized (4000 A) silicon wafers with (100)-orientation or on A-
plane sapphire (Al;03(1120))*, DIP thin films show excellent crystalline order
in the direction perpendicular to the substrate surface as demonstrated by
cross-sectional TEM (Fig. 7.1) and by specular x-ray scattering (Fig. 7.2) [67].

The latter show DIP Bragg-reflections up to the 7th...9th order, giving
a lattice constant for the DIP-monolayers of dp;p ~ 16.5 A, which suggests
essentially upright standing molecules. Furthermore, comparing the Kiessig-
fringes with the Laue-oscillations around the DIP(001) Bragg-reflection (inset
of Fig. 7.2), the same periodicity is obtained for both oscillations, i.e., the

investigated DIP-films are coherently ordered across their entire thickness.

'Details on the sample denotation and on the thickness of individual DIP-films can be
found in Table C.1.
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Figure 7.1: Cross- sectional TEM-image of a DIP thin film (Dp;p = 390 A)
deposited on a thermally oxidized (4000 A) Si(100) substrate. Each pair of
black and white stripes is related to one monolayer of the essentially upright-
standing DIP-molecules with dp;p = 16.5 A. The image was taken using a
JEOL FX 4000 electron-microscope at 400 keV. Notice that in this sample
(sample A1, Table 9.1) the DIP-film has been overgrown with a Au cap
(as a potential electrical contact, see also Chapter 9). The dark features in
the DIP-layer at this interface are due to interdiffused gold-clusters in the
DIP-layer.

In addition, the almost undamped Laue-oscillations around the DIP(001)
Bragg-reflection (Fig. 7.3) demonstrate that the thickness of the DIP-grains
in the film is very homogeneous.

Remarkably, individual DIP-monolayers are visible in the TEM-image as
pairs of black and white stripes (Fig. 7.1) with the reported lattice constant.
This is a consequence of the high structural order with mosaicities as small as
0.0087° £ 0.0003° (inset of Fig. 7.3), which is an extraordinarily small value
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Figure 7.2: Specular x-ray intensity of a typical DIP thin film. Out-of plane
Bragg-reflections up to the 7th order are seen. The inset shows a magnifica-
tion from total external reflection up to the first DIP Bragg-reflection, which

shows Dprp = De,p, (sample ‘0206’).

for organic thin films.

In Fig. 7.4 the surface topology of a DIP-film is displayed as probed by
NC-AFM. The image shows a closed DIP-film with large planar terraces
extended to several 100 nm which are separated from each other by mono-
molecular steps of &~ 16.5 A. These steps are particularly well seen at the
left-hand side of the profile-line, which follows the black solid line in Fig. 7.4.
The surface roughness of this film is ¢ = 28 &3 A which corresponds to less
than two MLs of DIP.

Spectroscopic ellipsometry measurements were carried out on DIP thin-
films to determine the optical band-gap of this organic semiconductor (Fig.

7.5)2. Since a detailed analysis of the ellipsometric spetra is beyond the scope

2In cooperation with M. I. Alonso and M. Garriga, Institut de Ciencia de Materials de
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Figure 7.3: Radial scan over the DIP(001) reflection which show pronounced
Laue-oscillations. The inset is a rocking scan over the DIP(001) reflection
with a FWHM of only 0.0087° £ 0.0003° (sample ‘0206’).

of this thesis, only the most relevant parameters of the respective measure-
ments are outlined briefly (for details see Refs. [68,69]).

In a rotating polarizer (or analyzer) ellipsometer, the relevant measured
quantities are tan ¥ and cos A, where the ellipsometric magnitudes ¥ and A
describe the ratio between the reflected x, , and incident y;, light polarization
states

Xi _ fan Te'd (7.1)

Xr
This ratio is determined as a function of energy at a fixed incident and exit

angle ¢ with respect to the surface normal (for the measurements presented
in this thesis, ¢ = 60°).

It is now possible to determine, inter alia

Barcelona, CSIC, 08193 Bellaterra, Spain.
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Figure 7.4: AFM-image of a thin DIP-film (Dprp = 396 A, sample ‘0396’).
Large terraces extended to several 100 nm are seen with monomolecular steps
of = 16.5 A.

1. the optical band-gap E, ... using the parameter tan U: the first increase
of tan ¥ (indicated by the arrow in Fig. 7.5) indicates the necessary

absorption energy, which corresponds to the optical gap.

2. optical anisotropies which are related to structural anisotropies: sig-
nificant differences in the spectra taken from the sample in a certain
azimuthal orientation (‘0°’) and the spectra from the sample rotated
by 90° around its surface normal (‘90°’) are evidence for a structural

anisotropy in the film parallel to the surface (e.g., a preferential orien-
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Figure 7.5: Spectroscopic ellipsometry on a DIP-film grown on A-plane sap-
phire (sample ‘IPsap3’). The optical bandgap of E, . = (2.2 £0.1) eV is
seen as well as the optical anisotropy under an azimuthal rotation of the
sample of 90°. The incidence angle was ¢ = 60° and [ is given with respect

to the (in-plane) sapphire c-axis (measurements carried out by I. Alonso).
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tation).
3. geometric information about the sample (e.g., film thickness)

The ellipsometric measurements give an optical band-gap® for DIP thin
films of 2.2 £ 0.1 eV.

Furthermore, Fig. 7.5 shows a pronounced anisotropy in the ellipsometric
parameters for the DIP-film deposited on A-plane sapphire (sample ‘IPsap3’).
This suggests a preferential orientation of the DIP-molecules in the film pa-
rallel to the surface, which is presumably induced by the crystalline orien-
tation of the sapphire-substrate and which rules out polycrystalline order in
the film.

7.2 Quantitative Analysis of Specular X-Ray

Measurements

In this section the out-of-plane structure of the highly crystalline DIP films
is investigated in detail as a function of thickness by quantitatively analyz-
ing high resolution x-ray data. The preparation conditions of the investi-
gated samples with a range of thickness of 69A < D < 1100 A (denoted
‘069’...‘01100’) are found in Table C.1.

After preparation, the samples were characterized in detail by NC-AFM
measurements as well as by specular and diffuse x-ray measurements at beam-
line ID10B (Troika II) at the ESRF in Grenoble in France. Analysis of the
x-ray reflectivity employing the Parratt-algorithm provides the mean electron
density p%;p of the films as well as their thickness and their rms-roughness.

A detailed analysis of the intramolecular electron density distribution along

3Note, that the optical band-gap, Ey opt., may differ from the electronic band-gap, E, .
by up to 0.5 eV due to the contribution of the exciton-binding energy, which cannot be

neglected in organic semiconductors [70].
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the z-axis of the DIP molecules in the films is carried out using the Master

formula to fit the complete specular rod data of the various films.

7.2.1 X-ray reflectivity

First, the (small angle) x-ray reflectivity of the individual samples was mea-
sured in a specular scan (g, = g, = 0); the diffuse intensity was obtained em-
ploying a so-called ‘offset scan’. For the latter, at a given value of 20 = o;+ay
the incident angle «; was slightly offset with respect to the specular condition

as a; = 20/2 + Aw,pp with Aw,sr = 0.03°.

Intensity
=
o

0.00 0.05 0.10 0.15 0.20
-1
q, (A

Figure 7.6: Reflectivity data and fits according to the Parratt-algorithm, (a)
069, (b) 0126, (c) 0206, (d) 0385, (e) 0396, (f) 0670, (g) 0970, (h) 01100

The offset data were subtracted from the specular scan data to yield the
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‘true’ specular intensity. Fig. 7.6 displays the data and fits to the data as
obtained by the Parratt-algorithm; the fitting parameters are listed in Table
7.1. Due to the oscillating electron density in the DIP film the simple box-
model which assumes a constant electron density p%,, along the complete
DIP-film failed to fit the data already at comparatively small momentum
transfers ¢, ~ 0.20 A~'. This is seen in particular at the right hand side of the
curves (a), (c), (e), and (h) in Fig. 7.6. Here, the intensity of the first out-of-
plane DIP Bragg reflection (located at g, ~ 0.38 A=) which is not taken into
account by the simple box-model already cannot be neglected. Nevertheless,
the fitting parameters Dp;p, oprp, p%;p, and Bprp are significant. Whereas
Dprp and oprp are determined with high accuracy by the distance between
individual Kiessig fringes and their damping, the values of p% ;5 and 8p;p can
be determined by careful fitting of the total-reflectivity edge. Slight deviations
between fit and data close to the edge of total reflection (as visible in the
curves (a) and (b) of Fig. 7.6) are additional evidence that the coarse box-
model is insufficient at this level and that a certain gradient in the electron-

density most likely is apparent.

7.2.2 Complete specular rod

The high quality of the x-ray data of the DIP films is a consequence of their
high structural order. The data contain much more information about the
electron density normal to the surface than simply the thickness, the rms-
roughness and the mean electron density if also the part ¢, > 0.20 A~' is
considered. In principle, the DIP-Bragg reflections, their Laue-oscillations
and the interference between substrate and film (leading to asymmetries
in the Laue-oscillations) for the samples under inspection provide detailed
information about the electron-density profile along the surface normal up

to a vertical resolution given by 27/q, mae. To overcome the restrictions of a
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sample Dprp (A) oprp (A)  p%,p (el/A3)
‘069’ 69.0x1 7605 0.327=£0.02
‘0126  126.2+1 13.0+1 0.344 £0.015
‘0206 206.3+2 15.0+1.5 0.367 £0.015
‘0385  384.7+2 23.0£3 0.384£0.01
‘0396  396.5+2 28.0+£3 0.39 £0.01
‘0670’ 670 =4 53 £5 0.402 £0.01
‘0970’ 970 £8 65+ 5 0.39 £0.01
‘01100 1100 £ 10 62+5 0.39 £0.01

Table 7.1: Parameters Dprp, oprp, and p%;p as obtained by the Parratt-
algorithm. For the remaining parameters the following values were obtained:
Bprp = 1.0 x 1078 el/A3, 0g; = 1.7+ 0.3 A, pg; = 0.689 el/A3, and fg; =
2 % 1077 el /A3,

coarse box-model as discussed above, the semi-kinematic formalism (Master
formula) is used in what follows to make use of the information provided by
the complete specular rod. Starting from Eq. 7.5 the formalism to analyze

the data was developed in the present thesis.

Linearity of F(gq,) in the Master formula

Due to the linearity of the integral in Eq. 4.21 it is possible to separate the
individual contributions of the complete electron profile as follows (see Fig.
7.7):

F(‘]z) = TA(‘]z) + TB(‘]z)eiQZdO + TC(Qz)eiqdea (7'2)
in which

1. r4(q.) is determined by the electron-density contrast between the sili-

con substrate and the DIP film,
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Figure 7.7: Splitting of F(q.) into 74(q.), 75(q.), and rc(q.)

TA(qz) = ASubeiég“%“b a2 (73)

with Ag,, being the electron-density contrast between silicon and the
electron density of the DIP film at the interface. The roughness of the

substrate og,, enters r4(g,) via the exponential expression in Eq. 7.3

. rg(g.) is the contribution of the oscillatory electron density of the DIP
film.

. ro(qz) is associated with the electron density contrast between the sur-

face of the last DIP layer and medium 1 (p;) above the DIP-film (here:

vacuum).
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The phase factor €% accounts for the distance between substrate surface
and the first DIP-monolayer, dy, which in general is not the same as dp;p
(see Fig. 7.8).

I — o,
La,

Figure 7.8: Schematic for dy

The parameterization of the DIP layer and therefore the expressions for

r5(q.) and ro(g,) are discussed in the following.

Parameterization of the electron density of the DIP-film along the

Z-axis

The parameterization of the DIP electron density, pe;, prp(2), is facilitated by
the fact that each Bragg reflection corresponds to one Fourier-component in
the electron density profile of the film. Therefore, pe, prp(z) can be written
as a series of cosine-terms with amplitudes A; that represent the intensities

of the Bragg reflections and phases ¢; (see Eq. 7.4):

M
27
pprp(z) = po + E Ajcos(j P z+ ¢;) (7.4)
=1 DIP

with M as the number of Bragg peaks, dp;p as the lattice constant of the
DIP-film along the z-axis, f; as the Fourier-amplitude of the j-th Fourier-

component and ¢; as the phase of the j-th Fourier-component.
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In this form (general case) the determination of the phases ¢; poses some
difficulties. However, DIP is a molecule which shows mirror-plane symmetry
and as a consequence, the projection of its electron-density to the z-axis also
displays mirror-plane symmetry with respect to z = dpyp/2. This has two

important implications:

1. the Fourier-phases ¢; reduce to nm (only then the sum of all cosine-

terms is symmetric in the general case!);

2. the electron density is actually described by the cosine-terms of Eq.
7.4 using the Fourier-series composition (the cosine is symmetric in

contrast to sine!)

The first constraint reduces the ‘phase problem’ of Eq. 7.4 to a much

easier ‘sign problem’:

M
pprp(2) = po+ 3 vy A cos(j——2) (7.5)

=0
with v; either ‘+’ (equivalent to a phase ¢; of n - 2m) or -’ (equivalent to a
phase ¢; of (2n —1) - ).
Now the terms Ag,p of r4 (Eq. 7.3), rg(q.) and r¢(g,) can be specified:

1. Agubl
M
Agub = psubstrate — (PO,DIP +) UjAj) (7.6)
j=1
(given that at the interface the individual cosine-terms are either +1
or -1).
2. rp:
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r5(¢:) = f(¢.) s(q.) (7.7)

with f(g,) as the ‘reflectivity form factor’ of a DIP monolayer, contain-

ing the oscillatory electron density, defined in Eq. 7.5:

dprp/2
op(z) .
flg:) = / —gi ) e'%*dz, (7.8)
—dprp/2

and s(g,) as the structure factor of the DIP-molecule stack consisting

of N DIP-monolayers:

N-1

s(g:) = ) elta=dorr) (7.9)

=
where dp;p is the lattice constant of one DIP-monolayer derived from

the positions of the Bragg-refections.

Inserting pprp(z) (Eq. 7.5) into the expression for f(g.) (Eq. 7.8) and

evaluating the integral leads to the analytical expression:

M 5.2 2 . d
i8m25% sin (g, B2 ) .
flg) =) v4;- : 2 /. cos(my) (7.10)
; T Am?p? - ¢2dpp
. e
TC(qz) = Asurfeiq'ZNdDHD (711)

with

M
Agyry = (PO,DIP +) UjAj> — P (7.12)

j=1
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At this point the individual contributions 74(q.), r5(g.) and r¢(q.) (Eq.
7.3, 7.7, 7.11) are added so that the term F'(q,) of Eq. 4.21 is now written

as:

F(q.) = Agup-e 2%5uw® (7.13)

+ f(Qz) S(Qz) ) ei(hdo
+ Aswf . eiqz(NdDIPero)

Roughness at the top of the DIP-film

Until now, a flat DIP-film of N DIP-monolayers has been considered that
does not show any roughness. To account for the roughness of the DIP-film
in the model, a continuous decay of the DIP-coverage (0 < ©; < 1 for the i-th
monolayer) along the z-axis is assumed. This decay follows an error-function
for ¢« > N with N denoting the number of monolayers with coverage © = 1.

The error-function is defined as:

erf(z) = % / exp(—t2)dt (7.14)

For the transition between two ‘box-like’ media with constant electron
densities p; and ps and an error function like interfacial density, the derivative
dp/dz in F(q,) transforms the error function to a Gaussian, yielding F'(q,) =
Ayg- e~29° ¢ In the system under consideration this is true for the term r 4,
associated with the transition from the silicon substrate to the DIP-film.

However, for the DIP-film (and presumably for most films of well-ordered,
upright standing organic molecules) this ansatz is too simple. The roughness
of a DIP layer of some hundred Angstroms is in the order of 2...5 mono-
layers of DIP. Due to the (pronounced) oscillatory electron density along

one monolayer it is necessary to convolute the error-function profile for the

67



DIP-coverage with the oscillatory form factor f(q.) of the DIP to obtain the
correct electron density profile for the transition between the DIP-film and
the medium above it (for illustration, see the oscillatory decay of the DIP
electron density towards vacuum at the right hand side of Fig. 7.10).

To account for this convolution in the model, the contribution r¢ (Eq.
7.11) is replaced by

5o0prp

Opc(2) 0it:% 4y | eia=Ndprp (7.15)

/ JR—
o= 0z

0
with

po(e) =it (22 ) poela) (7.16)

V203
where z, = 2.5 X oprp and the integral in Eq. (7.15) runs from 0 to 5 X oprp.
These integrating boundary-conditions have been chosen such that 98% of
the area of the probability density, represented by a Gaussian associated with
the error-function, lies in the above mentioned range (z, + 2.5 - ).

At this point, the film thickness Dp;p of the DIP-film is given in this
model simply by

DD]p :NdDIP+2-5'UDIP (717)

and the effective (mean) number of DIP-layers of the DIP-film, N, associated

with Dp;p is calculated as

2.5- OpIP

N=N + (7.18)

dprp
Dissipative part of the index of refraction,

(3 has two implications for the intensity, (a) it leads to absorption and (b) it

contributes to the index of refraction.
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In the model presented here, absorption of x-rays in the organic film
has not been taken into account. Even for small incident angles it does not
play a significant (noticeable) role in the present case due to the small value
of Bprp ~ 1 x 107® and to the small film-thickness of (100 A < Dpip <
1100 A) which is examined in this study. Absorption in the substrate does
not contribute to the scattering intensity.

On the other hand, the contribution of § to the index of refraction is
taken into account (n and k;, are complex numbers) for the calculation of
the Fresnel-reflectivity, Rp, of the substrate which is multiplied to |F'(¢,)|? in
Eq. 4.21. For the organic film, the ratio between 3 and ¢ is factor 10 smaller

than for silicon, therefore Sp;p is not considered in the model.

The integrand F(q,)

Summing up the results of the previous subsection we arrive at the final form
of the integrand of Eq. 4.21:

F(q,) = ra+rp+rg

= ASub . eiéagub qz (719)
+ fla:) s(qs) - €
50prp
I dpc(2) cit=2 s | . git=(Ndpip-+do)
0z

0

7.2.3 Results of the model

The specular rod data of five samples with different thicknesses were fitted
by the proposed model. For each data-set four or more DIP Bragg reflections
were measured. To fit the data we fixed the parameters p%;p to the individual

value we found by the Parratt-algorithm and pg;. The values oprp and og; of
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the Parratt-algorithm were used as starting parameters in the Master formula
fit. To obtain a starting value for the number of monolayers, IV, the thickness

of the DIP-film, Dp;p, was employed (which has previously been obtained

by the Parratt-algorithm).

parameter ‘0126’ ‘0206’ ‘0396’ ‘0670’ ‘01100’
N 5 10 20 32 56
dprp (A) 16.65+£0.05 16.62+0.03 16.587+£0.03 16.559 £0.02  16.563 4 0.02
osi (A) (£0.2 A) 2.1 1.9 1.6 1.7 1.8
oprp (A) 13+1 1341 24 +2 53 +3 62+3
do (A) 0.840.2 0.4+0.2 0.7+0.2 0.4+0.2 0.240.2
A7 (£0.005) +0.21 +0.285 +0.305 +0.298 +0.31
Aj (40.002) +0.032 +0.045 +0.069 +0.061 +0.0395
A3 (40.0002) +0.0045 +0.0063 -0.0109 -0.009 -0.0021
A4 (£0.0002) +0.009 +0.0155 +0.0305 +0.0212 +0.0051
A5 (£0.0002) - (+)0.0071 (-)0.0146 (-)0.0104 -
Ag (£0.0002) - (+)0.0043 (+)0.0063 (+)0.0063 -
A7 (£0.0001) - (+)0.0041 (+)0.0055 (+)0.0056 -
Ag (40.0001) - - - (+)0.0016 -
Ag (£0.0001) - - - (+)0.0017 -
N 6.954+0.15 11.954+0.15  23.62+0.3 40.00 + 45 65.36 + 0.45
Dprp (A) 115.84+2.5  198.742.5 391.7+5 662.4 + 7.5 1082.5 + 7.5
P p (el/A%) 0.344 0.367 0.390 0.402 0.390
pPReE (el/A%) 0.431 0.502 0.542 0.553 0.527
PR, (el/A%) 0.284 0.280 0.283 0.300 0.287
PLTE/PDIP 1.52 1.79 1.91 1.85 1.84

Table 7.2: Parameters used in the fits with the Master formula. The param-

eters A; are ‘effective parameters’ and defined as A; = v;A;/p%;p.

The position of the Bragg reflections fixed the value of dp;p with high ac-
curacy and the intensity of these reflections yielded the values A;. The decay
of the intensity is determined primarily by the roughness of the substrate og;.
The parameter pair Dprp (related to N via Eq. 7.17) and oprp determines
the oscillation period (Dprp) of the Kiessig-fringes and Laue-oscillations as
well as the damping (oprp) of these oscillations.

Therefore, the only ‘free’ fitting parameters were the distance dgy, and the

70



signs v; which could be determined up to the 4th or 5th Bragg reflection
due to the interference effect with the wave reflected from the substrate.
For higher order Bragg reflections (with a very small contribution to the
oscillation amplitude of the electron density) v; was set to ‘“+’ (vj>5 = +).
The results of the fits for the five samples are listed in Table 7.2. The
parameters A_J are ‘effective parameters’ and they are defined as A_J =
v;A;/p%p. Fig. 7.9 and Fig. 7.10 show the specular-rod data together with
the fit for sample ‘0396’ and the electron-density profile, pe(z) which was
used for the fit, respectively. In Fig. 7.11 the data and fits for the other 4

samples are displayed.
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Figure 7.9: Fit (red) to the specular rod of ‘0396’ (black) using the Master

formula (the first 5 Bragg reflections are seen).
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using the Master formula (from top to bottom).
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7.2.4 Discussion

The analysis of the data for samples with a film thickness between ~70 A and
~1100 A allowed for the determination of several parameters as a function
of thickness. The behavior of the parameters dp;p, pprp(z), and dy will be
discussed below. The behavior of op;p as a function of film thickness provides

information on the growth process. This will be discussed in Chapter 8.

Lattice constant for DIP, dp;p, as function of film thickness, Dp;p

As was pointed out previously, the large number of out-of plane Bragg re-
flections observed in x-ray measurements on the specular rod allows for the
determination of the DIP lattice constant with a high degree of accuracy.
The values of dp;p are listed in Table 7.2 and are displayed in Fig. 7.12. One
observes a significant decrease of dp;p with increasing film thickness up to
Dprp ~ 670 A. Here, the value of dp;p remains constant at 16.56 + 0.02 A.
Over the observed range of film thickness the lattice constant changed by
Adprp = 0.09 A; this corresponds to a decrease of dprp of 0.54% in the
thickest films compared to the thinnest film.

Electron density, pp;p(2), as a function of film thickness, Dp;p

In the model under consideration, the electron density of DIP is split into
two parts. First, the (constant) ‘mean’ electron density p%;p (determined by
the analysis of the x-ray reflectivity with the Parratt formalism, see Table
7.1). Second, the oscillations around p%; » associated with the Fourier decom-
position of the oscillatory electron density (Eq. 7.5). The oscillatory part is
defined by the parameters v; and A; listed in Table 7.2 for five samples. Fig.
7.13 displays p%;p (all samples, B) and the extreme values in the oscillatory
electron density, p9% (A) and pBe (W) (for five samples), as a function of
film thickness.
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Figure 7.12: Lattice constant of the DIP film perpendicular to the substrate

versus film thickness.

It can be clearly seen that p%;p increases with increasing film thickness
up to &~ 400 A where the value saturates at p%;p = 0.39 el/A3. The same
behavior is observed for p/%%, which saturates at p79% = 0.53 +0.015 el /A3,
On the other hand, the minimum in the electron density remains essentially
constant for all films, pfi%, = 0.28540.015 el /A. Note, that the values of p79%
and p'5¥, are representative also for ‘0126’ and ‘01100’ although only four
Bragg reflections were measured. The error can be estimated by comparison
with the components As_g of the other samples as p%;p - Z?ZE,I]- and it is
at maximum 0.015 el/A3.

The increase of both p%;p and pB%% points to a change in the structural
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Figure 7.13: p% ;5 (M, determined by fitting the reflectivity with the Parratt-
formalism, see Table 7.1 and Fig. 7.6), ph%% (A), and phe (W) versus the
film thickness.

order of the films at larger thickness (=~ 400 A). This change cannot be
explained simply by the smaller lattice constant dp;p because the change in
p%;p from the sample ‘0126 to the thickest sample ‘01100’ is 16.9 +5.9¢ . Tt
exceeds the relative change in the lattice constant for the respective samples
(Adprp = —0.54%) by more than one order of magnitude. The increase in
p%;p is even 22.9 £+ 8.1¥ if one compares ‘069’ with ‘01100’.

Thus, p%;p X dprp is not constant over the inspected range of thickness,
implying an increase in the mean area electron-density (up to Dp;p = 400 A)

within the layers.
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This may be explained by a change in the in-plane structure of the films
associated with a closer packing, i.e., a change in the unit-cell of the film. Note
also the strong increase in p%% (25.6 +£9.9¢) (comparing ‘0396, ‘0670’, and
‘01100” with ‘0126’). Moreover, the Fourier sign for the 3rd Bragg reflection,
vs changes from ‘4’ to ‘-’ for films with a thickness* Dp;p > 396 A. Fig. 7.14
shows the electron density of approximately two monolayers in the DIP film
for the various samples. The ‘small’ peak in the minimum area of ‘0396’ and
‘0670’ is attributed to the sign change of v3 and vs. It is clearly evident that
an increase of film thickness results in an increase of the oscillation amplitude.

Note, however, that only the density-maximum, p7¢%, is increasing whereas

the minimum, p’3%%, remains essentially constant.

To investigate the nature of a structural change as suggested above, infor-
mation about changes in the in-plane structure as a function of film thickness
are necessary. Information about the in-plane structure of DIP thin films will
be presented in Sec. 7.4. However, these data were not recorded as a function
of film thickness. Thus, while the occurrence of a structural change is clear
from the data, its exact nature is not known. Nevertheless, the change ap-
pear to be continuous over some range of thickness, as opposed to an abrupt

transition.

4A sign change in vs from ‘+’ to ‘-’ for films with a thickness Dprp > 396 A resulted
in slightly better fits but this is not significant due to a lack of interference patterns at

the Hth Bragg reflection.
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7.3 Temperature Dependent Measurements

The thermal stability of organic layers, their desorption mechanism as well as
their thermal expansion coefficient are of great importance not only from a
fundamental point of view but also for technical applications. Therefore, tem-

perature dependent x-ray measurements have been carried out at beamline

W1 at HASYLAB.

7.3.1 Sample preparation and characterization

A DIP film with Dp;p = 890 A was prepared on a thermally oxidized
(4000 A) silicon wafer (Si(100)), employing the usual deposition conditions
(rate ~ 12 A /min, Ts,;, = 145°C £ 5°C; see Table C.1)®. This sample, ‘0890,
was then characterized by means of x-ray reflectivity (Fig. 7.15 and Table 7.3)
at room temperature and afterwards split into two pieces (size ~ 5x 10 mm?),
hereafter referred to as ‘0890a’ and ‘0890b’. Samples ‘0890a’ and ‘0890b’ were
exposed to different thermal annealing procedures. Sample ‘0890a’ was ex-
posed and measured extensively up to a temperature of T,4,., = 205°C. At
this temperature the desorption rate is large so that ‘0890a’ neither showed
pronounced specular Bragg-reflections after the annealing procedure nor did
it exhibit Kiessig-fringes for small values of ¢,. This observation provides
evidence for a thermally destructed organic film. In contrast, ‘0890b’ was
exposed and measured only for approximately one minute at a maximum
temperature of T},4,5 = 200°C. After the annealing-procedure, ‘0890b’ still
exhibited a well-defined crystallinity as probed by the specular DIP Bragg-
reflections. In addition, the sample still showed well-defined Kiessig-fringes
in x-ray-reflectivity measurements (see Fig. 7.15 and Table 7.3). The x-ray

reflectivity data for the samples before and after the annealing procedure

5Note that temperature dependent measurements at three similar samples exhibited

the same results within the experimental error.
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were fitted according to Parratt and the fit parameters® are listed in Table
7.3.

intensity (a.u.)

Figure 7.15: ‘0890’ before annealing and ‘0890b’ after annealing. The solid
lines are fits to the data. The curves are offset with respect to each other for

sake of clarity.

At each temperature step at least one specular DIP Bragg reflection was

6The fit for sample ‘0890b’ is not excellent because for ¢, < 0.07 A~ the periodicity of
the Kiessig-fringes is smaller than for larger values of ¢,. Employing the Parratt-algorithm,
it was tried to match the region ¢, > 0.07 A~'; the mismatch for smaller values of ¢, is
accounted for by the large error-bar of £15 A for Dprp. The error covers also the larger
film-thickness which corresponds to the periodicity in the region ¢, < 0.07 A-1. Since the

precision of Dpyp is sufficient for the discussion the development of a more sophisticated

model has not been considered at this point.
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parameter ‘0890’ ‘0890b’

as grown annealed

Dprp (A) 890 + 5 445 + 15

oprp (A) 47 + 4 25+ 5
phrp (el/A3)  0.394 +£0.01 0.39 £ 0.01
Bprp (el/A%) 1.0 x 1078

osi (A) 1.2+0.3
psi (el/A3) 0.689
Bsi (el/A3) 2x 1077

Table 7.3: X-ray reflectivity: fit parameters for sample ‘0890’ as grown and

after annealing

recorded with its Laue oscillations before the next temperature was set. The

Bragg reflections were fitted by the Laue function (square of Eq. 4.30)

sin (Xe=4pie) ) i
Y N b

sin( deé)IP )

where 1, is a constant background, I is the intensity, dp;p is the lattice
constant in the DIP-film, and N is the number of (coherently scattering)
monolayers in the film. In this formula, dp;p is adjusted by fitting the position
of the Bragg reflection while IV is sensitive to the periodicity of the Laue-
oscillations.

The thermal stability of DIP-films, the desorption mechanism and the
desorption rate at a given temperature, as well as the determination of the
thermal expansion coefficient for expansion perpendicular to the surface will

be addressed in the following subsections.
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7.3.2 Thermal stability and desorption mechanism

Fig. 7.16 displays the thermal stability of the DIP film during the annealing
procedure of sample ‘0890b’. In Fig. 7.16 (a) it is clearly seen that the nor-
malized intensity (filled squares) of the DIP(001) Bragg-reflection remains
(almost) constant upon annealing up to 7' ~ 160°C (dotted line)”. At the
same time, the coherent thickness of the film, D, does not change (Fig.
7.16 (b)).

For higher temperatures (7' 2 160°C) the intensity of the Bragg reflection
decays as does the coherent thickness. The ratio between Bragg reflection in-
tensity and coherent thickness remains almost constant during the annealing
procedure. For comparison, both parameters are displayed in Fig. 7.16 (a)
simultaneously: the intensity (filled squares) decreases by 60%, the coherent
thickness (gray open circles) by 50% . This observation points to a laterally
homogeneous desorption process, e.g., a layer-by-layer desorption, which does
not affect the crystallinity of the film during desorption. The x-ray reflectivity
data at sample ‘0890b’ (Fig. 7.15, Table 7.3) after the annealing procedure
demonstrates that the film thickness, Dp;p, still equals the coherent thick-
ness, D, as was found for all unannealed DIP-films investigated in the
present study. This observation excludes a dewetting or island-formation of
the film during desorption and supports the scenario of laterally homogeneous
desorption.

Furthermore, the data allow for an estimate of the desorption rate at a
given temperature. This is done by scanning a Bragg reflection repeatedly at
the same temperature and by subsequently evaluating the number of cohe-

rently scattering monolayers N as a function of time. Given the experimental

"Note that the rocking width of the reflection remains constant during the annealing
procedure. This rules out the possibility of a decrease in intensity due to an onset of
a disordering processes. The slight increase in the intensity up to T = 150°C can be

attributed to improvement of the order as a consequence of elevated temperature.
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Figure 7.16: ‘0890b’: (a) intensity of the DIP(001)-Bragg reflection as a func-
tion of temperature (M); the coherent thickness of the DIP layer, D, is
displayed simultaneously (gray (), right axis) to demonstrate that it starts
to decay at the same temperature as the Bragg-intensity. (b) D in A (e,

left axis) and in monolayers (right axis) as a function of temperature.

82



conditions and assuming layer-by-layer desorption, a desorption rate of ap-
proximately one monolayer of DIP per minute (1 ML/min) is obtained® at
T =195°C £ 10°C.

7.3.3 Thermal expansion

For the temperature-range of thermal stability, the thermal expansion coeffi-
cient for the DIP-film in the direction approximately parallel to the molecular
plane (i.e., perpendicular to the substrate), o, has been determined.

For samples ‘0890a’ and ‘0890b’, Fig. 7.17 displays the relative change of
dprp(T) in ¥ compared to dp;p(300 K) in the temperature range of thermal
stability of the DIP-film (7' < 160°C) and a linear fit to the data. The
slope of the fit provides the thermal expansion coefficient . The average of
both samples gives oy = (75.8 £4.5) x 107% 1/K (Table 7.4). This is large
compared to typical expansion coefficients of metals but it shows the same
order of magnitude as o in similar organic materials (see Table 7.4).

Crystals or thin films of planar organic molecules usually exhibit a large
anisotropy of their thermal expansion in different crystalline directions.
Londsdale states in Ref. [71]: “In cases where the molecules are plane and
where (as is usually the case) one direction in the crystal (or film) is most
nearly normal to the molecular plane, the thermal expansion is greatest along
that direction («)”. Empirically, a factor of 2 ...4 is found between a
and « for many planar molecules with predominant intermolecular van-der-
Waals bonds (but also for organic salts [72]).

Van Smaalen et al. [72] employed a simple model to explain these ob-
servations. In their study, they assumed stacks of planar molecules with the

stacking direction normal to the molecular plane, hereafter referred to as ‘z-

8Note, that this value has to be considered as a rough estimate with an accuracy of a
factor of 2 only since the focus of the experiment was not the determination of desorption

rates.
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Figure 7.17: Thermal expansion of DIP for T" < 160°C. Relative change of
dprp(T) in ¥ compared to dp;p(300K) as a function of temperature for (a)
sample ‘0890a’ in the temperature interval 6°C...160°C, and for (b) sample
‘0890b’ in the temperature interval 26°C...160°C. The slope of a linear fit

to the data gives the thermal expansion coefficient «.

axis’. The anisotropy in the thermal expansion is estimated by the following

consideration. Thermal expansion normal to the molecular planes (i.e., in
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stacking direction) will occur due to three processes (‘degrees of freedom’):

1. thermal vibrations of the molecules along the z-axis,

2. thermally induced libration (i.e., rotational oscillations) of the whole

molecule around the x-axis,

3. thermally induced libration of the whole molecule around the y-axis.

On the other hand, for thermal expansion parallel to the molecular plane,
the two librational degrees of freedom do not result in markedly expansion
or contraction?. A ratio of 3:1:1 for the thermal expansion coefficients is
the consequence of this simple model. Employing a more realistic model,
van Smalen et al. obtained oy : o =2.1: 1.

The thermal expansion coefficient parallel to the surface for the essen-
tially upright standing DIP-moelcules in thin films, o, is not yet deter-
mined. However, following the empirically and numerically obtained results
presented above, it is expected, that o is a factor of 2 ... 4 larger than o).
This assumption is supported by the determination of the thermal expan-
sion coeflicients a; and o, in thin films of PTCDA (Table 7.4), a planar
perylene-derivate as DIP. The PTCDA-molecules are lying flat on the sur-
face, i.e., with their molecular plane parallel to the surface. Their thermal
expansion normal to the molecular plane, | is reported to be a factor of 2
larger than «y. For comparison, the values of some additional polyaromatic
organic materials are listed in Table 7.4 which provide further evidence for

the assumption that oy prp will be larger by a factor of 2 ...4 compared to

aHVDIP'

9Let the (small) angle of libration, i.e., the ‘oscillation amplitude’, be ¢. Then the
change in length is proportional to cos ¢ for expansion normal to the molecular plane and
it is proportional to sin ¢ for expansion or contraction parallel to the molecular plane. For

small ¢ this results in negligible expansion / contraction parallel to the molecular plane.
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material oy Q|
(1075 1/K) (1076 1/K)

DIP-films — 75.8 £4.5
PTCDA® (C24HgOg) 105+6 ~ 50
Benzene® (CgHpg) 221 106 / 119
Naphtalene® (CyoHsg) 225 40 / 115
Dibenzylc (Cl4H14) 223 87 / 147
CsHsCH2CH2CHs
Trans-Stilbene® (C14Hi2) 117 61 / 68
CeHsCH = CHCHj3
Al (£3%) 23.1...25.8
Au (£3%) 14.2...15.2
Cu (£3%) 16.5 ...18.0
Cr (£3%) 4.9...8.3

Table 7.4: Thermal expansion coefficients of DIP (samples ‘0890a’ and ‘0890b’),
organic materials, and some metals [73] which are often used in device fabrication.
o, and o) denote the thermal expansion coefficients in the stacking direction (al-
most) perpendicular to the molecular plane and (almost) parallel to the molecular
plane, respectively. The thermal expansion in the plane of the molecules (‘parallel’)
could depend on the main axes, i.e., two different values could be observed. The
range of « for the metals corresponds to a(20°C) and «(177°C), respectively.

@ Thin films of 3,4,9,10 perylenetetracarboxylic dianhydride (PTCDA). The planar
PTCDA molecules grow with their plane parallel to the substrate surface. Data
are taken from [74].

b Data for molecular crystals, taken from [71].

¢ Data for molecular crystals, taken from [75]. Note that the values are attributed
to oy and o under the assumption that the molecules are planar and ‘the thermal
expansion is greatest at the direction normal to the molecular plane’ ( [71], see
also [72])
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Large differences in the thermal expansion between DIP and metals are
supposed to have a negative impact on the lifetime of metal-organic hetero-
systems employed in organic-electronics. In particular, frequently changing
operating temperatures then will produce a high level of thermally induced
stress and/or strain at the DIP-metal interface. The latter may modify the
interfacial morphology resulting in unforeseen changes of the device perfor-

mance.

7.3.4 Structural changes for 7" > 160°C

Fig. 7.18 (a) and (b) show that the DIP-film undergoes an irreversible struc-
tural change for annealing temperatures beyond the desorption temperature
(T > 160°C). A second change in the structure occurs for T > 200°C (see Fig.
7.18 (a)). The different structural phases are denoted with different symbols

and colors.

1. Reversible Changes of Structure 1: Open (black) circles are related
to the ‘as grown phase’ (phase 1) which was used to determine the
thermal expansion coefficient in the previous subsection. ‘Structure 1’
is reversible stable for annealing below 7' < 150°C. This is seen in
Fig. 7.18 (b). Following annealing up to 7" = 140°C the temperature is
decreased. At a given temperature after completion of this annealing
process, dp;p(T) is the same within the experimental error as it has

been during the annealing process.

2. Structure 2: Irreversible Changes: Open (red) diamonds denote
‘structure 2’ which forms at temperatures 7" 2 160°C where also sig-
nificant desorption sets in. In this phase of the annealing process, first,
the thermal expansion of DIP is much smaller, then dp;p saturates and
eventually it even decreases with increasing temperature. This obser-

vation is clear evidence for a structural change in the film.
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Figure 7.18: Relative change of dprp(T') in ¥ compared to dp;p(300 K) (left
axis) and dprp(T') (right axis) as a function of temperature for the annealing
procedure of (a) sample ‘0890a’, and for (b) sample ‘0890b’. The error is
smaller than the symbol size if not explicitly displayed. Arrows indicate the
route of the annealing procedure. The three structures are denoted as follows.
Structure 1 = black (). Structure 2 = red {. Structure 3 (only in (a)) =
blue A.



If the temperature is decreased after having reached ‘structure 2’, dp;p
decreases with almost the same expansion coefficient as in ‘structure
1’ (it is slightly higher: a = (80 & 4.5) x 107% 1/K). However the con-
traction starts linearly from the lattice spacing, which was achieved
at the highest temperature in the annealing process, dprp(Timaz) Te-
sulting in the hysteresis-like form for the combination of ‘structure 1’
and ‘structure 2’ (see Fig. 7.18 (a) and (b)). It implies that ‘struc-
ture 1’ is metastable which is consistent with the fact that in bulk
DIP the lattice parameters are different (Sec. 3.2) from the film va-
lue of dprp(300 K) ~ 16.55 A. The change in structure may therefore
be attributed to a thermally activated process which forces the DIP-

molecules to reorganize (more closely) to the bulk structure.

. Structure 3: Irreversible Changes and Enhanced Desorption:
Open (blue) triangles in Fig. 7.18 (a) for 7' > 200°C are related to
‘structure 3’. At T ~ 195°C the decrease of dp;p with increasing tem-
perature reaches a final value. For still higher temperatures, dprp in-
creases enormously in a small temperature interval which gives a ther-
mal expansion of oy &~ 1170 x 107% 1/K. This large value is evidence
for a second structural change rather than to real thermal expansion.

At the same time the desorption rate boosts up.

For this structural phase, again, decreasing the temperature results in a
decreasing dprp with o) being of the same order as observed for ‘struc-
ture 1’ and ‘structure 2’. Thus, a second hysteresis-like effect is visible
with dprp at a given temperature being larger than dp;p determined
during the first annealing within ‘phase 1’. This observation is clear
evidence for an irreversible process which has taken place. The large
thermal expansion coefficient in ‘phase 3’ (o ~ 1170 x 107% 1/K) may

be related to a breakdown of the weak intermolecular van-der-Waals

89



bonds which are assumed to be the key interactions that drive the
high self-organized order of the DIP-films. Note that the data point at
T = 200°C in Fig. 7.18 (b) may already be attributed to ‘structure 3’.
However, in the annealing procedure of ‘0890b’ the exposure time of
the sample at high temperatures was limited to a short time-interval
so that it is not clear whether a change to ‘structure 3’ actually is

observed.

The reported observations of three structures are in agreement with ther-
mal desorption spectroscopy (TDS) data taken by Miinch [1]. In addition, the
extremely large thermal expansion coefficient of DIP in ‘structure 3’ may be
seen similar to the observations of extremely large expansion coefficients in
crystals of alkyl-chains close to their melting points [71]. Both observations
are discussed below.

As in the thermal expansion data for DIP-films the TDS-spectrum dis-
plays the onset of detectable desorption at T' &~ 155°C with a slowly increas-
ing desorption rate for increasing temperatures. However, at T' ~ 200°C there
is a kink in the TDS-spectrum with a much larger slope for the desorption
rate as a function of temperature. This kink in the TDS-spectrum corre-
sponds to the transition between ‘structure 2’ and ‘structure 3’ which was
observed in the thermal expansion data by a dramatic increase of o). Thus,
the TDS data support the idea of a structural transition in the DIP-films
manifested in a dramatic increase of o as well as of the desorption rate. The
increase in desorption rate (for 7' 2 200°C) was also observed in the x-ray
measurements but it could not be quantified precisely (Sec. 7.3.2).

Studies on crystals of alkyl-chains were reviewed by Londsdale and she
states “one may expect, by a consideration of melting-point in relation to
packing, to gain information about the type of thermal vibration involved
and hence about intermolecular forces” [71]. In addition, an “abrupt trans-

formation to a second (...) form (...) a few degrees below their melting points”
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was shown [71,76,77]. These transformations were accompanied by huge
values of thermal expansion in the respective (small) temperature interval
(e = (30000 ...128000) x 107¢ 1/K). Following these observations, the tran-
sition from ‘structure 2’ to ‘structure 3’ for the DIP-films with its large ‘ther-
mal expansion coefficient’ oy ~ 1170 x 1075 1/K appears to be a structural
change close to the temperature of a phase-transition. The latter would be
caused by exaggeratedly large amplitudes of librational as well as of transla-

tional oscillations of the individual molecules.

7.3.5 Conclusions

Summarizing this section (7.3), it may be concluded that

1. DIP films exhibit a thermal stability up to T' ~ 160°C followed by a
laterally homogeneous desorption process (e.g., layer-by-layer) at higher
temperatures with desorption rates of ~ 1 monolayer DIP per minute
at a temperature of T' = 195°C £ 10°C.

2. DIP films display reversible thermal expansion with a thermal expan-
sion coefficient nearly parallel to the molecular planes (i.e., out-of-plane
for the films under inspection) of oy = (75.84+4.5) x 107% 1/K for tem-
peratures 7' < 160°C. This thermal expansion (in the reversible stable
as-grown ‘structure 1’) is of the same order as that of other planar

molecules.

3. DIP films undergo a first irreversible structural transition (‘structure
1’ to ‘structure 2) for 160°C < T' < 200°C indicated by almost van-
ishing thermal expansion at increasing temperatures or even negative
values of . This structural change is correlated with the onset of the
laterally homogeneous desorption process. Decreasing the temperature

after having reached ‘structure 2’ leads to a similar o as observed for
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‘structure 1’. This results in a hysteresis-like curve when plotting dp;p

vs. T'in an annealing-cycle.

. DIP films undergo a second irreversible structural transition (‘structure
2’ to ‘structure 3’) for 7 2 200°C. This is manifested by a dramatic
increase of the lattice parameter dprp in a small temperature inter-
val (‘thermal expansion coefficient” oy =~ 11707% 1/K) as well as by a
dramatic increase of the desorption rate evidenced in TDS spectra [1].
Decreasing the temperature after having reached ‘structure 3’ leads
to a similar « as observed for ‘structure 1’. This again results in a

hysteresis-like curve when plotting dp;p vs. T in an annealing-cycle.
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7.4 In-Plane Structure (GID-Measurements)

In order to determine the in-plane struture of the thin films of DIP graz-
ing incidence diffraction (GID) measurements were carried out on various
samples. A 6-circle diffractometer was used to allow for constant incident
(e;) and exit angles (af) while scanning the sample azimuthally or scanning
the momentum transfer g. a; and oy were set close to the critical angle of the
substrates which is a,. g = 0.10° and a, 1,0, = 0.13°. A rotating anode x-ray
generator provided the x-rays and a HOPG monochromator then selected
the characteristic Mo Ko radiation (A = 0.71 A). The slit-settings were cho-
sen in such a way that the obtained in-plane peak widths were not limited
by the angular resolution of the measurement (except for one scan which is
indicated in the respective data table). The slits perpendicular to this plane
(i.e., approximately along ¢,) was opened to 5 ...10 mm to integrate the

weak in-plane signals along ¢..

7.4.1 Experimental
Samples

Several samples on two different substrates have been used in the in-plane
measurements. In this thesis, the discussion of the typical in-plane (IP) Bragg
reflections is restricted to one film prepared on thermally oxidized (4300 A)
Si(111), ‘IPsi’, and two other films prepared on A-plane sapphire, ‘IPsapl’
and ‘IPsap2’. The preparation conditions are summarized in Table C.1. GID-

measurements carried out on still other samples exhibited the same results.

Data refinement and analysis of the radial scans

The Bragg reflections corresponding to the in-plane spacing of the DIP are

located at comparatively small values of ¢ where a considerable contribution
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of air-scattering is still found (for A = 0.71 A the peaks were found at 20 ~
9.6° and 20 ~ 11.2°, respectively). Thus, they are superimposed on a high
background-level which decreases with increasing angles. To separate the
signal more clearly from the background, the latter was subtracted from the
data using a straight line with the slope of the air-scattering in the respective
angular range. Following this procedure the peaks in the refined signal were
fitted using a Gaussian to derive their position and width, Agy (FWHM).
The size of the DIP-grains parallel to the surface can be estimated to be at
least 27/ Agy.

Data refinement and analysis of the azimuthal scans of sample
‘IPsap2’

Since the signals were rather weak and a noisy background was superimposed
on them, they were smoothened by carefully utilizing a low-pass filter. A
cut-of frequency of 0.15...0.2 Hz was selected. That is, all signals with a
periodicity smaller than 6.66°...5° in ¢ (azimuthal angle) are cut. With
these settings peaks are only cut if they exhibit a width of A¢ < 2.5°...3.33°
and therefore the peaks of the DIP are not affected. The data smoothened
according to this procedure were fitted using Gaussians to derive positions
and widths (FWHM) of the individual peaks. The positions were then related
to the position of the substrate in-plane axis (Al;O3(300)).

7.4.2 Results of the polycrystalline samples

The DIP-film of samples ‘IPsi’ and ‘IPsapl’ turned out to be polycrystalline
parallel to the surface. Figs. 7.19 and 7.20 show scans along ¢ with fixed azi-
muthal position for ‘IPsi’ and ‘IPsapl’, respectively. The Bragg-reflections
could unambiguously be attributed to the DIP-film. In Table 7.5 the posi-

tions of the Bragg-reflections and the corresponding lattice parameters are
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summarized.

10°

normalized intensity

[EnY
o

Figure 7.19: Scan along ¢ at fixed azimuthal position on a polycrystalline
DIP-film grown on thermally oxidized silicon (sample ‘IPsi’). The shaded
area displays the statistical error of the data (filled circles). The solid line is

a fit to the data using 2 Gaussians. Note the log-scale for the intensity.

Repeating the scans along ¢ at arbitrary azimuthal positions did not
show significant differences. Azimuthal scans at fixed g showed a constant
intensity. These observations provide evidence for the polycrystalline (in-
plane) structure of the DIP-film and this was expected for sample ‘IPsi’
(grown on silicon oxide). The polycrystallinity of the DIP-film on the sapphire
substrate may be explained by the preparation conditions of the film and/or

by the substrate surface prior to deposition.
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Figure 7.20: Scan along ¢ at fixed azimuthal position on a polycrystalline
DIP-film grown on A-plane sapphire (sample ‘IPsapl’). The shaded area
displays the statistical error of the data (open circles). The solid line is a fit

to the data using 3 Gaussians.

7.4.3 Oriented DIP-film on A-plane sapphire, ‘IPsap2’

Azimuthal and radial scans

At the radial peak positions given in Table 7.5 for ‘IPsi’ and ‘IPsapl’, azi-
muthal scans were carried out on sample ‘IPsap2’. The results of the scan
showed that this sample exhibited an anisotropic, i.e., ordered structure pa-
rallel to the substrate surface. However, ‘IPsap2’ showed peaks in the inten-
sity only on two of the three positions of ¢ depicted in Fig. 7.20, namely
at g ~ 1.48 A1 and at q ~ 1.72 A~1. For an overview, Fig. 7.21 displays
the relative orientation of the reflections with respect to the substrate c-axis.
This peak-map is explained in detail below.

The azimuthal scans at the positions of ¢ from Table 7.5 are shown in
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sample peak position d| Agy (FWHM) 2m/Ag

(A7) (A) (A7) (A)
Psi 14684001  428+003  0.078+0.005  ~80
17154002  3.66+£0045  0.07+0.01 ~ 90

IPsapl  1.149 +0.007 5.468 + 0.03 0.06 + 0.01 ~ 100
1.470 4 0.007  4.274 +0.03 0.06 & 0.01 ~ 100
1.712 £ 0.008  3.670 £+ 0.03 0.06 + 0.01 ~ 100
IPsap2  1.4774+0.01  4.254+0.03 0.06 + 0.005 ~ 100
1.719£0.015 3.654+0.03  0.075" +0.01 ~ 851

Table 7.5: Radial in-plane peak positions and peak width for the DIP-film
of samples ‘IPsi’, ‘IPsapl’, and ‘IPsap2’. (see also Figs. 7.19, 7.20, 7.24, and
7.25). 27/ Aq) gives a lower limit for the in-plane domain size.

"The width of this peak is close to the radial resolution used in the scan
(8g ~ 0.065 A~1).

Fig. 7.22 for q; ~ 1.48 A~ and in Fig. 7.23 for ¢ ~ 1.72 A=, Due to the
twofold symmetry of the sapphire substrate an azimuthal scan over a range
of 180° provides all information about the peak positions. This is confirmed
by the 360°-scan at ¢ = 1.48 A~! (Fig. 7.22), where the peaks are symmetric
with respect to the substrate c-axis (Al;O3(300)). The azimuthal positions
of the peaks as derived by the fits are summarized in Table 7.6. The angular
spread of the crystallites (i.e., the perfection of the crystal-lattice) is given
by the width A¢ of the peaks. A¢ is in the range of 5°...9° for all observed
peaks.

To assure that the peaks in azimuthal scans are not artifacts, radial scans
were carried out over two azimuthal peaks for each ¢ (see Fig. 7.24 for
g = 1.47 A=! and Fig. 7.25 for gy = 1.72 A~1). The peak positions obtained

from these scans are listed in Table 7.5. The inverse width of the radial scans
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Figure 7.21: Map of DIP-reflections in the plane of the substrate. The azi-
muthal angle is given with respect to the Al;O3(300) direction of the sub-
strate. Filled diamonds are reflections with g = 1.477 A~' open circles are
reflections with ¢ = 1.719 A-'. The peak-width along q) is smaller than
the size of the symbols. The solid lines through the symbols account for the
measured azimuthal peak width, Ag.

(2m/Agqy) is a lower limit for the mean extension of the DIP-grains along
the respective momentum transfer. This size was found to be of the order of
> 100 A for both values of g.

A certain degree of azimuthal order of the DIP-film is confirmed by ellipso-
metry measurements. Fig. 7.26 exhibits the two ellipsometric quantities tan W
and cos A. A slight optical anisotropy is seen under an azimuthal rotation

of the sample 90° even if the anisotropy is not as pronounced as for sample
‘IPsap3’ (Fig. 7.5).
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Figure 7.22: Azimuthal distribution of the in-plane peaks with ¢ =
1.477 A='. The grey area displays the zone of statistical error around the
data (open circles). The solid line represents a fit to the data with four
Gaussians and the solid vertical lines indicate the azimuthal positions of the
Al,03(300) and Al,O3(300)-peaks, respectively. At the azimuthal positions

of peaks 1" and 2/, radial scans have been carried out (see Fig. 7.24).

In-plane peak map (Fig. 7.21)

The results of the azimuthal scans are summarized in Fig. 7.21. The angles in
¢ are depicted relative to the axis through the Al,03(300) and Al,O3(300)-
peak (c-axis). The directions of the two substrate’s main axes are indicated.

The twofold symmetry of the substrate is mirrored in the DIP-peaks,
which are symmetric with respect to the axes. The azimuthal positions of
the peaks at ¢ = 1.477 A1 are rotated by &~ 40° with respect to the c-
axis. This implies a relative distance between the peaks of 80° and 100°,

respectively, and the existence of two domains in the plane.

99



T
o

I

-

o |
o

w |
o

A
1

180

170

160

intensity

150

140

" " " i " 1 " i " "
180 210 240 270 300 330 360

¢ (deg)

Figure 7.23: Azimuthal distribution of the in-plane peaks with ¢ =
1.719 A='. The grey area displays the zone of statistical error around the
data (open circles). The solid line represents a fit to the data with four
Gaussians and the solid vertical lines indicate the azimuthal positions of the
Al,03(300) and Al,O3(300)-peaks, respectively. At the azimuthal positions

of peaks 1 and 5, radial scans have been carried out (see Fig. 7.25).

For q = 1.477 A~ there exist at least 7 peaks although the peaks are
quite broad and weak in their signal-to-noise ratio. They can be ordered in

2 groups

1. The peak-pairs (1,2) and (6,7). They are mirror-symmetric with respect
to the axis through the Al;03(0012)- and AlyO3(0012)-peaks.

2. The peak triplet (3,4,5). It is (almost) mirror-symmetric with respect
to the axis through the Al;03(0012)- and AlyO3(0012)-peaks.

Also in the angular distance between these peaks one can find the values
A¢ = 80° and A¢ = 100°, namely in the peak triplets: (7-4)-(4-7"), (1-4)-
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Figure 7.26: Ellipsometry on a DIP-film grown on A-plane sapphire (sample
‘[Psap2’). The optical bandgap of E, ,,; = (2.2 £0.1) eV is seen as well as
the optical anisotropy under an azimuthal rotation of the sample of 90°. The

incidence angle was ¢ = 60° (measurements carried out by I. Alonso).

(4-1"), (2-5)-(5-2), and (6-3)-(3-6"). For the peaks 1’, 2, and 6’ the values in
brackets of peak 1, 2, and 6 of Table 7.6 were taken.
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q = 1.719+0.006 A~? q = 1.477+0.002 A~?
Peak ¢ (deg) A¢ (deg) Peak ¢ (deg) A¢ (deg)
(rel. to Al,O3(300))  (FWHM) (rel. to Al,03(300)) (FWHM)
1 188.5+0.3 4.8+0.5 1 40.0+0.3 9.0+ 0.5
(8.5+0.3) 2 141.0 +0.3 76405
2 208.0 +0.3 6.0+ 0.5 v 221.34+0.3 8.0+0.5
(28.0+0.3) (41.340.3)
3 252.0 +0.3 6.0+0.5 2 321.9+0.3 71405
(72.0+0.3) (141.9 +0.3)
4 273.0+0.3 8.4+0.5 — — —
(141.940.3)
5 290.3 +0.3 72405 — — —
(110.3 +0.3)
6 335.0 +0.3 9.6 +0.5 — — —
(155.0 £ 0.3)
7 353.24+0.3 4.8+0.5 — — —
(173.24+0.3)
7 172.0+0.3 4.8+0.5 — — —

Table 7.6: Azimuthal position of the in-plane peaks with ¢ = 1.719 A-1 and
q = 148 A~ relative to the azimuthal position of the Aly03(300) peak. The
¢-values in brackets denote the positions with respect to the Al;O3(300) position.
Due to the twofold symmetry of the sapphire substrate in the plane, the primed
peaks (7', 1’, and 2') are essentially the same as the unprimed peaks (7, 1, and
2). Underlined peaks mark the azimuthal positions at which radial (g)|) scans were

performed to fix the peak position in g (see Figs. 7.24 and 7.25).

7.4.4 Discussion

The GID measurements on DIP-films deposited on silicon-oxide and A-plane
sapphire, respectively, clearly show two charcteristic lattice constants of the
DIP-film parallel to the surface. The radial peaks at g ~ 1.47 A-' and
q ~ 1.47 A~ correspond to lattice constants of dj = 4.25...4.28 A and
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d2 = 3.65...3.67 A. The latter value often is reported to be the typical ‘van-
der-Waals’-distance in aromatic organic crystals (normal to the molecular
plane) [71].

On a sapphire-substrate with A-plane orientation even orientational order
parallel to the substrate was found. The structural anisotropy was confirmed
by ellipsometry-measurements on this (‘IPsap2’, Fig. 7.26) and another DIP-
film on A-plane sapphire (‘IPsap3’, Fig. 7.5). The azimuthal distribution
and the number of Bragg-reflections (4 peaks in 360°) with ¢y = 1.477 At
points to at least 4 domains of DIP inside the film (2 rotational and 2 mirror
domains) that are symmetrically aligned along the main axes of the sub-
strate. However, due to the large peak width in azimuthal scan direction at
both observed g-values the presence of additional domains or even of two
or more slightly different polymorphs could not be excluded. Such different
polymorphs and different domains are often present in the low-symmetry
structures of organics in thin films, e.g., PTCDA on Ag(111) [74]. It is quite
obvious that the DIP thin-film structure does not show a very high symme-
try since the bulk-structure is already complex (as has been pointed out in
Chapter 3).

The relatively large azimuthal DIP peak widths (compared to the narrow
width of the sapphire reflections of the order of 0.01°) may also suggest a dif-
ferent scenario. Here, the DIP-film does not establish an epitaxial relationship
with the substrate. It rather is plausible that the DIP-molecules underlay a
kind of ‘morphology induced” growth mode where they align along preferred
orientations of the substrate (e.g., steps in the surface along the main axes
of the sapphire due to the miscut).

However, a full crystallographic analysis of the DIP-films is beyond the
scope of this thesis. Nevertheless, combining the out-of-plane lattice constant
and the in-plane lattice constants of the DIP-films demonstrates that the

film-structure is quite different from the structure found in the bulk of DIP-
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crystallites. None of the characteristic lattice constants found in the thin
films show up in the bulk structure [33].

Furthermore, a comparison of the lattice parameters with the results of
Hoshino et al. for the crystallographic structure of DIP thin films on NaCl
and on perylene [35] (Sec. 3.3) also shows differences. The out-of-plane lattice
constant which was found for DIP/SiOs, dprp ~ 16.6 A, is close only to the
value ¢ = 16.82 A for DIP(150 A)/perylene reported in Ref. [35]. However,
the in-plane lattice constants of dj| = 4.27 & 0.02 A and d; = 3.66 = 0.02 A
which are found for DIP/SiO, as well as for DIP/Al;03(1120) are not con-
sistent with the values of Ref. [35].

In conclusion, the measurements of DIP thin films reveal that the crystal-
lographic structure in DIP thin films deposited on SiO, and AlyO3(1120) is
markedly different from that observed in DIP single-crystals as well as from

DIP deposited on NaCl and perylene.
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Chapter 8

Scaling Exponents and Growth
of DIP Thin Films

Recently it has been shown that the structure (and as a consequence the
physical properties) of thin organic layers depend crucially on the conditions
employed during growth [78]. Therefore, knowledge of the growth mechanism
is necessary to predict structural features and to allow for a better control of
the structural order.

In the last two decades a theoretical framework has been established
which relates the mechanism involved in the growth of a thin film to a set
of scaling exponents describing the dependence of the surface roughness on
film thickness and lateral length scale. A lot of effort has been spent to
theoretically predict scaling exponents for certain growth models, as well
as to determine them experimentally for a large variety of thin film sys-
tems [2,3,19]. However, detailed studies that independently measure sev-
eral scaling exponents with complementary techniques are rare (see Refs. [3]
and [19]). Moreover, there are only very few studies concerning the scaling
exponents of organic thin films and in particular of small molecules deposited
under UHV-conditions [4,5,7,79]. In this chapter the independent determi-
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nation of the scaling exponents «, 3 and z is reported for highly ordered thin
films of DIP deposited onto silicon-oxide substrates in ultra-high vacuum
(UHV) employing non-contact AFM (NC-AFM), specular x-ray-reflectivity

and diffuse x-ray scattering.

8.1 Theory

The scaling theory of growth-induced surface roughness is based on the be-
havior of the height difference correlation function (HDCF), g(R), which
has already been defined in Sec. 4.2.3, Eq. 4.23. The HDCF can be evalu-
ated from real space images by a spatial average over one or several regions,
which should be much larger than R in order to avoid edge effects. The HDCF
displays distinct behaviors for R < £ and R > &, where £ denotes the corre-
lation length. For R < & one expects a power law increase as g(R) ~ a?R**,
where « is the static roughness exponent and the prefactor a is a measure
of the typical surface slope. For R > ¢ the heights at distance R become
uncorrelated, hence g(R) saturates at the value g(R > &) = 202, where o is
the rms-width (defined in Chapter 4, Eq. 4.18). Thus, the scaling behavior
of g(R) reads:
a’R?** as R—0
glR) ~ { 202 as R — oo ®.1)
and is schematically displayed in Fig. 8.1.
The three parameters o, £ and a evolve with film thickness according to

the power laws

o ~ DP, (8.2)
& ~ D7, (8.3)
a ~ D* (8.4)

defining the growth exponent (3, the dynamic exponent z and the steepening

107



10°
;.‘
o
o)
2 10 :
2 ]
c
[¢D)
£
100 L T L i L L g. Ll Lo aenl Lol
10° 10 10° 10° 10* 10° 10°
R (arb. u.)

Figure 8.1: Schematic for the scaling behavior of g(R) for real samples.

exponent A. Assuming that the regimes R < & and R > ¢ are connected
through a scaling form

9(R) = 20"3(R/€) (8.5)
it follows that the scaling exponents are related by § = a/z + . For A =0
(no steepening) one has # = «a/z. Scaling with A > 0 is referred to as
anomalous [19].

The roughness parameters of the surface can also be determined by ana-
lyzing diffuse x-ray scattering data. The diffusely scattered intensity is given
by Eq. (4.27).

To evaluate the integral (4.27) the scaling function g(z) = 1 — exp(—z>)
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inserted in the scaling form (Eq. 8.5) is commonly used! [8]. This allows
to fit the diffusely scattered intensity of a given sample with only two free
parameters, a and &, since o can be determined independently by x-ray
reflectivity measurements.

The various methods to determine the roughness exponent «, the inverse
dynamic exponent 1/z, and the growth exponent [ are summarized in Table
8.1. The steepening exponent A can be determined by fitting a straight line
to a log-log-plot of a vs. D. The slope gives \.

o (9(R) e o R*) 1/z (€ < DV/?) B (o(D) ~ D)
(and a)
AFM AFM AFM
(several spots) (several spots, L > £) (samples with different D)
- log-log plot g(R) - determine ¢ from g(R) - log-log plot o (D)
- slope (R < §): 2« - log-log plot &(D) - slope: 8
-yo=2loga - slope: 1/z
XRD XRD X-ray Reflectivity
- fit rocking-scan intensity | (samples with different D) | - determine ¢ for various D
(Eq. 4.26) with analytical | - fit rocking-scan intensity - log-log plot o0 (D)
form of C(R) - log-log plot £(D) - slope: 8
- fit parameters: «, £(D) - slope: 8

Table 8.1: Experimental methods for the determination of a, 1/z, and (3

8.2 Experimental procedure

DIP-films with various film thicknesses (69 A < D < 9000 A) were prepared
on atomically smooth oxidized (4000 A) Si(100) substrates at a substrate

!Note that this simple analytical function fulfills the asymptotical conditions of g(R)
of real samples (Eq. 8.1).
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temperature of 1454+5°C and at a deposition rate of 124+3 A /min under UHV-
conditions (base-pressure better than 2 x 1071 mbar). Details for the samples
‘069 ... ‘09000 are found in Table C.1. Prepared under these conditions the
DIP-molecules adsorb on SiO, standing essentially upright (dp;p &~ 16.55 A,
see Chapter 7) with a tilt-angle ¢ presumably around 15°-20° which gives
rise to the formation of ‘tilt-domains’ (right-hand side of Fig. 8.2).

¢

% [DIP
4+—>
~7A

Figure 8.2: Left-hand side: the extensions of a DIP-molecule. Right-hand

side: schematic for the formation of ‘tilt-domains’.

A

18.4 A

For most of the samples, NC-AFM measurements were carried out imme-

diately after deposition on several spots of the sample in the analysis cham-
ber (see Sec. 6.1.1) without breaking the UHV (OMICRON-AFM, scan-range
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Figure 8.3: Non-contact AFM of DIP/SiO with various film thickness: (a)
D =126 A, (b) D=1396 A, (c) D =1100 A, (d) D = 9000 A

L < 5 pum). Measuring the samples once more after several weeks in air did
not show any differences in the surface topography. Subsequently, g(R) was
calculated for each spot on the sample and the resulting bunch of HDCF’s
for each sample was averaged. The slope of a linear fit to the small-R region

in a log-log-plot of the averaged function g(R) provides an estimate of 2a.
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The thickest sample (9000 A) has been measured in a DI Nanoscope III AFM
in air due to its larger lateral scanning range (up to 16 pum). To assure that
the true saturation roughness was obtained for this sample, the roughness
of several images with different scan-ranges L was determined. It turned out
that for L > 10 um, o does not change upon further increasing L.

X-ray measurements were carried out at beamline ID10B at the ESRF
in Grenoble, France employing a wavelength A = 1.563(2) A (see Sec. 6.2.2).
The saturation roughness o of the samples with D < 1100 A was char-
acterized by analyzing their specular x-ray-reflectivity (see Sec. 7.2.1 and
Table 7.1). Diffuse x-ray scattering data was recorded at several scattering-
vectors 20 < 2° in rocking-scans, where the incident angle, «, is varied while
20 = a;+ay is kept constant (o denotes the exit angle). The data was then
fitted according to Eq. 4.27 [80] with ¢ taken from the analysis of the reflec-
tivity data. The resulting values for o and £ of the different positions in 20

for each sample were averaged?.

8.3 Results

Figure 8.3 displays NC-AFM images of samples with different film thickness
Dprp. The increase in surface roughness with increasing film thickness is
clearly visible. Figure 8.4 shows the averaged HDCF for five samples with
different film thickness, three of which correspond to the samples shown
in Fig. 8.3 (a)-(c). The resulting roughness exponent « for the individual

samples is displayed in the inset and listed in Table 8.2. An average value of

2Note, that the transversal coherence length of the beam is Xtrans,0 2, 15000 A for
normal incidence, see Table 6.1. For a beam impinging on the sample under an angle of
o the transversal coherence length on the sample is X¢rans(®i) = Xtrans,0/sina;. This
implies that Y¢rans at the incident angles employed is much larger than the maximum

correlation length £ determined by analyzing the rocking scans.
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Figure 8.4: Averaged g(R) for five samples with different film thickness D
(O=69A, 0=126A A =396 A V =670A, S =1100 A). The inset
displays the roughness exponent « obtained by fitting the linear part of g(R)
as a function of sample thickness, the solid horizontal line denotes the average

of « for the five samples.

aarm = 0.628 £ 0.05 has been determined.

The roughness exponent as well as the inverse dynamic scaling exponent
1/z have additionally been determined by fits of diffuse x-ray scattering in
rocking-scan geometry as described above. Inset (a) of Fig. 8.5 shows a typical
rocking-scan and a fit to the data. The main plot of Fig. 8.5 displays the
correlation length £ as a function of the film thickness (see also Table 8.2). A

linear fit to this log-log-plot gives 1/z = 0.92 4+ 0.20. The average roughness
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Figure 8.5: Values of £ as obtained by fits to rocking scans over the specular
rod of various samples. The solid line is a linear fit to the data which gives
1/z = B/a. Inset (a) displays a rocking scan (open circles) and a fit (solid
line) associated with the data for a DIP-film with Dp;p = 396 A recorded
at 20 = 1.5°. Inset (b) displays the values of « as obtained by fits to the
rocking scans; the dotted line denotes the average of a for the five investigated

samples.

exponent determined by x-ray diffuse scattering (XRD) is denoted in inset
(b) of Fig. 8.5 as dotted line; axgp = 0.74 + 0.07 was obtained, which
is slightly larger than asrps. The average roughness exponent defined by
& = (aapy + axgp)/2 is then given by & = 0.684 + 0.06.

Figure 8.6 shows the rms-roughness as derived from the analysis of specu-
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Figure 8.6: Log-log plot of o vs. D and a linear fit to the data which gives
[ =0.74840.05. For D < 1100 A, x-ray-reflectivity was used to determine o
(open circles), see inset as a typical example for a sample with D = 396 A. For
the thickest sample (D = 9000 A), NC-AFM-images were used to determine
o (filled diamond). The black dotted line with slope Sgp = 0.5 corresponds
to the random deposition limit orp, which would be reached at Dprp = D.

Details are explained in the text.

lar x-ray reflectivity data and from the analysis of several AFM-images of
sample ‘09000’. The values of o are summarized in Table 8.2. The solid line in
the main plot is a linear fit to the data and the growth exponent is obtained

as = 0.748 £ 0.05. The dotted line denotes the random deposition limit [2]
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orp = dprp\/ Dprp/dprp (8.6)

which will be used in the discussion below. Note that the inspected range
of film thickness Dp;p covers more than two orders of magnitude, and that
no systematic deviation from the power law can be detected. The estimate
of B is clearly the most reliable among the exponents determined in this
experiment.

Using the quoted values for «, § and z, the steepening exponent A is
estimated to be 0.17 (0.07) for « = aapy (@ = axgrp). This suggests that
some steepening is present, but that the effect is rather weak, consistent with
the modest upward shift of the HDCF’s displayed in Fig. 8.4 with increasing
film thickness.

8.4 Discussion

Two main mechanisms for growth-induced surface roughening have been de-
scribed in the literature. In kinetic roughening, the roughness arises from the
competition between the shot noise and surface smoothening through sur-
face diffusion, desorption and related processes. The resulting morphology is
self-affine, showing statistical scale invariance on length scales below the cor-
relation length £. In contrast, in mound growth a pattern with a well-defined
characteristic length scale develops as a consequence of a morphological in-
stability, which is usually associated with reduced interlayer transport. The
scaling picture sketched above applies in both cases, with the mound size
playing the role of the correlation length £ in the second scenario. The two
scenarios differ in the shape of the HDCF, which should display clear oscil-
lations in the case of mound growth [81].

The estimates for a obtained in this work are consistent with kinetic

roughening in the conserved KPZ universality class, for which a ~ 2/3 [82].
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sample D Ooo QAFM QXRD §XRD
(A) A) (om)
‘069’ 69.0+1 7.6+0.5 0.63+0.05 — —
‘0126’ 126.2 +1 13.0+£1 0.66+0.05 0.68+0.07 365=+35
‘0206’ 206.3+2 15.0£1.5 — 0.714+0.07 415+ 50
‘0385’ 384.7 £ 2 23.0+3 — — —
‘0396’ 396.5 + 2 2800+£3 0.656+0.05 0.8+0.07 565 4+ 50
‘0670’ 670 £4 93 +5 0.61 £0.05 0.76 £0.07 2025 + 300
‘0890’ 890 + 5 47+ 4 — — —
‘0970’ 970 £ 8 65+ 5 — — —
‘01100 1100 + 10 62+ 5 0.60 +=0.05 0.76 £0.07 2125 4400
‘09000 9000 +800 288 10 — — —
QAFPM 0.628 + 0.05
QXRD 0.74 + 0.07
1/z 0.92 +0.20
3 0.748 £ 0.05

Table 8.2: Summarized results for the scaling exponents

Similar values are commonly reported for inorganic films [3]. For mounds the
asymptotic value of the static roughness exponent is o = 1, but in practice
much lower values may occur [81,83]. Hence a case of noisy mound growth
also cannot be ruled out for the DIP films. By visual inspection, Figs. 1
(a) and (b) suggest an essentially random appearance of the surface, while
Fig.1 (d) resembles a mound pattern (compare to Fig. 1 of [83]). However,
both scenarios have considerably difficulty in explaining the large values of
1/z and 8. For conserved KPZ growth 1/z ~ 0.3 and 3 = 0.2 due to the
scaling relation [19] z = 2 + 2. For mound growth large values of 5 up to

08 =~ 0.8, have been observed in simulations, but this behavior is restricted to

117



an intermediate regime associated with considerable steepening, where the
dynamic exponent takes on a conventionally low value of 1/z ~ 0.2—0.3 [84].

Both in kinetic roughening and in mound growth the random deposition
limit ogp (Eq. 8.6) is expected to provide an absolute upper bound on the
surface roughness. This bound is attained if every particle remains on the
height level where it was deposited, a situation that can be realized in metal
homoepitaxy at low temperatures [85]. Roughness beyond ogp can occur only
if matter is transported to higher layers, which seems hard to rationalize in
the absence of a thermodynamic driving force (e.g., dewetting). Although
the DIP data in Fig. 8.6 remain below ogp for all film thicknesses, the fact
that we observe no deviation from the power law suggests that the scaling
with 4 > 1/2 will continue also beyond the point where the DIP roughness
crosses the RD limit (for D > D). Rapid roughening [19] with § > 1/2
has previously been reported for a number of systems [4,5,86-89] which will
be briefly reviewed in the following. In addition the few studies on organic

systems will also be reviewed.

8.4.1 Systems which exhibit 7 > 0.5

Fang et al. studied the homoepitaxy of Pb/Pb(100) employing high-
resolution LEED [86]. They obtained § = 0.77 &+ 0.05 and suggested that
facetting of the surface is responsible for this large value3.

In an AFM-study, Collins et al. investigated the scaling exponents of
‘plasma polymer films’ [4]. The films were prepared at relatively high rates
of & 1 pm/h and T =~ 320 K by employing an rf driven plasma discharge
and hydrogen and trans-2-butene as reactant gases in a vacuum chamber.

Depending on the growth rate, 0.7 < # < 1 was obtained. The authors

3This conclusion is questionable since they derived the reported growth exponent in a

range of thickness where facetting was not yet observed
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speculate that the bad vacuum conditions might have caused this high values.
This explanation is reasonable since bad vacuum, in particular a high partial
pressure of hydrogen is supposed to enhance rapid roughening at least for
metal MBE ( [19], p. 265). In a microscopic picture, bad vacuum may lead
to lateral inhomogeneities in the local growth rate. The latter is discussed
below (Sec. 8.4.3)

Lee et al. determined the growth exponent for deposition of aluminum
onto silicon and found (8 = 1.0£0.1) [88]. Also in this study, the large value
of # was attributed to bad vacuum conditions during film growth by the
authors.

An ez-situ STM-study of poly(o-toluidine) films deposited electrochemi-
cally on polyfaceted Au single crystal spheres was carried out by Océn et
al. [5]. They obtained 5 = 0.73 but did not provide a concise explanation for
this large value.

For homoepitaxy of Si/Si(111), Lanczycki et al. obtained § = 0.67...0.77
at a substrate temperature of Ts,, = 360°C [87]. All other substrate tem-
peratures above and below this temperature resulted in smaller values of 3.
However, in this study the large value of # could be correlated directly with
the growth of isolated pyramidal features on the surface.

Konig et al. reported 3 = 0.81 for gold deposition on Ti-buffer layers [90].

Only recently, Schlomka et al. published a study of NiMnSb deposited on
MgO(100), employing in situ x-ray reflectivity and x-ray diffuse scattering
[89]. Depending on the substrate temperature during deposition they found
B = 0.6 for Ts,, = 150°C' and Tg,, = 250°C, and # = 0.75 for Tg,, = 300°.
They explained their data by thermally activated crystallization.

To summarize, a growth exponent 3 > 0.5 has been observed in various
systems investigated by a bunch of methods. The origin of such a large va-
lue was speculative and no general mechanism has been identified yet. Bad

vacuum conditions seem to be a plausible argument for 5 > 0.5. In other
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systems, the formation of pyramidal features or facetting clearly excludes
a self-affine surface morphology following kinetic roughening mechanisms.
However, for the system DIP/SiO,, neither bad vacuum conditions nor the
formation of pyramidal features nor facetting apply as an explanation of

3 = 0.648.

8.4.2 Studies on organic thin films

Besides the two studies on polymer thin films by Océn et al. (Ref. [5]) and
Collins et al. (Ref. [4]) which have already been discussed above, there are
only few other studies concerning the determination of scaling exponents of
organic thin films.

Gibaud et al. examined a Langmuir-Blodgett (LB) film of 8 bilayers of
cadmium substituted tricosenoic acid by diffuse x-ray scattering [6]. Analy-
zing the line-shape and the FWHM of rocking scans over the Bragg-reflections
as a function of ¢, they solely determined the roughness exponent o = 0.5.

A scanning force microscopy study on thin films of D = 100 nm of the
rodlike conjugated sexithienyl deposited under high vacuum conditions at
rates 0.2...1 A/s has been performed by Biscarini et al. [7]. Depending on
the substrate temperature they obtained a roughness exponent 0.7 < o < 1.
This is very close to the roughness exponent observed for DIP in the present
thesis.

Polymer-films (linear poly(p-xylylene)) of various thickness deposited at
rates 1.95nm/min < R < 13.9nm/min in vacuum (in the order of 1 mbar)
were investigated by Zhao et al. employing AFM-measurements [79]. They
obtained the scaling exponents, o = 0.72 £ 0.05, 5 = 0.25 +0.03, and 1/z =
0.31 £ 0.02. These findings were interpreted as a result of monomer bulk
diffusion and the authors claimed the discovery of a ‘new universality class’

that has not been discussed previously.
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To summarize, there exist only few studies concerning the determination
of scaling exponents of organic thin films. The investigated thin films divide
into three main classes of organic thin films: (i) polymers (Refs. [4,5,79]),
(ii) LB-films (Ref. [6]), and (iii) ‘small molecules’ deposited under (U)HV
conditions (Ref. [7]). Moreover, both scaling exponents « and 3 are indepen-
dently determined at the same time only in the three studies carried out on
polymer thin films. The reported results cover a large range of values for «
and [ which was already observed in studies of inorganic thin films. Without
comparable, well-defined deposition conditions in a clean deposition environ-
ment (i.e., UHV) it is impossible to compare the individual results and draw
comprehensive conclusions for this class of ‘soft’ materials.

Now, possible mechanisms leading to the observed scaling exponents for

the growth of DIP-thin films are discussed.

8.4.3 Interpretation of the DIP-data

In contrast to most of the reviewed studies, the data for DIP presented in this
thesis fulfill the desirable conditions of (a) well-defined deposition conditions
in UHV, (b) the independent determination of the scaling exponents «, 3,
and 1/z with (c) complementary methods.

At present, the only model which is consistent with the scaling exponents
measured in this work involves spatial inhomogeneities in the local growth
rate, which are fixed during the growth process. It is plausible that when
certain regions of the surface persistently grow faster than others, the sur-
face will roughen very rapidly. The quantitative analysis [91] shows that the
roughness and the correlation length grow subballistically as o ~ t/(In(t))?,
€ ~ t/(In(t))¥, where ¢,v ~ 2 — 3. Thus asymptotically 3 = 1/z = 1, but
the logarithmic factor implies that smaller effective exponents are measured.

The roughness exponent o« = 1 asymptotically, but again, smaller effective
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values are usually observed. For example, for the one-dimensional models
studied in [91], effective exponents § = 0.7 — 0.8 and « ~ 0.8 were obtained.
The local slope of the surface varies logarithmically with time, which is also
consistent with the small steepening exponent found for the DIP films.

The nature of the present system suggests that the spatial inhomo-
geneities may be related to the tilt domains of the film as sketched in Fig.
8.2. In analogy with the epitaxial growth of inorganic films, one expects the
formation of two-dimensional islands during the growth of the first mono-
layer [78]. The orientation of the molecules is presumably fixed within each
island, but different islands chose different in-plane orientations of the tilt
vector. If the resulting two-dimensional grain boundaries which form during
the coalescence of the first layer propagate to the subsequent layers, they
could give rise to the required lateral inhomogeneities. Clearly a better un-
derstanding of the early stages of growth is needed to support or refute this

picture.

8.5 Conclusions

In conclusion, the three scaling exponents «, § and 1/z have been indepen-
dently determined for highly ordered thin films of the organic semiconductor
DIP deposited onto silicon-dioxide substrates under UHV-conditions employ-
ing NC-AFM, specular x-ray reflectivity and diffuse x-ray scattering in rock-
ing scan geometry. Whereas the measured roughness exponent « is similar
to that observed in many other growth experiments [3], the large values of
(B and 1/z show that DIP films belong to a class of systems which display
the (largely unexplained) phenomenon of rapid roughening. It has to be em-
phasized that these large values have been determined independently of each
other, and that the growth exponent (3 is constant over a large range of film
thickness (69 A < D < 9000 A). This behavior has tentatively be attributed
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to lateral inhomogeneities, which could be associated with the orientational
degrees of freedom of the DIP molecules. Further work is required to test this
hypothesis. Interestingly, also for most of the other systems with § > 0.5 de-
scribed above (Sec. 8.4.1), the occurence of lateral inhomogeneities in the
local growth rate can not be excluded. This may open up a reinterpretation

of these data on a microscopic level.
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Chapter 9

The Metal-Organic
Heterosystem Gold on DIP

9.1 Introduction

In addition to high charge-carrier mobilities in the organic layer, the proper
function of the contact between the metal and the organic layer is of great
importance for the device performance. Thus, knowledge of the associated
morphology of the metal-organic interface as well as its thermal stability is
essential. Until now, there have been only a few studies conducted on metal-
organic interfaces, most of which dealt with disordered polymers used as
low dielectric constant material in conventional microelectronic fabrication
processes [9-11]; other studies dealt with Langmuir Blodgett films [12], still
others investigated UHV-deposited organic thin films [13].

DIP was chosen as the organic material for the present study, since the
surface of the DIP films exhibits large terraces (up to several 100 nm) with
monomolecular steps with a height of ~ 16.5 A. Thus, DIP films are very well-
defined and ideally suited for the study of the interfacial structure of metal

contacts on organic thin films. Moreover, DIP exhibits excellent crystalline
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order (as shown in Sec. 7.2 and in Ref. [67]) and good charge transport
properties associated with it [1,92]. Gold is widely used for contacting organic
electronic devices and rather inert, hence specific chemical interactions are
expected to play only a minor role. This makes it possible to focus on the
role of substrate temperature and deposition rate on the morphology of the
metal-organic interface.

In this chapter the interface between gold and DIP thin films as a model
system for metal-contacts on organic electronic devices is investigated. First,
the necessary preparation conditions which lead to a well-defined Au/DIP
interface immediately after deposition by cross-sectional TEM are examined.
Next, the thermal stability of the DIP thin film in this heterosystem at ele-
vated temperatures and its desorption mechanism is investigated by in situ
x-ray-scattering. To elucidate the crystallographic changes in the model con-
tact at these elevated temperatures, the gold film is investigated using in
situ x-ray scattering. Finally, the thermal stability of the metal-organic in-
terface is studied employing in situ high-resolution Rutherford backscattering
spectrometry (RBS) as a function of temperature. The annealing studies are
particularly important to address the issue of thermal stability of devices
operating at elevated temperatures. At the end of the chapter the results are

discussed and summarized.

9.2 Experimental

Based on a comparison with previous experiments and Monte Carlo simu-
lations of metals on polymers [9-11,93,94], one may expect the largest dif-
ferences in interfacial morphology for metal deposition on crystalline organic

films in the as-grown state for the two following extreme growth conditions:

1. low substrate temperature combined with a high deposition rate (sam-
ple Al);
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2. high substrate temperature combined with a small deposition rate
(sample A4).

Although there are important differences between disordered polymer
films and crystalline films of comparatively small molecules with respect to
the diffusion channels of metals into these films, here the above extreme cases
have been used as a starting point.

Therefore, two samples were prepared (denoted as sample Al and A4,
see Table 9.1) under the above-mentioned differing growth conditions to in-
vestigate the interfacial morphology in the as-grown state by cross-sectional
TEM. To further examine which of the parameters — temperature on the one
hand and deposition rate on the other — plays the predominant role for the
quality of the metal-organic interface, two other samples were also prepared
(denoted as A2 and A3; see Table 9.1)) employing

1. alow substrate temperature combined with a low deposition rate (A2);

2. a high substrate temperature combined with a high deposition rate

(A3).

These samples (A1 to A4) were examined by cross-sectional TEM as well
as in temperature dependent x-ray scattering studies.

The thermal stability of the Au/DIP interface as probed by RBS will
be discussed using sample A5 (Table 9.1). In addition to the samples dis-
cussed here, others were studied in complementary experiments, confirming
the conclusions presented in this chapter.

All samples were prepared on smooth oxidized (4000 A) Si(100) sub-
strates. A DIP-layer of typically 400 A in thickness was grown at a substrate
temperature of 145 + 5°C and at a rate of (12 + 3) A/min under UHV-
conditions. The gold film was deposited after growth of the DIP film in

the same chamber. The deposition conditions for the gold layer on top of
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the DIP film are shown in Table 9.1. For a detailed characterization of this
multilayer structure, TEM micrographs were taken with a JEOL FX4000
and with a Philips CM200 microscope at 400 kV and 200 kV, respectively.
X-ray-measurements were carried out at beamline W1 at HASYLAB with
a wavelength of A = 1.39 A. The RBS data were taken at the Stuttgart
Pelletron with Het-ions at 1.3 MeV and a scattering angle of § = 75°. A
high energy resolution spectrometer was used with an energy resolution of
AE = 2.4 keV, corresponding to a depth resolution of ~ 10 A in gold. For
the temperature dependent measurements, the samples were mounted on a
heater in vacuum, annealed to a given temperature for one hour each®, and
measured in situ using x-ray-reflectivity and RBS, respectively, at each tem-
perature step. Note, that samples A1 and A2 were investigated in a different
Synchrotron run than samples A3 and A4. The observed differences in ther-
mal stability of the DIP-layer between samples Al and A2 on the one hand
and A3 and A4 on the other hand are due to the precision in absolute tem-
perature measurements of only ~ 5...7°C. This is evidenced by a sample
which was prepared equivalently to A1 and which was measured in the same
run as sample A3 and A4 [95].

9.3 Characterization of the ‘as grown’ State

The interfacial morphology of the samples immediately after deposition (‘as
grown’) was characterized by cross-sectional TEM as well as by specular
and offset x-ray measurements with Aw = +0.03° offset from the specular

condition in the offset-scans. The latter value is about twice the rocking

IThe temperature of T = 180°C was applied to sample Al and A2 for ~ 15 minutes
only; this was the period in which the x-ray reflectivity and the specular DIP(001) reflection
were measured. After a significant decrease in intensity at the DIP(001) reflection was

noticed, the temperature was set back to room temperature.
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sample Tg,,  rate  nominal thickness methods

°C  A/min A
Al -120 23 120
A2 -120 0.35 120 TEM
A3 +70 23 135 X-rays
A4 +70  0.35 135
A5 +25 1 70 RBS

Table 9.1: Preparation conditions of the gold layer on top of the DIP film.

width of the DIP(001) reflection (0.013°) and thus offset from the specular
contribution of the DIP-film.

9.3.1 Cross-sectional TEM

Fig. 9.1 shows the cross-sectional TEM images for the samples A1l to A4 ‘as
grown’. Large differences are clearly visible for the interfacial morphology
in the TEM images depending on the preparation conditions. The images
suggest that the temperature of the sample during deposition has the pre-
dominant influence on the interface morphology. Low temperature during
gold deposition leads to relatively well-defined interfaces with only a small
amount of interdiffusion?, essentially independent of the deposition rate, R,
within the inspected range.

High temperature during gold deposition causes a much higher degree

2Due to the difficulties in the preparation of high-quality TEM-samples, the TEM
image of sample A2 (Fig. 9.1(b)) looks a little bit different than the other TEM-images.
In fact, only one good TEM-sample was obtained for A2 which also showed large areas
where the metal-organic interface has been destroyed throughout the preparation process.
Nevertheless, the displayed image with the well-defined interface is thought to be repre-
sentative for the sample since also the specular x-ray scattering data can be associated

with a well-defined interface.
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of interdiffusion of gold into the DIP-layer. The interfacial morphology of
the high temperature samples exhibits a certain dependence on R. Here,
a high deposition rate leads to a fairly well-defined metal-organic interface
(Fig. 9.1(c)) although the quality of this interface is lower than for the low
temperature samples (this will be shown in the following subsection). A low

deposition rate in combination with high temperature on the other hand

results in complete intermixing of gold and DIP.

(d)

Figure 9.1: Cross sectional TEM-images of the samples (a) Al, (b) A2, (c)
A3, and (d) A4.
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9.3.2 Specular and diffuse offset x-ray scattering

The distinction between ‘low temperature samples’ on the one hand and ‘high
temperature samples’ on the other is also supported by the x-ray data (Fig.
9.2). The low temperature samples Al and A2 display Kiessig fringes with
different periodicities associated with the thicknesses of both the gold and the
DIP layer. This is evidence for rather homogeneous and well-defined films.
Moreover, the offset-scans display essentially undamped Kiessig fringes with
a periodicity corresponding to the gold layer thickness. Due to the broad
specular width of the gold-layer (in the order of degrees) the offset-scan
essentially probes the specularly reflected intensity of the Au-film. Thus, this
observation is indicative of a markedly smooth gold film with essentially
uniform thickness.

On the other hand, for the high temperature samples (strongly damped)
Kiessig-fringes are visible only for sample A3. They are damped out after
2...3 periods (g, ~ 0.15 A~!). Furthermore, also the Kiessig-fringes corres-
ponding to the gold-film in the offset-scan are quickly damped out. For sam-
ple A4 Kiessig-fringes are completely absent. These observations support the
idea of a rather rough and inhomogeneous interfacial morphology as was seen
already in the TEM-images. Moreover, the essential absent Kiessig-fringes for
the gold-layer in the offset-scans suggest a fairly high roughness of the Au-
layer, i.e., a laterally inhomogeneous thickness.

Note, that the specular and offset-scan intensity are very close to each
other. This is due to the largely different widths of the specular components
of the DIP-film and the gold-layer, respectively, and it is enhanced due to
the large electron-density contrast between the gold and the DIP (in the
order of a factor of five). The present sample structure consists of a DIP-
film with a small electron-density (i.e., a small scattering cross-section) in
combination with a very narrow specular component (Aw = 0.015°) and a

gold-film with a large electron-density (i.e., a large scattering cross-section)
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Figure 9.2: Reflectivity and offset-scans for the samples Al ... A4. The

individual data-sets are offset to each other for the sake of clarity.

in combination with a very broad specular component (Aw = some degrees).
This is displayed in Fig. 9.3, where rocking scans at various positions of ¢,
show the scattering contributions of the DIP (narrow specular component)
and of the gold (broad component, almost plateau-like), respectively, for
sample Al. Thus, the standard formalism of subtracting an offset-scan from
the specular-scan to obtain the ‘true’ specular intensity fails. Generally, the
sketched problem will make it difficult to fit the data with the simple Parratt-
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formalism or a semi-kinematic formalism. Rather, it would be necessary to
fit the diffuse and the specular intensity simultaneously. Nevertheless, the
periodicty of the Kiessig-fringes still allows for a fairly precise estimate of
the corresponding film thicknesses, and the degree of damping of the Kiessig-

fringes provides at least an indication for the quantity of interfacial roughness.

9.4 Characterization of the Annealing Pro-

cess: DIP Film

To address the thermal stability of the DIP-film in this heterosystem, the
samples were annealed as described in Sec. 9.2. During the annealing in situ
x-ray measurements of the reflectivity as well as of the DIP(001) reflection
were carried out. To compare the intensities of the DIP(001) reflections the
integrated peak intensities were normalized to the x-ray intensity at 20 =
0.45° < 20, (i.e., the x-rays are totally reflected by the gold film) and set
to 1 for the measurement in the ‘as grown’ state. The coherent thickness
of the DIP-film was determined by analyzing the position of the minima
between the Laue-oscillations around the DIP(001) reflection according to
the Laue-function (Eq. 7.20)
(sin(%)) ’
IToc | ———— | (9.1)
sin (=21 )

where N is the number of (coherently scattering) monolayers in the film.

9.4.1 Low temperature samples

Comparing the periodicity of the Kiessig-fringes close to the critical angle
with the periodicity of the Laue-oscillations around the DIP(001) reflection
shows that the DIP-film of the low temperature samples is still well-defined
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intensity (a.u.) - absorber corrected

Figure 9.3: Typical set of rocking scans for the system Au/DIP at 8 different
positions of 20 for sample Al. The vertical line indicates the position where
the offset-scans of Fig. 9.2 were taken. It should be pointed out that the
set shown above was found for all samples in a very similar manner and

that it did not change upon annealing as long as the DIP-layer was stable
(T < 160°C).

and coherently ordered across its entire thickness after Au-deposition. Almost
undamped Laue-oscillations are evidence for a high degree of homogeneity of

the DIP film (Figs. 9.4 (a) and (b)).

Fig. 9.5 shows the thermal behavior of sample A2 which is representative

133



intensity

107 F

- T=25C
I (as grown)

T
T=25°C

(after annealing)

D,, (120 A)

0.1

0.2 0.3
q, (A

0.4

intensity

FT=25C
[ (as grown)

—
T=25°C
(after annealing)

(b) ]

DIP(001)

0.1

0.2 0.3 0.4 0.5
q, (A

Figure 9.4: DIP(001) reflection of samples Al (a) and sample A2 (b) at
various annealing temperatures. The different scans are offset to each other
for clarity. For the samples in the as-grown state and at room temperature

after annealing the x-ray-reflectivity data are also plotted.

for all investigated low temperature samples. The intensity of the specular
DIP(001) reflection as well as the coherent thickness D, prp of the DIP-film
as a function of temperature are displayed.

Up to T = 160°C the intensity of the Bragg reflection is essentially sta-
ble. This implies a high degree of thermal stability of the DIP layer and is
the same temperature as for uncapped DIP-films. The coherent thickness
D.on,prp of the DIP-film remains essentially constant (increase by one mono-
layer), while the intensity increases by ~ 20% for sample A2 (and by ~ 40%
for sample A1). The latter observation is indicative of a reordering process
in the DIP-film taking place at elevated temperatures.

For T' > 160°C the intensity of the Bragg reflection decreases while the
coherent thickness remains essentially constant (an increase of 3 monolayers
DIP compared to the ‘as grown’ state). Also, the DIP-film thickness does not
change during the annealing as probed by the Kiessig-fringes (dotted hori-
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Figure 9.5: Normalized intensity (filled circles) of the DIP(001) reflection of
sample A2 (shaded area in Figs. 9.4 (a) and (b)) and coherent thickness,
Deon.prp, of the DIP-film (open triangles) as a function of the annealing
temperature. The dotted horizontal line reflects the essentially unchanged

thickness of the DIP-film, Dp;p, as obtained by the Kiessig-fringes.

zontal line in Fig. 9.5). The rocking width of the DIP(001) reflection remains
stable throughout the entire annealing procedure. Given that the intensity
distribution between the higher order DIP reflection does not change sig-
nificantly it is unlikely that structural changes cause the intensity decrease.
Rather, these observations suggest a laterally inhomogeneous desorption pro-
cess.

Figure 9.6 displays a cross-sectional TEM-image of a sample prepared
similarly to sample Al after annealing. This sample was investigated in a
different series of measurements. It was held at 7' = 170 4+ 5°C until the

DIP(001) reflection had decreased to 5% of its original value. At this stage,
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the Kiessig-fringes associated with the DIP-layer had vanished. However, the
Laue-oscillations around the DIP(001) reflection were still present with essen-
tially the same periodicity compared to the ‘as grown’ state, thus providing
the same coherent thickness of the remaining DIP as of the DIP layer after
sample preparation [95]. The TEM-image shows a closed gold layer which
is interrupted at some points. The curved edges at the interruption indi-
cate that some material in the void was destroyed during preparation of the
TEM-sample (interruption of the gold layer due to TEM-sample preparation
usually results in ‘sharp’ edges). It is plausible to assume that the empty
space was filled by a DIP-island prior to TEM-preparation. This scenario
matches the model of a laterally inhomogeneous desorption process outlined

above.

9.4.2 High temperature samples

A comparison of the periodicity of the Kiessig-fringes with the periodicity
of the Laue-oscillations around the DIP(001) reflection shows that the DIP-
film of the high temperature samples is still well-defined and coherently or-
dered across its entire thickness (Figs. 9.7 (a) and (b))?. However, the Laue-
oscillations around the DIP(001) Bragg reflection are considerably damped.
This is evidence for an appreciably inhomogeneous DIP-film. It is plausible
to attribute this observation to the interdiffusion of considerable amounts of
gold diffused into the DIP-film during deposition which leads to destruction
of parts (A3) or large areas (A4) of the DIP-film as was already observed in
the TEM images (Fig. 9.1 (c) and (d)).

Fig. 9.8 shows the thermal behavior of sample A3. It is representative for

all high temperature samples which were investigated. The intensity of the

3Sample A4 does not exhibit Kiessig-fringes. Thus, the statement about the DIP-film
thickness was made from the values determined during the DIP-deposition by the quartz-

microbalance and from the thickness observed in the TEM image of the film, respectively.
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Figure 9.6: Cross sectional TEM-micrograph that shows a sample prepared
like Al. The gold layer is separated from the SiO, — substrate only by a
small organic layer. In lateral direction the gold film exhibits holes with

curved edges where presumably DIP islands resisted the thermal treatment.

specular DIP(001) reflection as well as the coherent thickness D, on prp of the
DIP-film as a function of temperature are displayed.

A closer look to the data shows that samples A3 and A4 essentially exhibit
the same thermal stability (7"~ 150°C) as the low temperature samples Al
and A2. The deviation in temperature of 10°C is thought to be caused by
the experimental setup.

For still higher temperatures, A3 and A4 exhibit a pronounced decrease
of the intensity of the DIP(001) reflection while at the same time its rocking
width and D, remain constant. This suggests a laterally inhomogeneous
desorption process similar to that of the low temperature samples. How-

ever, in contrast to the low temperature samples, at temperatures below
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Figure 9.7: DIP(001) reflection of sample A3 (a) and of sample A4 (b) for
different annealing temperatures. The different scans are offset to each other
for clarity. For the samples in the as-grown state and at room temperature

after annealing the x-ray-reflectivity data are also plotted.

onset of desorption the intensity of the DIP(001) reflection remains essen-

tially constant within the experimental error. Thus, no reordering process in
the DIP-layer is observed for A3 and A4.

9.5 Characterization of the Annealing Pro-

cess: Au Film

To characterize the gold layer on top of the DIP-film, Bragg-scattering was
used. This allows for the determination of the crystalline orientation of the
grains in the gold film with respect to the surface normal. Intensities were
determined as the area of a Gaussian fitted to the specular Au(111) reflec-
tion. The presented data of all samples were normalized in the same way,

thus the intensities of the Au(111) reflection of the various samples could be
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Figure 9.8: Normalized intensity (filled circles) of the DIP(001) reflection of
sample A3 (shaded area in Figs. 9.7 (a) and (b)) and coherent thickness,
Deon.prp, of the DIP-film (open triangles) as a function of the annealing
temperature. The dotted horizontal line reflects the essentially unchanged

thickness of the DIP-film, Dp;p, as obtained by the Kiessig-fringes.

compared quantitatively. The coherent thickness of the gold grains, Dcop, 4y
was obtained by analyzing the peak width of the Au(111) reflection and its
Laue-oscillations according to the Laue-function as described above (Eq. 9.1).

By employing rocking scans at the g,-position of the Au(111) Bragg-
reflection, the mosaicity (A® = FWHM)) of the gold grains with (111)-

orientation along the surface normal is probed.

9.5.1 Low temperature samples

Fig. 9.9 (a) shows examples for the specular scan over the Au(111) Bragg

reflection ‘as grown’ and after the annealing procedure, while Fig. 9.9 (b)
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normalized intensity

Figure 9.9: (a) Specular scan through the Au(111) Bragg reflection of sample
Al‘as grown’ and after the annealing procedure. The inset displays the coher-
ent thickness of the gold grains as derived from fits with the Laue-function.
(b) Rocking scan across the specular Au(111) Bragg reflection of sample Al
‘as grown’ and after the annealing procedure. The inset shows the FWHM
of the rocking width, which is an indicator for the angular distribution (mo-

saicity) of the gold grains in the film.

displays the corresponding rocking scans at the g,-position of this peak. Figs.
9.10 (a) and (b) display the evolution of the intensity of the Au(111) reflection
and of the FWHM of the rocking peak as a function of temperature for
samples Al and A2, respectively. In the ‘as grown’ state, the intensity of
the Bragg-reflection is fairly low but essentially the same for both samples.
At the same time, the mosaicity of the gold grains with (111)-orientation
along the surface normal is relatively high (of the order of 10°). However,
given that in this system Au is evaporated onto an organic film it may be
considered as remarkable that obviously a preferred orientation forms rather
than a polycrystalline film.

The behavior of the gold layer upon the subsequent annealing is similar
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Figure 9.10: Intensity of the specular Au(111) reflection (red closed circles,
left axis) and its rocking width, i.e., mosaicity, (black open triangles, right

axis) for (a) sample A1, and (b) sample A2.

Up to T" = 100°C the mosaicity as well as the peak intensity remain
almost constant. Further increasing the temperature results initially in a
remarkable decrease of the mosaicity, whereas the intensity of the Bragg
reflection increases only slightly.

For T" > 120°C, the intensity of the Bragg-reflection increases largely
while the mosaicity of the respective grains continues to decrease.

Both processes continue as the temperature is steadily increased. At the
end of the annealing procedure the intensities of the specular Au(111) Bragg
reflections for samples A1 and A2 have increased by a factor of 7 and 12,
respectively. The mosaicity has decreased from ~ 10° to values of about 4°
for both samples.

Now the coherent thickness of the gold layer is considered. For T' 2 100°C,
the FWHM of the Au(111) Bragg reflection of samples A1l and A2 starts to
decrease and eventually exhibits pronounced Laue-oscillations for T' =~ 150°C

(Fig. 9.9 (a)). The decrease of FWHM is related to an increase in coherent
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Figure 9.11: Coherent thickness of the Au(111) grains in the gold film of A1l
(black closed circles) and A2 (red open diamonds).

thickness of ~ 20¥ (see Fig. 9.11 and inset of Fig. 9.9 (a)). Moreover, the
appearance of Laue oscillations is evidence for the existence of well ordered
gold grains ((111)-orientation) with homogeneous thickness.

Combining the observations of an increase in intensity of the Au(111)
reflection, a decrease of its mosaicity and an increase in the coherent thickness
of Au grains with (111)-orientation suggests the occurrence of a pronounced
reordering process in the Au-layer for T > 120°C. This process leads to a
preferential (111) orientation of the grains in the film along the z-axis which
usually is the energetically favorable orientation for thin gold-films. Additio-
nal evidence for this interpretation is given by the continuously decreasing
intensity of the non-collinear Au(200) reflection which also has been recorded

with increasing temperature.

142



normalized intensity of Au(111)

0.035fF

0.025 -

9.5.2 High temperature samples

©

i L 0.030 ®) ]

0.030 - heating 48

\l 0.025 - //

i heating —_— l /v 7
i 0.020 | /

N
=D -
>

normalized intensity of Au(111)

(Bap) ueos Bupjool Jo WHMA

| i
0.020 O SO ) J 0.015 | L--Cr'?‘—"""'g'
TR cots s A cooling 15
ol 1 S I <o
‘\/ i L % 4
0010 ® heating J heating
. 0.005

20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Temperature (°C) Temperature (°C)
Figure 9.12: Intensity of the specular Au(111) reflection (red closed circles,

left axis) and its rocking width, i.e., mosaicity, (black open triangles, right

axis) for (a) sample A3, and (b) sample A4.

Figs. 9.12 (a) and (b) display the evolution of the intensity of the Au(111)
reflection and of the FWHM of the rocking peak as a function of temperature
for samples A3 and A4, respectively.

Remarkably, for both samples, the intensity of the specular Au(111) re-
flection in the ‘as grown’ state is essentially the same as for A1 and A2. The
rocking width of the Au(111) reflection is slightly smaller for the high tem-
perature samples than for A1 and A2 but still it is of the order of 10 degree.
These findings may be seen as a result of a random process in the formation
of the Au layer. Here, the number of orientated Au grains and their angular
spread in the cap-layer appears to be mainly independent on the substrate
temperature (within the inspected range of —120°C < T < 470°C).

Compared to the low temperature samples, the behavior of the gold layer
upon annealing is somewhat different for samples A3 and A4. First, sample

A3 is considered.

143

(Bap) ueos Bupjool Jo WHMA



Up to T' = 150°C the mosaicity remains constant within the experimental
error. At the same time, the intensity of the specular Au(111) reflection
increases slightly with each temperature step.

At T = 160°C, the mosaicity decreases to its saturation value on the one
hand. The intensity of the Au(111) reflection shows a pronounced increase
which continues as the temperature is further increased indicative of a re-
ordering process at the expense of Au grains with (200)-orientation. However,
the intensity increases only by a factor of 3.5 compared to a factor of 7 and

12 for the low temperature samples.
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Figure 9.13: Coherent thickness of the Au(111) grains in the gold film of A3
(black closed circles) and A4 (red open diamonds).

Inspection of the coherent thickness shows a pronounced increase of
Do, au of = 30¥ (see Fig. 9.13) for ' > 150°C. However, Laue oscilla-
tions appear only after annealing at the highest temperature and are rather

smeared out. This implies that the grains inside the film exhibit a fairly broad
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distribution in their coherent thickness, i.e., the film shows an inhomogeneous
thickness, in contrast to the observations at the low temperature samples. In
conclusion, the behavior of sample A3 upon annealing resembles that of the
low temperature samples although there remain differences in the crystalline
homogeneity of the Au-layer.

The structural behavior of the gold layer of sample A4 upon annealing is
not comparable to any of the other samples. This can be explained by the
highly intermixed structure of this heterosystem, which itself is not ‘well-
defined’ at all.

9.6 Characterization of the Annealing Pro-

cess: Au/DIP Interface

At this point, the thermal stability of the Au / DIP-interface will be in-
spected. For this purpose, in situ temperature dependent high energy reso-
lution RBS measurements were carried out on sample A5. In Fig. 9.14 the
spline-fitted RBS gold peak is displayed. It was measured just after deposi-
tion and after annealing at different temperatures for one hour each. Imme-
diately after deposition the gold peak exhibits a slightly smeared-out shape
with relatively steep edges at the high and low energy side, pointing to an
essentially homogeneous and well-defined film with only little interdiffusion.
The simulation (gray area in Fig. 9.14) gives a film thickness of 70 A and a
thickness fluctuation of 25 A. The latter equals to the surface roughness of
the DIP film as determined by x-ray reflectivity measurements.

Although for technical reasons sample A5 could not be prepared equiva-
lent to sample Al or A2, the RBS data provide evidence for a well-defined
interface between the gold and the DIP layer. Annealing at 100°C does not
change the peak significantly, demonstrating that the interface is thermally
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Figure 9.14: RBS-measurements around the gold edge of sample A5. The fig-
ure shows the spline-fitted RBS gold peak just after gold deposition (black),
and after annealing at 7" = 100°C (red), 150°C (green), 160°C (blue), and
170°C (magenta) for one hour each. The slightly rounded edges on the high
energy side are indicative of small amounts of adsorbed material on top of the
gold film. For comparison the gray shaded area shows an RBS-simulation for

an ideal Au film with 70 A average thickness and 25 A thickness fluctuation.

stable against interdiffusion. Further annealing at 150°C results in a notice-
able change of the shape of the peak: the FWHM of the peak increases, and
the low energy side exhibits a longer tail. This is a clear sign for interdiffu-
sion of gold into the DIP film. Remarkably, the peak shape does not change
any more upon further annealing to 160°C and 170°C, which suggests that
the gold diffusion process is already completed at 150°C, most likely due to

the formation of immobile gold clusters. However, at the two highest anneal-
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ing temperatures, the position of the gold edge shifts to lower energies by
~ 1 keV. This implies that the gold film is covered by a thin film (presumably
DIP) of about 15 A in thickness, indicating that at this stage wetting effects
play a role.

9.7 Discussion

At first, the interfacial morphology in the ‘as grown state’ is discussed. TEM
images as well as specular and off-specular x-ray measurements close to the
critical angle show that the interfacial morphology is critically dependent on
the conditions during gold deposition. Given, that for technical applications
a well-defined metal-organic interface morphology is preferable it turns out
that a low sample temperature during gold deposition is of greater impor-
tance than the deposition rate for the inspected range of substrate tempe-
rature and deposition rate. Low sample temperatures (—120°C) lead to gold
layers of rather homogeneous thickness and quite well-defined interfaces al-
though a small amount of gold interdiffusion into the organic layer seems
to be unavoidable without the application of a (reactive) diffusion-barrier
layer between DIP and gold. In contrast to the interfacial morphology be-
tween Au and DIP, the average crystalline orientation of the Au grains in
the cap-layer appears to be largely unaffected by the substrate temperature
during deposition. Comparing the intensity of the Au(111) reflection and of
its rocking width shows that these quantities are nearly equal for the inves-
tigated samples. This suggests, that the formation of the Au grains in the
Au film is a random process which is essentially independent of the substrate
temperature and of the deposition rate in the range of rate and temperature
investigated.

Now, combining the results of x-ray-scattering, RBS, and TEM mea-

surements, a plausible scenario for the changes in the heterostructure upon
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annealing is proposed (see also Fig. 9.15).

Au
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Figure 9.15: Model for the desorption process of the DIP in a system of
Au/DIP. On the left side the system is shown prior to the annealing process.
The image on the right hand side depicts the situation during and after the

annealing step in which some DIP-islands remain unchanged in some regions.

Up to T ~ 100°C the heterosystem is thermally stable (left hand side of
Fig. 9.15).

For 100°C < T < 150°C, interdiffusion of gold into the DIP film is facili-
tated, as is reflected by the RBS-measurements. This may cause the reorder-
ing process in the gold-film indicated by a decrease of the mosaicity of grains
with Au(111) orientation parallel to the surface normal and a slight increase
of the specular Au(111) intensity. In addition, a reordering process in the
DIP-film is observed (increasing DIP(001) intensity). However, at this point,
the DIP-film and, presumably, also the interface remain essentially stable.

At still higher temperatures (7' 2 155°C) the DIP-film becomes thermally
unstable. DIP-molecules start to desorb and enhanced gold-interdiffusion sets
on, accompagnied by a pronounced reorientation of the gold film as well as by
increasing coherent thickness of the gold grains. This points to a dewetting
of the gold-film.

The x-ray data of the DIP-film suggest that the DIP-film exhibits a later-
ally inhomogeneous desorption process: the DIP-film splits into laterally sepa-
rated islands of homogeneous thickness (constant D..n, Dprp, and DIP(001)
rocking width, but decreasing intensity of the DIP(001) reflection). A TEM-
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image of a sample after annealing (Fig. 9.6) supports the idea that the islands
are separated by ‘canyons’ which presumably are filled with gold (see sketch
on the right hand side of Fig. 9.15). From a technological point of view it is
expected, that latest from the onset of DIP-desorption the performance of
an electronic device using DIP as organic semiconductor will diminish due
to the islanding effect.

It must be pointed out that the finding of a laterally inhomogeneous des-
orption process of the DIP-film in the heterosystem is contrary to the obser-
vation of a laterally homogeneous desorption process for uncapped DIP-films
as has been demonstrated in Sec. 7.3.2. The presence of the gold-film has a
large influence on the desorption behavior of the DIP-film. It is plausible to
assume that stacks of DIP which are covered by a closed gold-layer resist to
a higher temperature than stacks of DIP which are uncapped or can diffuse
through cracks in the cap-layer. Thus, in this picture, the gold layer induces

a complete change in the desorption process of the DIP-layer.
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Chapter 10
Summary

In this thesis, the growth, structure, thermal expansion and desorption of thin
films of diindenoperylene (DIP) deposited on SiOy- and on Al;Os-substrates
were studied. In addition, the properties of the metal-organic interface de-
pending on the preparation conditions and on annealing were investigated for

the heterostructure Au/DIP as a model-system for metal-organic contacts.

10.1 DIP Thin Films

10.1.1 First AFM, high-resolution x-ray-, cross-
sectional TEM, and spectroscopic ellipsometry

measurements on DIP thin films

High structural order with a mosaicity as small as 0.0087° has been ob-
tained for DIP-films prepared under suitable preparation conditions (Ts,, =
145°C £ 5°C, R = 12 4+ 3 A/min) on atomically smooth SiO, substrates.
The high degree of structural order has been observed by specular x-ray-
scattering and by cross-sectional TEM-images where individual lattice-planes

could be resolved. The specular x-ray data show Kiessig-fringes and DIP
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Bragg-reflections up to the 9th order with Laue-satellites, and a lattice
spacing of dprp =~ 16.5 A has been determined. A comparison of the
oscillation period of the Kiessig-fringes and the Laue-oscillations demon-
strates that the DIP-films are coherently ordered across their entire thickness
(Dprp = Deon,prp). AFM images show large terraces with a lateral extension
up to several 100 nm separated from each other by monomolecular steps of
16.5 A. In addition, ellipsometry-measurements showed an optical band-gap
of By opt. = 2.2+ 0.1 eV.

10.1.2 Structure of DIP-films
Analysis of the complete specular rod by the Master-formula

Based on kinematic scattering theory, the specular-rod data have been ana-
lyzed by fitting the x-ray-data from g, = 0 up to the largest recorded value
of g,. The electron density of a given sample, pe(2), was separated into the
contributions of the substrate (i.e., a constant part) and the DIP film (i.e.,
an oscillatory part). The latter contribution was modeled by a Fourier-series
where the Fourier-amplitudes correspond to the intensities of the individual
DIP Bragg-reflections and the Fourier phases could be reduced to a ‘Fourier
sign’, ‘4’ or ‘-, due to the mirror-symmetry of the DIP-molecule. This for-
malism allowed for a fairly good fit of the complete specular rod with only
few free parameters. Thus, the oscillatory electron-density profile of the DIP-
layer was obtained with high precision.

This model has been applied to a set of data recorded on samples with

various film thickness (69A < Dprp < 1100 A) The main results of the

data-analysis are

e The lattice constant dp;p decreases with increasing Dprp up to Dprp =
670 A where it remains constant at 16.56+0.02 A. The relative change

between the largest and the smallest lattice constant, dp;p, is 0.54% .
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e The mean electron density of the DIP-film, p% 5, increases with increa-
sing film thickness up to Dp;p ~ 400 A where it remains constant at
0.39 el/ A3. The relative change between the smallest and the largest
value of p%;p is 22.9% . The product of dprp X p%;p is not constant
but increases with increasing thickness, thus suggesting a change in

structure for larger film thicknesses.

e The electron-density in the DIP-film exhibits pronounced oscillations
around p%;, along one monolayer with a ratio (i.e., electron density

contrast) of pd%, / phin, of up to 1.9.

Temperature dependent measurements

Knowledge about the thermal stability of DIP films about their desorption
process, and about their thermal expansion is of fundamental interest. Like-
wise, it is technologically relevant.

These issues were addressed by annealing DIP-samples to increasing tem-
peratures while measuring their crystallinity by specular x-ray scattering.

The main results of these investigations are listed below.

e DIP-films are thermally stable up to T' = 155°C 4+ 10°C. Annealing
to higher temperatures results in a laterally homogeneous desorption
process (e.g., layer-by-layer) which was revealed by comparing the (de-
caying) intensity of the first specular DIP Bragg-reflection with the
(decaying) coherent film thickness, D, and with the (decaying) total

film-thickness, Dp;p.

e The thermal expansion coefficient parallel to the molecular plane (i.e.,
normal to the surface) in the temperature-range of thermal stability is
oy = (75.844.5)-107% 1 /K. The thermal expansion coefficient normal to

the molecular planes (i.e., parallel to the substrate surface) is expected

152



to be a factor of 2...4 larger than ¢, yet, no experimental data have

been recorded.

e Annealing to temperatures 7' > 160°C results in two irreversible struc-
tural changes. The first irreversible structural-transition is observed for
160°C < T < 200°C. In this temperature interval, the lattice constant
dprp is increasing only slowly with T" and eventually saturates. Increas-
ing the temperature further results in a second irreversible structural-
transition which is indicated by a jump of dp;p (corresponding to a
thermal expansion coefficient of o ~ 1100 - 107% 1/K in this small
temperature interval). In addition, a rapid increase of the desorption

rate is observed for 7" > 200°C.

e The desorption rate at 7' = 195°C is in the order of 1 ML/min.

In-plane structure

The in-plane structure of DIP-films deposited on SiO, as well as on A-plane
sapphire substrates has been investigated using x-ray-scattering in GID-

geometry. The main results are

e All samples exhibited Bragg-reflections at ¢ ~ 1.47 A~! (d ~ 4.28 A)
and at g ~ 1.715 A~! (d ~ 3.65 A) which could be related to the
DIP-film.

e On one DIP-film deposited on A-plane sapphire even azimuthal orien-
tation of these Bragg-reflections could be demonstrated pointing to at
least 4 domains in the film. Ellipsometry measurements on this film
revealed a weak azimuthal anisotropy (i.e., alignment of the molecules
parallel to the substrate). This anisotropy may be due to a ‘morphology

induced’ growth mode where the DIP molecules align along preferred
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orientations of the substrate rather than exhibit an epitaxial relation
with the substrate.

10.1.3 Growth Behavior and Scaling Exponents

Based on the theory of fractal scaling of the surface roughness of thin film
samples, the scaling exponents «, # and 1/z have been determined. Two
complementary techniques have been applied to determine av (NC-AFM and
diffuse x-ray scattering, respectively) and the rms-roughness o has been mea-
sured by x-ray reflectivity and NC-AFM on samples with an unusual large
range of thickness (69 A < Dp;p <9000 A) to determine 3. The main results

are

® Qean = 0.684£0.06, 5 = 0.748+0.05, and 1/z = 0.92+0.20. The result
is self-consistent because the relation 1/z = 3/« is fulfilled within the

€rorr margins.

e The growth exponent (3 exceeds the theoretical limit for kinetic roughe-
ning (Brp < 0.5). At present, the only model which is consistent with
this kind of ‘rapid roughening’ involves lateral inhomogeneities in the
local growth rate. These are suggested to be related to tilt domains in
the present films due to the fixed orientation of the essentially upright-
standing but slightly tilted molecules in the individual islands. If the
resulting two-dimensional ‘grain boundaries’, which form during the
coalescence of the first layer, propagate to the subsequent layers, they

could give rise to the required lateral inhomogeneities.
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10.2 The metal-organic heterosystem

Au/DIP

The proper function of the metal-organic contact in organic-electronic devices
is of great importance for their performance. The former is expected to be
closely related to the morphology of the metal-organic interface.

Due to their large terraces and the high structural order, DIP thin films
are very suitable for the deposition of metal and the subsequent analysis of
the metal-organic interface ‘as grown’ and upon annealing. Therefore, gold
has been deposited under various conditions on crystalline DIP thin films.
Following the preparation of these ‘model contacts’, their interfacial mor-
phology as well as the structure of the DIP-film and of the gold-layer has
been investigated. For these inspections immediately after deposition and
upon annealing as a function of deposition rate and substrate temperature,
the complementary techniques cross-sectional TEM, high energy-resolution
RBS and specular x-ray scattering have been employed. The main results are

listed below

e It has been shown that the interfacial properties of metal contacts on
organic materials in the system gold on DIP are strongly determined by
the preparation conditions of the gold film. Gold deposition at low sub-
strate temperatures during deposition (—120°C) leads to well-defined
interfaces with only a slight amount of interdiffusion. The deposition
rate plays only a minor role at these low substrate temperatures but has
a pronounced influence on the interfacial morphology when preparing
samples at high substrate temperatures (+70°C). In the latter case,
a low deposition rate (0.35 A/min vs. 23 A/min) leads to a complete
intermixing of gold and DIP.

e It has been found that the interface is stable against further interdiffu-
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sion up to 100°C.

The thermal stability of the DIP-layer (up to T'= 150°C) remains un-
changed compared to uncapped DIP-films. However, further annealing
to still higher temperatures results in a laterally inhomogeneous desorp-
tion process of the DIP-film. This is contrary to the observation of a

laterally homogeneous desorption process for uncapped DIP-films.

The gold layer immediately after deposition exhibits a fairly high mo-
saicity of the order of 10 degrees for all samples under investigation.
Remarkably, the scattering intensity of grains with (111)-orientation
along the surface normal in the ‘as grown’ state is essentially indepen-
dent of the substrate temperature during deposition. This observation
suggests, that the formation of the Au grains in the Au film is a random
process. Gold films deposited at low substrate temperatures (—120°C)
start to exhibit a (re-)ordering process upon annealing to 7' > 120°C
with a preferential (111)-orientation of the gold grains parallel to the
surface normal. This process is presumably driven by facilitated diffu-
sion in the DIP-film. For gold-films deposited at high substrate tempe-
ratures (+70°C) only a slight (re-)ordering process is observed upon
annealing at T" > 150°C.
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Appendix A

List of Acronyms

AFM
DIP
DWBA

erf

ESRF

FWHM
GID
HASYLAB

HDCF
KPZ
LEED
LN2
MBE

ML
NC-AFM
OMBE

Atomic Force Microscopy
Diindeno(1,2,3-cd,1’,2’,3’-Im)perylene, C3oHyg
Distorted Wave Born Approximation

Error Function

European Synchrotron Radiation Facility
(Synchrotron source in Grenoble, France)

Full Width at Half Maximum

Grazing Incidence Diffraction

Hamburg Synchrotron Laboratory
(Synchrotron Facility in Hamburg, Germany)
Height-Difference Correlation Function (g(R))
Growth model developed by Kardar, Parisi, and Zhang [96]
Low Energy Electron Diffraction

Liquid Nitrogen

Molecular Beam Epitaxy

Monolayer

Non-Contact Atomic Force Microscopy

Organic Molecular Beam Epitaxy
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PAH Polyaromatic Hydrocarbons

PTCDA 3,4,9,10-Perylene-Tetracarboxylic Dianhydride, CoyOgHg
RBS Rutherford backscattering spectrometry

RD Random Deposition

SPM Scanning Probe Microscopy

STM Scanning Tunneling Microscopy

TDS Thermal Desorption Spectroscopy

TEM Transmission Electron Microscopy

UHV Ultra High Vacuum

XRD X-Ray Diffuse Scattering

XRR X-Ray Reflectivity
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Appendix B

List of Symbols

a/H

OéH,OéJ_

oy, Qf
a;
Qe
Oy
B
B, Bkr

Asuba Asurf

roughness exponent / ‘Hurst’ parameter

thermal expansion coefficient in stacking direction

parallel and normal to the molecular plane, respectively

angle of the incident and diffracted /reflected wave

incident angle used in semi-kinematical theory (corrected for «.)
critical angle (for o;; < a.: total reflection)

angle of the transmitted beam

absorption coefficient in refractive index n

growth exponent and its kinetic limit

electron density contrast substrate-film and film-vacuum
dispersion in refractive index n

in-plane diffraction angle (=20 in GID-experiments)

azimuthal in-plane direction relative to AloO3(300)
Fourier-phase in decomposition of electron density

tilt-angle of the DIP-molecules with respect to the surface normal
penetration depth of the evanescent wave for a; < .
wavelength of x-ray radiation

steepening-exponent in mound growth; describes the evolution
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of the slope of the mounds with increasing film thickness
mass absorption coefficient

charge carrier mobility

density of mass

electron density (of DIP) along the surface normal

mean electron density of DIP

minimum/maximum electron density in one monolayer of DIP
roughness between layer j and 7 + 1

functional (scaling-)relation of the surface roughness

in dependence of lateral probed length-scale, L

and deposition time, t, i.e., film thickness, D

random deposition limit for the rms-roughness

differential scattering cross-section in scattering experiments
scattering angle in x-ray diffraction measurements determining
the wave vector transfer q

coverage of layer ¢

scattering angle of the projectile ions in RBS

incident and exit angle for ions in RBS

lateral cut-off or correlation length

longitudinal, transversal, and the projected transversal
coherence length of the x-ray-beam

mosaicity of a sample

solid angle of the detector

offset-angle in offset-scans

scattered amplitude as a function of q

scattered amplitude from the film and from the substrate
amplitude of the incident plane x-ray wave

j-th Fourier-coefficient of an oscillatory electron density

effective j-th Fourier-coefficient of an oscillatory electron density
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ay, Ay, Ay lattice vectors of a 3D-crystal, parallel to the x-, y-, and z-axis

C(R) height-height correlation function

c speed of light

D.on coherent thickness

D;, Dprp thickness of the j-th layer and of the DIP-film
D¢ cross-over thickness in the determination of the

growth exponent 3
d in-plane lattice parameter
do lattice spacing between substrate surface and

the beginning of the film

dprp lattice parameter of DIP normal to the substrate
E(r) amplitude of the electric field at point r

Ey, E,y energy of the incident and scattered ions in RBS
Eeqge highest recorded energy for ions-scattering at

a specific element (K. Ep)

Eg opt. optical band-gap energy determined for example by ellipsometry
dE/dx specific energy loss in matter per unit length for ions

F(q) structure factor

F(q.) structure factor projected to the z-axis (in the Master formula)
flo), 1, 1" atomic scattering factor and the real and imaginary part

of its correction terms
f(q.) ‘reflectivity form factor’ in the Master-formula
G(q.) term that takes into account geometrical corrections

in the Master-formula

g9(R) height-difference correlation function (HDCF)
hjo mean height of the j-th layer

h;(z,y) height of interface j at the lateral position (x,y)
Iy intensity of the beam

Lo measured intensity
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IS7 ID

IMF> IParratt

Ny, Ny, Nj
n, n(z)

b

41, 9

4q); 4z, 9y

I'n

TA, TB, TC

specular and diffuse scattered intensity

intensity computed using the Master-formula and

the Parratt-formalism, respectively

kinematic factor for scattering of ions at atoms with mass My
wave vectors of the incident and diffracted /reflected beam
z-components of the incident and transmitted wave-vector
probed lateral length-scale in an SPM measurement
illuminated area of the sample in x- and y-direction (footprint)
in x-ray diffraction experiments

length of path in the sample for the projectile-ion before
and after being scattered (RBS experiments)

number of Bragg reflections on the specular rod

mass of the projectil ion and of the target atom

mass of an electron

number of monolayers

number of atoms in the direction of ax, ay, and a,

index of refraction (along the sample normal)

pressure

momentum transfer perpendicular to the sample surface
momentum transfer parallel to the sample surface
distance between scattering center and detector
deposition rate

lateral distance from the origin or between two points
Fresnel reflectivity

wave-amplitude of the beam reflected at the interface
between layer j and layer 7 + 1

atomic arrangement in the unit cell with n atoms
contributions of substrate film and film-vacuum-interface

to the integral of F'(¢,) in the Master-formula
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classical electron radius (2.8 x 107'° m)

function to calculate the diffusely scattered intensity

structure factor in the Master-formula

temperature and Substrate temperature during film deposition
deposition time (proportional to D g, for

constant deposition rate R)

Fresnel transmission coefficient

wave-amplitude of the beam transmitted into the j-th layer
velocity of the projectile ions in RBS-measurements

‘+7 or ‘-’ — reduced Fourier-phase in oscillatory electron density due
to mirror-plane symmetry of the molecules

ratio between R; and T;

atomic number of the projectile ion and of the target atom
height fluctuation of layer j around mean height h;

scaling exponent, which should be given by 3/« and

relates the correlation length & to the film thickness D
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Appendix C

List of Samples

The last column of Table C.1 shows the methods that were used to charac-
terize the individual samples, namely x-ray reflectivity (XRR), x-ray diffuse
scattering (XRD), grazing-incidence diffraction (GID), and non-contact AFM
(NC-AFM). The thermal expansion was measured in the direction perpen-
dicular to the substrate surface exploiting the shift of the first DIP Bragg
reflection in ¢, as a function of temperature.

All samples ‘0XYZ’ were deposited on thermally grown silicon oxide (4000A)
on a Si-wafers with (100) orientation and a miscut of ~ 0.5°. Pairs of samples
labeled with 12,2 were grown in one run, using a shutter in front of the
substrate to yield a different thickness on each part of it.

Sample ‘IPsi’ was prepared on thermally grown silicon-oxide (4300A) on a

Si-wafer with (111)-orientation and a miscut of ~ 4°.

Samples ‘IPsapl’-‘IPsap3’ were deposited on sapphire substrates with A-
plane (1120)-orientation. The substrate of sample ‘IPsap3’ was annealed in

air at 1500°C for 24 hours prior to deposition.
f Samples were prepared by Michael Miinch at Stuttgart University.
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sample Dprp Tsub Rate Measurements

(A)  (°C)  (A/min)

0691 69

01261 126

02062 206 : : XRR

0385 385 : : XRD

03962 396 145+ 5 12+ 3 Braggscattering
0670 670 5 E NC-AFM (OMICRON)
0970 970 : :

011003 1100

09000 9000 : : NC-AFM (DI)

0890 890 145£5 12+ 3 XRR, Thermal Exp.

IPsif 390 160 60 XRR, GID
IPsaplt 460 (160) (60) XRR, GID
IPsap2 350 150+5 942 XRR, GID, Ellips.
IPsap3 285 14545 742 Ellips.

Table C.1: Names of the samples used in the text and their growth parame-

ters.
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