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Zusammenfassung

Diese Arbeit beschéftigt sich mit der Préaparation von Diinnschichten organi-
scher Donor-Akzeptor-Systeme.

Seit der Entdeckung molekularer Metalle und leitfidhiger Polymere hat
sich das Forschungsgebiet der organischen Elektronik entwickelt. Ein Ziel ist
hierbei die Herstellung vollstindig organischer Schaltkreise, bei der die orga-
nischen Molekiile als Leiter, Halbleiter und Isolatoren fungieren. Eine Voraus-
setzung zur Realisierung dieser Schaltkreise ist die Praparation organischer
Diinnschichten und zeigt somit die Notwendigkeit optimierter Aufdampf- und
Wachstumsbedingungen.

Organische Materialien bieten eine hohe strukturelle Variabilitdt und auch
die Moglichkeit des Zuschneidens eines Molekiils auf spezielle Anwendungen
oder Eigenschaften. Hierzu muss jedoch der Zusammenhang zwischen Struktur
und Eigenschaften verstanden werden. Die Priaparation elektronischer Bauteile
bietet hier neben ihrer Funktionalitdt auch die Moglichkeit der Untersuchung
von Materialeigenschaften.

Eine besondere Klasse innerhalb der organischen Molekiile bilden die so ge-
nannten Ladungstransfersalze. Sie bestehen aus einem Donor und einem Ak-
zeptor zwischen welchen ein Ladungstransfer auftritt. Dieser fiithrt zu einer
partiellen ionischen Bindung, welche die Ursache fiir interessante elektronische
Eigenschaften ist. Ein in diesem Zusammenhang interessantes Molekiil ist der
Donor Bisethylenedithiotetrathiafulvalen, welcher abgekiirzt auch BEDT-TTF
oder ET genannt wird. ET bildet eine Vielzahl von Ladungstransfersalzen, wo-
bei ein grofer Teil der bisher bekannten Verbindugen Supraleitung zeigt. Zur
Untersuchung wurden ET,Cu(NCS), als organischer Supraleiter und (ET)-
(TCNQ) ausgewdhlt. (ET)(TCNQ) tritt in drei Strukturvarianten auf, wobei
eine davon einen Metall-Isolator-Ubergang aufweist.

Zunichst wurde im Rahmen dieser Arbeit eine Kammer zur Molekular-
strahlepitaxie organischer Materialien aufgebaut und diese in ein bestehen-
des System zur Praparation metallischer Diinnschichten integriert. Weiterhin
wurde das gesamte Kammersystem um eine Schleuse mit integrierter Aus-
heizeinrichtung, eine Kammer zur Aufdampfung metallischer Kontakte mittels
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Schattenmaskentechnik und eine Sputterkammer erweitert. Mit diesem Kam-
mersystem ist die komplette in-situ Pradparation von Diinnschichtbauteilen,
wie z.B. Tunnelkontakten oder Feldeffekttransistoren moglich. Kleinste bisher
praparierte Strukturgrofen sind 20 pm.

Zur Sublimation der organischen Substanzen wurden verschiedene Typen
von Verdampferzellen realisiert, die sich in Aufbau, Material und Gréfe un-
terscheiden. Fiir diese wurden Untersuchungen zur Temperaturverteilung in-
nerhalb der Zellen durchgefiihrt, sowie Experimente zu den Aufdampfcharak-
teristika. Bei Vermessung der Temperaturgradienten zeigte sich der bekannte
Effekt, dass die Zell6ffnung bzw. der Tiegelrand im Allgemeinen kilter ist als
der Tiegelboden, von dem das Quellmaterial verdampft wird. Deshalb wurde
bei einigen Materialien folglich eine Rekristallisation des Quellmaterials am
Tiegelrand beobachtet. Dieses Problem konnte durch ein veradndertes Zellde-
sign behoben werden.

Zur Untersuchung der Aufdampfcharakteristika verschiedener Zelltypen
wurde gleichzeitig ein Simulationsprogramm entwickelt. Dieses bietet die Mog-
lichkeit geometrisch eine Tiegelform vorzugeben und die Aufdampfcharakteri-
stik auf einer Probenfliche zu berechnen. Hierbei werden verschiedene Prozesse
beriicksichtigt: Verdampfen des Quellmaterials, Migration des Quellmaterials
entlang der Tiegelwidnde und Teilchenkollisionen in der Gasphase. Gleichzeitig
ist es moglich einen Temperaturgradienten innerhalb der Zelle einzufiihren. Die
Prozesse sind voneinander unabhéngig und konnen somit getrennt betrachtet,
sowie in verschiedenen relativen Stiarken kombiniert werden.

Es wurden hauptsichlich drei unterschiedliche Zellgeometrien untersucht:

e die Effusionszelle, welche sich durch einen zylindrischen Tiegel mit hohem
Aspektverhiltnis von Lange zu Durchmesser auszeichnet,

e die so genannte Knudsenzelle, welche im Gegensatz zur Effusionszelle
zusitzlich eine Deckel mit kleiner Offnung besitzt,

e sowie die neu entwickelte 2-Stufen-Zelle, die eine Kombination der ersten
beiden darstellt.

Der Vorteil einer Effusionszelle ist ihr fokussierendes Verhalten, das um so
ausgepragter ist, je grofer das Aspektverhiltnis ist. Dieses Verhalten konnte
auch in der Simulation gezeigt werden. Im Gegensatz hierzu bietet die Knud-
senzelle ein nahezu abgeschlossenes Volumen, das sich beim Verdampfen or-
ganischer Materialien experimentell als vorteilhaft gezeigt hat, sowie eine sehr
gleichméfige Bedampfung auf einer weit entfernten Probe. Das ideale Verhal-
ten einer Knudsenzelle ist bekannt und folgt dem Kosinusgesetz.

Um die Vorteile beider Zellen zu kombinieren wurde die 2-Stufen-Zelle ent-
wickelt, die im unteren Teil aus einer Knudsenzelle besteht, die ein Volumen



im anndhernd thermischen Gleichgewicht darstellt, an die sich im oberen Teil
eine Tiegelwand zur Fokussierung des Teilchenstrahles anschliefst.

Zunichst wurde das Simulationsprogramm einigen grundlegenden Tests un-
terzogen. Als erstes wurde tiberpriift, dass ein simulierter Punktstrahler dem
Kosinusgesetz gehorcht. Als ndchster Schritt wurde eine Effusionszelle simuliert
und das Fokussierungsverhalten untersucht. Anschliefend wurde ein Vergleich
der drei oben genannten Zelltypen durchgefiihrt. Hierbei wurde eine Vereinfa-
chung angewendet. Da das Verhalten einer Knudsenzelle bekannt ist, ndmlich
gemif des Kosinusgesetzes, wurde die Knudsenzelle nicht vollstindig simu-
liert, sondern die Zell6ffnung durch einen Punktstrahler bzw. Flachenstrahler
ersetzt. Es zeigte sich das erwartete Verhalten: Bei einer Knudsenzelle ist mit
steigendem Probenabstand eine starke Aufweitung des Aufdampfprofils und
somit eine gleichméfige Bedampfung zu beobachten, bei kurzen Abstinden ist
die Bedampfung im Zentralbereich stark iiberhéht. Die Effusionszelle fiihrt zu
einem recht homogen bedampften Zentralbereich auf der Probe, der sich mit
steigendem Probenabstand nur leicht aufweitet. Bei der 2-Stufen-Zelle wur-
den zwei Simulationen mit verschiedener Linge der zweiten Stufe, also der
Tiegelwand, durchgefiihrt. Hierbei wurde festgestellt, dass die Zelle mit lan-
ger Tiegelwand ein sehr dhnliches Verhalten wie die Effusionszelle zeigt. Bei
der Simulation der kiirzeren Zelle ist bei kurzem Probenabstand die zentrale
Uberhshung der Schichtdicke stérker sichtbar, genau wie bei einer Knudsenzel-
le. Bei groferem Probenabstand zeigt sich jedoch ebenfalls ein eher homogener
Zentralbereich. Abschliefend kann man sagen, dass die Simulation die theore-
tischen Voriiberlegungen zum Verhalten der 2-Stufen-Zelle voll bestétigt.

Zur Uberpriifung der Simulationsergebnisse, wurden mehrere Aufdampfex-
perimente mit den drei Zelltypen Effusionszelle, Knudsenzelle und 2-Stufen-
Zelle durchgefiihrt. Bedampft wurde jeweils ein Glasmikroskoptréager. Anschlie-
fsend wurde die Dicke des Deponats ortsaufgelost vermessen. Hierzu wurde ein
einfacher Absorptionsaufbau aus einer Photodiode und einem Laser verwendet.
Die bisherigen Ergebnisse zeigen gute Ubereinstimmung mit der Simulation.

Knudsen- und 2-Stufen-Zelle unterscheiden sich in einem Punkt entschei-
dend von der Effusionszelle. Da ein nahezu abgeschlossenes Volumen im ther-
mischen Gleichgewicht vorliegt, ist die Beriicksichtigung von Stofen zwingend
notwendig. Dies wurde auch durch eine Simulation der Knudsengeometrie oh-
ne Stofke gezeigt. Um eine korrekte Simulation der Knudsenzelle durchfiihren
zu konnen muss ein Stofmodell entworfen werden. Innerhalb der Simulation
wurden zwei separate Modelle entwickelt und verglichen.

Weiterhin wurde das Simulationsprogramm auf die elektronenstrahlindu-
zierte Deposition (EBID) angewendet und der optimale Einbauwinkel, sowie
der Offnunswinkel der verwendeten Gasinjektionssysteme untersucht.
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Der zweite Teil der Arbeit beschéftigt sich mit der Préparation und Cha-
rakterisierung organischer Diinnschichten. Um die Priparation durchzufiihren
mussten fiir einige Materialien zunéchst Kristalle geziichtet werden. So wa-
ren Cu(NCS)y, ET;Cu(NCS), und (ET)(TCNQ) nicht kommerziell verfiig-
bar und wurden selbst hergestellt. Bei Cu(NCS)s und ET2Cu(NCS), waren
anschliefsende Aufdampfversuche nicht erfolgreich. Es konnte jeweils nur eine
Zersetzung des Quellmaterials nachgewiesen werden. Fiir die Priaparation von
(ET)(TCNQ) Diinnschichten wurden drei verschiedene Methoden angewendet.
Zunichst wurden ET und TCNQ koverdampft, dann wurde von (ET)(TCNQ)
Kristallen verdampft, welche vorher mit Losungsziichtung gewonnen wurden.
Als letztes wurde ein Koverdampfen der (ET)(TCNQ)-Kristalle mit zuséitz-
lichem TCNQ untersucht.

Zur Koverdampfung von reinem ET und TCNQ wurden zunéchst Experi-
mente zu den einzelnen Molekiilen durchgefiihrt. Hierbei zeigte sich, dass die
Aufdampfraten beider Molekiile sehr gering sind. Fiir ET wird eine Zersetzung
des Materials vermutet, welche sich durch Schwarzfarbung des Quellmaterials
duferte. Diese Zersetzung wurde auch durch Matrix-assisted laser desorption
ionization (MALDI) Experimente untersucht, es konnte jedoch kein eindeu-
tiger Nachweis erbracht werden. Aufgrund der moglichen Zersetzung konnte
die Aufdampftemperatur und damit die Aufdampfrate nicht beliebig erhoht
werden. Gleichzeitig wurde im Ultrahochvakuum eine Desorption einer schon
aufgedampften Schicht vom Substrat beobachtet.

Fiir das TCNQ wurde eine instabile Aufdampfrate festgestellt. Die Auf-
dampfexperimente wurden jeweils mit einer Quarzmikrowaage verfolgt, welche
die Rate detektierte. Hierbei zeigte sich zwar eine Erhéhung der Rate bei Erho-
hung der Zelltemperatur, jedoch wurde ein Absinken der Rate bei mehrfachem
Bedampfen mit der gleichen Zelltemperatur beobachtet. Ein Grund hierfiir war
ein Zusammenklumpen des Quellmaterials im Tiegel, weshalb in folgenden Ex-
perimenten eine Mischung des Quellmaterials mit Quarzsand vorgenommen
wurde.

Die Proben von ET, TCNQ und der Koverdampfung der beiden waren
alle mikro-kristallin. Mit dem optischen Mikroskop liefsen sich kleine Kristal-
lite erkennen. Form, Farbe und Grofse der Kristallite war von Probe zu Probe
sehr unterschiedlich. Untersuchungen mit Rontgendiffraktion erwiesen sich auf-
grund der Morphologie als schwierig. Erst nach einer Erhohung der typischen
Messzeiten auf mehrere Stunden konnten Ergebnisse erzielt werden.

Als zweite Route wurde die Verdampfung von (ET)(TCNQ) von Kristallen
aus Losungsziichtung untersucht. Ein Grundgedanke hierbei ist, die Zersetzung
des ETs zu verhindern, da es hier in einem anderen Kristallverband vorliegt. Es
zeigte sich, dass die Verdampfung des (ET)(TCNQ) bei der gleichen Tempe-
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ratur wie die Verdampfung des reinen ET auftrat. Dies ist ein erster Hinweis,
dass sich das (ET)(TCNQ) beim Verdampfen aufspaltet. Mit dieser Methode
konnte (ET)(TCNQ) in der monoklinen Phase priapariert werden, jedoch wurde
auch einmal das Wachstum von ET alleine in sehr guter Ordnung beobachtet.
Dies deutet ebenfalls auf eine Aufspaltung beim Verdampfen hin. Zum Nach-
weis wurde Rontgendiffraktion eingesetzt, zusétzlich wurden einige Proben mit
energiedispersiver Rontgenspektroskopie (EDX) untersucht. EDX erlaubt eine
Aussage iiber die chemische Zusammensetzung einer Probe. Fiir die Proben
in der monoklinen Phase konnten Schwefel und Stickstoff im Verhiltnis 2:1
nachgewiesen werden. Schwefel ist exklusiv in ET enthalten, Stickstoff exklu-
siv in TCNQ. Somit kann iiber das Schwefel/Stickstoff-Verhéltnis direkt auf
ein Verhéltnis von ET zu TCNQ innerhalb eines Kristalls geschlossen werden,
welches in diesem Fall 1:1 betrigt. Die Herstellung der monoklinen Phase von
(ET)(TCNQ) bzw. ET konnte iiber die Substrattemperatur gesteuert werden.
Bei hoher Substrattemperatur wurde ET-Wachstum beobachtet. Dies lisst sich
durch ein Entfernen des leichtfliichtigeren TCNQs vom Substrat erkldren.

Als dritte Variante wurde das zusétzliche Koverdampfen von TCNQ unter-
sucht. Nachdem ein Aufbrechen des (ET)(TCNQ) beim Verdampfen vermutet
wird, ist es moglich, dass ein Defizit des leichtfliichtigeren TCNQ am Ort der
Probe auftritt, welches das Wachstum von (ET)(TCNQ) negativ beeinflussen
konnte. Die bisherigen Ergebnisse geben jedoch keinen eindeutigen Aufschluss
iiber den Einfluss des zusétzlich angebotenen TCNQ).

Als letzter Teil der Arbeit wurden in-situ Tunnelkontakte prapariert. Dies
diente einmal zum Test der Schattenmasken, jedoch zweitens auch zum Test
eines Messaufbaus fiir Tunnelspektroskopie. Die Tunnelspektroskopie ist ei-
ne Methode zur direkten Untersuchung der Zustandsdichte von Supraleitern.
Es wurde also zunichst eine Struktur unter Verwendung einer supraleitenden
Elektrode aus Niob hergestellt. Mit dieser wurde ein Tunnelspektrum bei 2 K
aufgenommen. Es konnte die charakteristische Energieliicke von Niob beob-
achtet werden. Dies beweist sowohl die erfolgreiche Priparation des Tunnel-
kontaktes, als auch die Funktionsfahigkeit des Messautbaus.

Als zweiter Schritt wurde eine Struktur mit organischer Elektrode prapa-
riert. Hierbei hat man den Nachteil der schlechten Leitfahigkeit der Organika.
Um diese zu umgehen, wurde die konventionelle Tunnelstruktur modifiziert, in-
dem eine zuséitzliche Metallelektrode eingefiihrt wurde. Der Test dieser neuarti-
gen Struktur wurde mit Kupferphthalocyanin als organischem Material durch-
gefiihrt, da dieses robust ist und eine geschlossene Schicht prapariert werden
kann. Die Messung dieser Struktur, ebenfalls bei 2 K, diente als Nachweis der
Funktionsfihigkeit der neu entwickelten Tunnelkontaktstruktur.

Zusammenfassend wurde ein Mehrkammersystem zur Préparation orga-
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nischer Diinnschichten und Diinnschichtbauteile konzipiert, aufgebaut und ge-
testet. Es wurden verschiedene Verdampferzellen entwickelt und Studien zu
den entsprechenden Aufdampfcharakteristika durchgefiihrt. Praparativ wur-
de das Schichtwachstum von (ET)(TCNQ) detailliert untersucht und die mo-
nokline Phase konnte hergestellt werden. Erste organische Diinnschichtbau-
teile auf Basis von Kupferphthalocyanin wurden erfolgreich pripariert und
mit einem Tunnelspektroskopieaufbau vermessen. Parallel zur experimentellen
Arbeit wurde ein Simulationsprogramm entworfen, welches zur Untersuchung
der Aufdampfcharakteristika von Verdampferzellen benutzt wurde. Gleichzei-
tig wurde jedoch auch die Universalitit und Erweiterbarkeit des Programmes
anhand einer Studie zu Fragestellungen aus dem Gebiet EBID demonstriert.
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Introduction

Until the early 70’s, it was believed that organic materials and polymers show
interesting mechanical properties, such as softness and flexibility and offer new
preparation methods such as printing and casting, but were generally regarded
as insulating. Since the discovery of the first molecular metal TTF-TCNQ in
1973 [1] and of conductive polymers in 1977 [2] a new field of research has
emerged.

Suddenly, organic materials became interesting for electronic circuits creat-
ing the field of molecular electronics. With the availability of insulating, semi-
conducting and metallic organic layers the idea of all-organic circuits came up.
The organics offer a unique combination of mechanical and electrical properties
which power the idea to have cheap, easily processable and flexible electron-
ics. This goal has partially been reached today with already available organic
light emitting diodes (OLEDs)!, organic field effect transistors (OFETs) [3]
and organic solar cells?. All these devices have in common that they rely on
the preparation of thin films of the used molecules.

A further advantage of organics is the large variety of substances as com-
pared to inorganics and the possibility to tailor the molecules by means of
organic synthesis. This feeds the dream to engineer materials to custom needs,
once the the underlying principles of material properties are understood. Still,
even though enormous efforts in research and development at universities and
in industry have been performed, the fundamental properties of the materials
are not fully understood. The precise nature of conduction in organic semicon-
ductors and metals [1] or the origin of superconductivity [4] or other electronic
phenomena is often unclear.

Charge transfer (CT) salts are a special class of compounds, constituting of
a donor and an acceptor, between which a charge transfer occurs. For organic
CT salts the partial ionic binding caused by the charge transfer is one reason for
the interesting electronic properties of these compounds. As an example, more
than 100 organic charge transfer superconductors have been discovered up to

thttp:/ /www.samsungsdi.co.kr/contents/en /product /oled /oled.html
http:/ /www.konarka.com /
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now [5], many of them based on the donor bisethylenedithiotetrathiafulvalene
(BEDT-TTF), or short ET [6].

In this work charge transfer salts of ET are studied. Up to now semicon-
ducting [7], metallic [8] and superconducting [9] CT salts of ET are known. The
aim of this work was to prepare thin films of the materials with the ultimate
goal to study their electronic properties with tunneling spectroscopy.

Tunneling spectroscopy is a method originally invented for superconduc-
tors. There, the energy gap can directly be measured and information about
the order parameter can be deduced. While today a large field of research deals
with local tunneling with an scanning tunneling microscope (STM), here the
original method by Giaever [10, 11| was employed. For this method the avail-
ability of well-defined thin film layers is of particular importance and therefore,
a necessity to search for optimized growth conditions.

The first representative of interest was k-EToCu(NCS),, which is a super-
conductor below 10.4 K [9] and which has structural similarity to high tem-
perature (High 7.) superconductors. Secondly, the class of (ET)(TCNQ) was
studied.

Chapter 1 gives an introduction to charge transfer and charge transfer salts.
In chapter 2 follows a description of the materials focused on in this thesis.
Then construction and setup of a chamber for organic molecular beam depo-
sition (OMBD) are described in chapter 3. The design of various effusion cells
is presented in chapter 4 and their evaporation characteristics are compared to
a numerical simulation in chapter 5. In chapter 6 the experiments on thin film
preparation for the different materials are summarized. First measurements
are presented in chapter 7, where the method of tunneling spectroscopy will
be introduced shortly.



Chapter 1

Charge Transfer

1.1 Basic concepts

The definition of a charge transfer (CT) complex according to the international
union of pure and applied chemistry is

an electron-donor-electron-acceptor complex, characterized by elec-
tronic transition(s) to an excited state in which there is a partial

transfer of electronic charge from the donor to the acceptor moiety
[12].

One can express this as a reaction equation, with A denoting the acceptor and
D the donor

Dy + A, — D"+ A" (1.1)

where m and n are integers, and x is the amount of charge transferred from
donor to acceptor. The energy difference between the initial state and the final

state can be written as
AEcr =1 — A, — X, (1.2)

where [ is the ionization energy of the donor, A, the electron affinity of the
acceptor and X summarizes the contributions of Coulomb energy, polarization
energy and exchange energy [5]. A low ionization potential of the donor, to-
gether with a high electron affinity of the acceptor is favorable for the formation
of a stable CT complex.

For organic molecules as donor and acceptor the energy levels can be cal-
culated within the framework of a tight-binding model, where the molecular
orbitals are derived from the original atomic orbitals of the constituents of
the molecule. Here the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are of importance, and charge

3
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Figure 1.1: Energy diagram of charge transfer in organics
An electron on the donor is excited from HOMO to LUMO and can then be trans-
ferred to the lower lying LUMO of the acceptor. Indicated are also the ionization
energy of the donor and the electron affinity of the acceptor. An energetically even
more favorable situation exists, if the LUMO of the acceptor lies not only lower than
the LUMO of the donor, but also lower than the HOMO, i.e. A, > Ij.

transfer occurs from the HOMO of the donor to the LUMO of the acceptor
(cp. Fig. 1.1).

A charge transfer is a change in the electronic structure, which is accom-
panied by a change in the chemical structure. The CT complex usually has
electronic properties that cannot be attributed to either of the reactants. First
indications of this were that charge transfer complexes of two colorless reac-
tants often display a strong color, exhibiting strong optical absorption [13].

In this work, the focus lies on intermolecular charge transfer, where donor
and acceptor are two different, separated molecules and the transfer therefore
occurs through space in contrast to a through bond transfer. Since the transfer
rate decreases exponentially with the distance between the reactants due to
the overlap of electronic orbitals, the distance for a through space process is
typically smaller than 20 A [14].

With neutral donor and acceptor as the initial state and the charge transfer
complex as the final state, one can describe the process in the framework of
a double-well potential (Fig. 1.2), where the final state can either be reached
via crossing the barrier, which costs an activation energy of F 4, or tunneling
through the barrier. The coordinate ¢ separating the two states, is the so-called
reaction coordinate and is a measure for the change in configuration from reac-
tants to product and may be e.g. bond length, bond angle, distance or nuclear
arrangement. For complex molecules the reaction coordinate is usually a col-
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Figure 1.2: Schematic potential energy curve for a CT reaction
The left minimum describes the initial state before the transfer occurs, the right min-
imum describes the final state after the charge transfer. The height of the potential
well is the activation energy necessary for the reaction and the coordinate ¢ is the
reaction coordinate.

lective coordinate accounting for the nuclear rearrangement during the process
and all relevant degrees of freedom. Apparently, the difficulty of defining the
reaction coordinate increases with the size of the involved molecules. In the
general case the simple energy curve in Fig. 1.2 has to be substituted by a
complex potential energy surface.

According to Arrhenius’ law one expects the rate constant for an electron
transfer from the left minimum in Fig. 1.2 to the right minimum to be

—Ea
ker =v-e*sT | (1.3)

where E/4 is the activation energy, T' the temperature, kz Boltzmann’s con-
stant and v is a frequency factor. Marcus has indeed derived this result for
a simplified model of electron transfer in solution [15]. The frequency term
strongly depends on the precise nature of the examined problem and also the
activation energy is not easily accessible in practice. In general, charge transfer
remains a quantum mechanical many body problem, where most solutions up
to now are based on calculations for simplified model systems.
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1.2 CT in the gas phase/on a substrate

A major area of research concerns charge transfer in solution, where polariza-
tion of the solvent molecules plays an important role, as well as diffusion of the
constituents in the medium. A second area is internal charge transfer, where
the charge transfer is often assisted by molecular bridges between a donor and
acceptor part of a macromolecular entity.

In contrast, the interest here lies in charge transfer in the gas phase or on
a substrate (S). The employed preparation method is co-evaporation. This
means the two molecules D and A are evaporated separately under ultra-high
vacuum conditions with the respective molecular beams overlapping at the
substrate.

One crucial question is, whether the charge transfer in this experimental
situation predominantly occurs in the gas phase or on the substrate. As an
estimate the time for an encounter of two molecules in the gas phase can be
determined. The mean thermal velocity of the evaporated molecules is

S8R-T
TM

where R is the universal gas constant, M is the molecular weight and 7" is the
temperature. If one assumes an evaporation temperature of about 135 °C, a
molecular weight of 200 — 400 g/mol (TCNQ = 204.2 g/mol, ET 384.7 g/mol)
and a sample to source distance of 250 mm, which reflects the experimental
circumstances, the time of flight is in the range of a few milliseconds. The
effective time is even shorter if only the region of the overlap of the two molec-
ular beams is considered. The time for a possible encounter in the gas phase
has to be compared to typical preparation times of several hours for which the
molecules diffuse on the substrate. Furthermore, as mentioned earlier, charge
transfer typically occurs at distances of about 20 A or closer. Considering
the short time available and the close distance necessary, the probability of a
charge transfer in the gas phase is small. Therefore the suggestion is, that CT
occurs predominantly on the substrate.

As a consequence one has to consider e.g. the following parameters influenc-
ing the process: substrate temperature, substrate-molecule interaction for both
donor and acceptor, mobility of the molecules on the surface and polarizability
of the substrate. Some of these parameters are similar to considerations for CT
in solution, with the difference that the substrate is geometrically anisotropic,
being a mostly rigid flat surface, compared to a rather isotropic, surrounding
solvent.

The charge transfer is governed by the complex donor-acceptor interaction
(D/A), but here additionally substrate-molecule interactions (S/A and S/D)

(1.4)

V=
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have to be taken into account. The interactions D/A, S/A and S/D cannot be
treated independently, since each interaction changes the electronic structure
of the involved partners, which in turn is the basis for the calculation of the
interactions.

The molecule-substrate interaction can be summarized under the term in-
terface interactions. Complementary to the considerations of charge transfer
some relevant interactions concerning the interface are

Coulomb interaction, most prominent for materials with ionic char-
acter and high formal charges.

¢ Elastic interactions, caused by lattice mismatch between the molecular
crystal and the substrate. They may lead to defects or dislocations and
influence the growth mode of the thin film.

e Electron transfer across the interface, depends on the electronega-
tivity of the atoms at the interface. It occurs preferentially at metal /non-
metal interfaces, where the transfer may lead to interface charges or gap
states in the non-metal.

e Pauli repulsion, important for an interface of two closed-shell materials.

e Image charge interactions, at the interface of a metal with an ionic
solid [16].

One expects a different behavior for metallic, semiconducting and insulating
substrates, since the relevant interactions and their respective strength vary
strongly. A general problem is to identify and calculate the relevant inter-
actions. For the calculation of a given interface a detailed knowledge of the
structural and electronic properties is necessary. This information is usually
not readily available.

For organic materials in particular the high structural variability adds com-
plexity to the problem and due to the many possible molecular orientations
it is nearly impossible to predict a favorable orientation of a molecule on the
substrate.
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1.3 Physical Properties

For this work transport properties such as metallic conduction and supercon-
ductivity are of interest, which have both been observed in charge transfer
salts [1, 9]. To obtain a conducting compound, free charge carriers are neces-
sary and for the formation of a conduction band the carriers have to delocalize
throughout the crystal. In organics this is usually realized by m-stacking: The
molecules arrange themselves with an overlap of the m-orbitals of adjacent
molecules. The extent of overlap determines the band width and can e.g. be
influenced by applying pressure. Among the organic materials charge transfer
salts exhibit the largest band width of 0.2 — 0.5 eV compared to a typical value
of 0.1 eV for organics. The reason for this is the contribution of ionic binding
due to the CT.

Moreover, the CT is often the source of the free carriers. This means that
the number of carriers is usually fixed according to the amount of charge trans-
ferred and therefore independent of temperature. A typical charge transfer in
organics is in the range of 0.5 to 1 electrons per unit cell. The charge carrier
concentration is accordingly the amount of charge transferred per molecular
entity divided by the size of the unit cell. Typically, charge carrier densities
in the order of 10*! cm™3 are expected. In comparison, copper has a charge
carrier density of 8.5-10%2 cm™® [5].

A common feature of organic charge transfer salts is the anisotropy of
properties, which is caused by the anisotropic building blocks of the crystal.
In particular, systems of reduced dimensionality are found, where a 2D or 1D
character is caused by a sheet-like [9] or chain-like stacking [1] of the molecules
in the crystal. Furthermore organic crystals are usually soft lattices due to the
weak Van der Waals interaction which makes them especially receptive for the
application of pressure |17].
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Figure 1.3: CT salt formation of Perylene-TCNQ
The source materials Perylene and TCNQ with the respective chemical structure are
shown in the upper photographs. The lower photograph shows the prepared charge
transfer salt Perylene-TCNQ. The pictures are taken from [18].

1.4 Examples

In the following selected examples of charge transfer in organics are presented
regarding the properties and preparation methods of interest for this work.

1.4.1 CT in the gas phase

The formation of the charge transfer salt Perylene-TCNQ was observed by
Zeiss et al. [18| after the evaporation of the two constituents. The charge
transfer crystals were prepared with physical vapor transport (PVT) in a flow
of inert gas. Photographs of the source materials Perylene and TCNQ are
shown in the upper pictures of Fig. 1.3, and the resulting charge transfer salt in
the lower picture. As a clear indication for the CT a drastic color change from
originally yellow to dark green accompanies the charge transfer process. Three
growth zones could be identified during the experiment separating Perylene,
TCNQ and the CT salt. Due to the occurrence of three distinct zones the
assumption is that the CT process happened in the gas phase. This does not
contradict the statement that under UHV conditions a CT on the substrate
is more likely. In PVT a transport gas is present facilitating collisions of the
evaporated molecules. This is a very different experimental situation, but it
proves that a CT in the gas phase is in principle possible.
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1.4.2 Molecular metals

A prominent example of an organic charge transfer salt is (TTF)(TCNQ),
which was synthesized in 1973 by Ferraris et al. [1|. It was the first so-called
molecular metal with a maximum conductivity of 1.47-10* Q~'em™! at 66 K.
It consists of separated TTF and TCNQ stacks, forming one-dimensional
chains, with preferred conduction along the chains. It has been extensively
studied as a prototype of an one-dimensional metal. The amount of charge
transferred per TTF molecule has been determined by x-ray photoemission to
0.59 electrons [19].

This example shows also a general rule regarding the stacking of the mole-
cules. A donor acceptor arrangement in segregated stacks results in a semicon-
ducting or metallic compound, whereas a mixed-stacked arrangement results
in a semiconducting or insulating compound.

1.4.3 Organic superconductors

The r-ET-salts show great similarity to the high temperature (high-T.) super-
conductors, discovered by Bednorz and Miiller [21]. This similarity manifests
in a structural similarity and in an analogy of electronic properties. From
a structural point of view, the conducting ET-layers resemble the sheet-like
conducting copper-oxide planes of the high-T, superconductors. It has been
shown that the superconducting transition in the high-7, superconductors can
be shifted or suppressed by means of doping. For the organics a similar be-
havior can be observed by means of, e.g., pressure.

A generic phase diagram for the ET-salts is shown in Fig. 1.4, which also
indicates the effect of pressure [20]. With increasing pressure the orbital over-
lap is increased and accordingly the band width W, whereas U.g, the on-site
Coulomb interaction is mainly unaffected. Therefore a system can be tuned
along the x-axis of the phase diagram, by applying pressure. There are two
ways, how this can be realized: as external pressure, or as internal (chemi-
cal) pressure, due to the exchange of atoms. An example for this, depicted
in the phase diagram, is the substitution of Cl with Br, for the compound
Cu|N(CN),]Cl, where Br has a larger radius.

If the phase diagrams for high-Tc¢ superconductors and ET-salts is com-
pared (cp. Fig. 1.5), several of the similarities become obvious. Both show a
antiferromagnetic area, close to a superconducting dome. Above the super-
conducting area a metallic state is realized, which undergoes a transition to a
strange metal (high-7;) or insulator (ET X,). This is indicated by the dotted
line within the phase diagram. The high-7, phase diagram is strongly simpli-
fied and shows in fact more features depending on the specific compound.
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Figure 1.4: Generic phase diagram of x-(ET)X,

Kanoda proposed this generic phase diagram for the x-(ET) X5 salts, based on NMR,
magnetic susceptibility and specific heat measurements [20]. With increasing pres-
sure the orbital overlap is increased and accordingly the band width W, whereas
Ues, the on-site Coulomb interaction is mainly unaffected. The shaded region in the
phase diagram marks the position of a Mott transition, yielding anomalous behav-
ior in the transition region. A.F. denotes the antiferromagnetic phase and S.C. the
superconducting phase.
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Cu[N(CN),]Br
Cu[N(CN),ICl i  Cu(NCS),
metal " metal
SC
SC
pressure ——» doping ——

charge carrier density ?

Figure 1.5: Generic phase diagram of (ET) X5 compared to high-Ts
Shown are two very simplified phase diagrams for (ET)Xs compared to high-T.
superconductors. These serve to strengthen the similarity of the two systems in
terms of electronic properties. Clearly, the superconducting region in vicinity of an
antiferromagnetic region is a first feature. Secondly, there is a transition from a
normal metal state to a strange metal, metallic or insulating state, depending on the
specific compound. This transition is symbolized by the dotted line. In this region
anomalous behavior is observed.

Apart from tuning the superconducting transition through doping as for
the high-T, superconductors or through the application of pressure for the
organics, one can also think about a direct variation of the charge carrier
density, e.g. using the electrostatic field effect.

For both types of superconductors the occurrence of superconductivity is
not fully understood up to now. Both are considered “unconventional” super-
conductors, since the order parameter shows d-wave symmetry.

Summing up, CT salts are a promising class of organic compounds, which
show interesting physical behavior and can serve as model systems for low-
dimensional materials and high-T. superconductors.



Chapter 2

Materials and Methods

2.1 Materials

The organic materials used for the preparation are shortly presented. The
materials were chosen according to two main aspects, namely

e clectronic properties and

e experimental handling.

Regarding the first aspect, the group of ET salts offers a variety of interesting
compounds, including the subgroup of superconducting x — (BEDT — TTF),X
salts. The second aspect poses more severe restrictions on the choice of mate-
rials. The preparation method for the CT thin films employed in this work is
the co-evaporation. The prerequisite for this method is that donor and accep-
tor are separately available as stable compounds and that they are sublimable.
Unfortunately information on sublimability of the molecules is often either not
available or inconclusive.

2.1.1 ET

The electron donor ET, C;oHgSs, molecular mass My, = 384.68 g/mol, is a
derivative of the organic donor tetrathiafulvalene (TTF). The crystals display
a bright orange color. ET is a versatile building block for charge transfer
complexes, because of various properties:

e It has (in CT complexes) a planar shape, which is favorable for the -
stacking of the molecule. The molecular structure is shown in Fig. 2.1.

e The additional sulfur promotes a two dimensional cross-linking and in-
creases dimensionality as compared to TTF, which preferably forms one
dimensional chains as in (TTF)(TCNQ).

13
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Figure 2.1: Molecular structure of BEDT-TTF

For this work it is of importance that ET is sublimable at temperatures
from 80 °C [22] to 200 °C [23], in contrast to TTF, which has a significant
vapor pressure already at room temperature. ET has already been used in
OLEDs for n-type doping [24] and has been shown to form microcrystalline
thin films on KCI [23].

Structure ET crystallizes in the monoclinic space group P2;/c [25]. The
molecules form pairs in the crystal. The neutral ET is non-planar due to the
intermolecular contacts formed by the sulfur atoms. Structural analysis of CT
salts of ET have however shown, that the charged ET in the CT crystal has a
planar shape [26].

2.1.2 Cu(NCS),

Cu(IT)-thiocyanate is a brown solid. The molecular mass of the compound
i8S Meunes = 179.71 g/mol. It is needed as a constituent of EToCu(NCS)s,,
described in the next section.

The substance is highly hygroscopic and decomposes to Cu(I)-thiocyanate
in the presence of water. It also thermally decomposes to Cu(I)-thiocyanate
upon heating to temperatures of 170 °C- 180 °C in air, where the decomposi-
tion reaction again involves water [27, 28|. A reference for vacuum sublimation
of the compound was not found.

ET,Cu(NCS), was first synthesized in 1988 by Uruyama et al. [9] and is an
ambient pressure organic superconductor with a 7, of 10.4 K.

Structure ET,Cu(NCS), crystallizes in the k-phase, in the space group
P2/1. Two ET-molecules form a face-to-face dimer and the dimers form a
conductive ET-layer. The ET-planes are separated by planes of Cu(NCS),
forming an insulating polymer layer [29, 30]. The ethylene end groups of the
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Figure 2.2: Molecular structure of TCNQ

ET-molecules show conformational disorder at room temperature and freeze
out below 100 K [29, 31].

Electronic properties The copper has been shown to be Cu(I), which cor-
responds to a charge transfer of one electron per ET dimer, resulting in a
half-filled band [32].

The nature of superconductivity of is still unclear. Evidence for d-wave
pairing symmetry has been observed in scanning tunneling spectroscopy mea-
surements [33].

2.1.4 TCNQ

The electron acceptor tetracyanoquinodimethane (TCNQ), C1oH4Ny, molecu-
lar mass Micnq = 204.2 g/mol, is a yellow solid [34]. The molecule is planar.
The molecular structure is shown in Fig. 2.2. An interesting property of TCNQ
is that the acceptor strength can be modified by substitution. Fluorinated
derivatives F,, TCNQ with n = 1,2,4 are available. In the case of F4,-TCNQ
the four hydrogen atoms at the carbon ring are substituted by fluor atoms.
This allows in principle for the preparation of isostructural compounds with
gradually varying electronic properties. Experiments with ET and F,,-TCNQ),
with n = 1, 2 have however resulted in a different crystal structure compared to
(ET)(TCNQ) [35]. Also, TCNQ substitued with chlorine and methyle groups
has already been studied in the context of CT salts [36].

2.1.5 (ET)(TCNQ)

The charge transfer salt (ET)(TCNQ) is known to form three structural vari-
ants: the monoclinic phase, the #’-phase and the 3”-phase.
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Figure 2.3: Crystal structure of (ET)(TCNQ), monoclinic phase
(a) projection along the ab plane, (b) projection along the b-axis |26]

Monoclinic phase

The monoclinic phase consists of a mixed-stacked configuration of ET and
TCNQ. The crystal structure is shown in Figure 2.3. The compound is insu-
lating, with a resistivity of about p = 10° Q- cm [26].

(#'-phase

The [’-phase has a triclinic crystal structure with ET planes separated by
TCNQ columns. The structure is shown in Fig. 2.4. The compound is semi-
conducting and a metal-insulator transition at 330 K at ambient pressure has
been observed [7]. Iwasa et al. have studied the transition depending on applied
pressure |37 and found that the transition temperature shifts with pressure
as shown in Fig. 2.5. The corresponding phase diagram is shown in Fig. 2.6.
More recent experiments of Miyashita et al. result in a different phase diagram
[38]. The phase diagram proposed by Miyashita is also shown in Fig. 2.6 for
comparison. The difference in both models is the slope of the phase boundary
above 0.5 GPa. Miyashita claims, in contrast to Iwasa, that the metal insula-
tor transition can be fully suppressed by the application of pressure, resulting
in a metallic state down to 0 K.

G”-phase

The #”-phase of (ET)(TCNQ) was first found in 2003 by Yamamoto et al. [].
The crystal structure is triclinic with ET layers separated by one dimensional
TCNQ stacks. The structure is shown in Fig. 2.7. The charge transfer is es-
timated to 0.74e per ET molecule. The compound shows metallic behavior
with several anomalies at 20 K, 80 K and 170 K. This structure variant has
solely been obtained using a special catalyst, which is assumed to act as a tem-
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Figure 2.4: Crystal structure of (ET)(TCNQ), 3'-phase
The structure consists of ET planes separated by TCN(Q columns. The TCNQ
columns are stacked face-to-face along the c-axis, the ET molecules are arranged
side-by-side. Here, the projection nearly along the b-axis (left) and the projection
along the c-axis (right) is shown [7].
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Figure 2.5: Metal-insulator transition of (ET)(TCNQ), 3'-phase
The graph from Iwasa et al. [37] shows the temperature-dependence of the resistivity
of (ET)(TCNQ), f'-phase under pressure. Several measurements between 0 kbar
and 18.5 kbar have been performed. In the curve at ambient pressure a minimum
in the resistivity at around 300 K marks the point of the metal-insulator transition.
This transition is suppressed under application of pressure.
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Figure 2.6: Proposed phase diagrams for (ET)(TCNQ), #'-phase
On the left hand side the phase diagram as proposed by Iwasa et al. is shown [37].
On the right hand side the proposal of Miyashita et al. [38] is shown in comparison.
The difference between the two is the slope of the phase boundary with increasing

pressure. Above 0.5 GPa Miyashita finds a negative slope, allowing to fully suppress
the metal-insulator transistion.
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Figure 2.7: Crystal structure of (ET)(TCNQ), 3”-phase

On the left: view along the c-axis, upper right: end-on projection of the donor layer
and lower right: projection of the acceptor layer [8].
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plate for crystal growth. The electronic properties were studied with respect
to resistivity, magnetic susceptibility, electron spin resonance (ESR) [39] and
magnetooptical properties [40], but the results are not conclusive up to now.

First field-effect transistors of (ET)(TCNQ) have been prepared by drop-
casting a solution of ET and TCNQ and chloroform on a n-type doped silicon
substrate; bipolar behavior was observed [41, 42].
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2.2 Characterization methods

Three characterization methods are shortly introduced, regarding structure
and composition of thin films and single crystals. Among them, X-ray diffrac-
tion was the most frequently applied method.

2.2.1 X-ray diffraction

The structural analysis of all thin film and powder samples was performed
with X-ray diffraction on a Bruker D8 diffractometer. A photograph of the
setup is shown in Fig. 2.8. The diffractometer has a parallel beam optic and
is especially suited for the measurement of thin films, including the possibility
for X-ray reflectometry for thickness measurements and a grazing incidence
setup for in-plane measurements.

For the organic thin film samples only normal diffraction was employed due
to the fact, that the samples were usually microcrystalline and not forming
a closed layer. The measurements were typically running for several hours,
summing up repeated scans of short duration. Only then sufficient statistics
could be obtained.

Powder samples were also studied, although the diffractometer setup is
not typical for powder measurements, due to the parallel beam optics. To
verify the results, comparative measurements were performed on a Siemens
D 500 with Bragg-Brentano geometry and showed excellent agreement. The
crystallites were powdered with a mortar and spread onto a microscope slide
prepared with a thin layer of vacuum grease. The typical measurement settings
on the D8 were large slits on the X-ray source side (slits 1 mm and a square
slit 5 x 5 mm?) and a variable slit on the detector side (setting V4).

2.2.2 MALDI

MALDI is matrix assisted laser desorption ionization, a type of mass spec-
trometry first described in [43, 44]. Tt is especially suited for the study of
large organic or bio-molecules. The material to be studied is mixed with a
solvent and a matrix and pipetted onto a sample holder. After the solvent has
evaporated the holder is inserted into a mass spectrometer, where the matrix
is sublimed with a laser pulse, shot onto the prepared area. The material is
thereby ionized and detected with the spectrometer, together with fragments
of the matrix. The role of the matrix is to protect the material from the direct
laser beam and to facilitate evaporation and ionization.

For the study of thin film samples, the deposited material was scratch from
the substrate and mixed with solvent and matrix. This provided only small
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Figure 2.8: Bruker D8 diffractometer
On the right hand side the X-ray tube is mounted. In front of the tube the goebel
mirror is attached and before and after the mirror slits can be inserted into the beam.
In the middle, the sample is fixed on an z-, y-, z- stage. The whole sample stage is
mounted on three circles, ¢, x and w. The detector is mounted on the 20-circle. A
variable slit, or a germanium analyzer crystal can be used on the detector side. In
this thesis mainly w/26-scans are performed, with all other parameters fixed.

amounts of material allowing only for the preparation of one or two MALDI
samples per thin film sample. Still, the amount was so little, that it was
difficult to detect the source material with the spectrometer.

The spectrometer used for the experiments is a FISONS Instruments VG
TofSpec and the measurements were carried out in the chemistry department.

2.2.3 EDX

Energy dispersive X-ray spectroscopy (EDX) is a method for element analysis.
The EDX setup is most commonly included in a scanning electron micro-
scope (SEM), which is therefore equipped with an X-ray detector. Sample
atoms are excited by the bombardment with electrons from the electron beam.
Upon de-excitation X-ray photons with characteristic energies according to the
electronic transition are emitted. These are detected and provide an energy
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spectrum characteristic for the respective element. The analysis of the spectra
provides quantitative information on composition for bulk material. For the
investigation of thin films special corrections have to be taken into account.

The energy of the X-ray photons scales with the atomic mass, light elements
are therefore difficult to detect. A special situation is given for carbon. Carbon
is constantly deposited onto the sample from the residual gas by cracking of
carbon-containing molecules through the electron beam. Accordingly, carbon
is especially unsuited for EDX detection. Hence, organic molecules, build
mainly from carbon and other light elements are not very suitable for element
analysis with EDX.

For the organic molecules in this thesis there is a particular situation,
namely, that the molecules each have an exclusive marker element. For TCNQ
this marker is nitrogen, for ET it is sulfur. Both elements could be resolved
with the existing setup. By only concentrating on the sulfur and nitrogen
content in the samples, the existence and ratio of [ET| and [TCNQ] could
be determined for various samples. EDX measurements were performed by
Christina Grimm on a FEI Nova NanoLab 600 scanning electron microscope
equipped with an EDAX Genesis 2000 system.
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Molecular beam epitaxy system

Several different methods are known for the preparation of organic thin films,
e.g. chemical vapor deposition, spin coating, ink-jet printing and molecular
beam epitaxy (MBE). These techniques have individual advantages and disad-
vantages and the decision for any of them depends strongly on the requirements
one imposes on the preparation process.

Molecular beam epitaxy is the thermal evaporation of source material onto
a single crystalline substrate. It has the advantages that

e it is a clean process, because it is carried out under ultra high vacuum
(UHV) conditions, corresponding to a pressure below 10~7 mbar,

e film thickness, growth rate and deposition temperature can be controlled
accurately and

e it is a solvent-free method and can also be used for non-soluble molecules,
e.g. pigments.

The main disadvantage is the possible decomposition of organic molecules dur-
ing evaporation.

As an important part of this work an organic molecular beam deposition
(OMBD) chamber was designed, set up and connected to the existing metal-
MBE (MMBE) chamber. An overview of the five-chamber system is shown in
Fig. 3.1. In the following functionality and special features of the system are
presented with focus on the OMBD chamber.

3.1 MMBE-chamber and sample transfer

MMBE chamber and sample transfer system were purchased from BesTec
GmbH, Berlin. The sample transfer is accomplished with sample carriers onto
which substrates with a diameter of up to 2 inches can be fixed.

23
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preparation
chamber

OMBD Load-Lock

Figure 3.1: Sketch of the five-chamber MBE system
The system consists of a two-piece transfer chamber with a total of four ports for
individual chambers with associated transfer rods. The ports are occupied by a
load-lock, the MMBE chamber, the OMBD chamber and a two-chamber system of
contact preparation chamber and sputtering chamber. All chambers can be operated
independently due to individual pumping systems and gate valves in between the
chambers.

The two-piece transfer chamber provides in total four ports, where cham-
bers can be connected to the system. A track traverses the transfer chamber. A
trolley with a revolving cable moves on the track driven by a rotary feedthrough
and distributes the sample carriers.

The MMBE chamber, delivered with the transfer system, is equipped with
three standard effusion cells (two high temperature effusion cells HTC-40-10-
SH by CreaTec and one single filament effusion cell SFC-40-10-SH) providing
Indium, Cobalt and Cerium as well as one electron beam evaporator together
with a quartz microbalance (QMB) currently used for Niobium. The sample
manipulator is capable of temperatures of up to 1100 °C and has an azimuthal
sample rotation. Structural characterization tools available in this chamber
are low energy electron diffraction (LEED) and reflection high energy electron
diffraction (RHEED). A mass spectrometer is included to study the residual
gas composition.
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P [W] | T[°C]
80 190 Table 3.1: Table for the sample bake-out
100 225 The tungsten filament for sample bake-out was calibrated
120 260 using a type-K thermocouple mounted on a sample carrier
170 350 instead of the substrate. The bake-out temperature should
200 395 be chosen according to the substrate material used.
210 405

3.2 Load-Lock

In the load-lock three sample stages are mounted to a rotary feedthrough. The
load-lock is equipped with one 250 W tungsten filament to bake the samples
consecutively up to 400 °C before transfer into the main chamber system. The
rotary feedthrough has been motorized and can be operated automatically
to switch the sample carriers during bake-out. The bake-out temperature has
been calibrated with a type-K thermocouple attached to a sample carrier. The
results are shown in Table 3.1.

3.3 OMBD-chamber

The chamber was manufactured by VTS-CreaTec GmbH according to our spec-
ifications. It consists of a cylindrical body of height 625.5 mm and diameter
400 mm with a total of 30 flanges including the CF 400 top flange. An overview
over the existing flanges and their designated function is given in Appendix
A.1. Position and tilt angles of the individual flanges were assigned according
to the intended use. A 3D POV-Ray' model was drafted to simulate the field
of vision for the view ports and perform collision checks for the internal fit-
tings, e.g. effusion cells, sample manipulator and LEED optics. Two side views
of the 3D model are shown in Fig. 3.2.

3.3.1 Sample manipulator and cooling mechanism

The sample manipulator had to be adapted to the existing transfer mechanism
and sample carriers from the BesTec system. Furthermore, the requirements
for an organic deposition chamber included temperatures of up to at least
200 °C, cooling with liquid nitrogen and an azimuthal rotation to enable LEED
and RHEED.

"Persistance of Vision Raytracer, http://www.povray.org/
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- manipulator -

mass
spectrometer

QMB + shutter
pyrometer

Figure 3.2: 3D model of the main chamber
Ports are color-coded: red: effusion cell ports, orange: view ports, blue: LEED, light
blue: cylindrical mirror analyzer, pink: pressure gauges, yellow: RHEED electron
gun /screen

The most effective heating method in this temperature range is thermal
conduction. The heater is therefore a massive copper block with an integrated
tungsten resistive heater. During sample transfer the heater is pressed to the
back of the sample carrier with metal springs. For good thermal connection
new sample carriers were made from copper. For temperature measurement a
type-K thermocouple is clamped to the heater. The measurement takes place
1 mm away from the contact area of manipulator and carrier. The heating has
been tested to about 400 °C.

The cooling assembly is mounted on a separate flange and can be attached
to and detached from the manipulator. It consists of a massive copper block
with a milled-into spiral structure. The block is encased in a stainless steel
container with inflow and outflow for liquid nitrogen. With this design the
passage for the liquid nitrogen in the container is as long as possible so that an
efficient cooling takes place. Cooling and manipulator both have a copper bar
that can be brought into contact to connect the cooling. The cooling container
is therefore mounted on a linear travel. It should be noted that the linear travel
has to be adjusted during cooling, because the pipes shorten due to thermal
expansion and the cooling may therefore detach itself from the manipulator.
The lowest temperature achieved was —57 °C after about 110 min of cooling
with all heat sources (effusion cells, pressure gauges) turned off. Liquid ni-
trogen was constantly filled into a funnel connected to the inlet. The outlet
was pumped with a rotary vane pump. The temperature was measured with
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the manipulator thermocouple. With simultaneous evaporation at 136 °C in a
distance of about 15 mm for 120 min only —14.7 °C were reached.

The azimuthal rotation is realized with a AML vacuum motor. The mo-
tion is translated with a pair of bevel gears. The rotation is not continuous,
but +£180° from the transfer position due to the electrical connections of the
manipulator. A mechanical fixture prevents undesired rotation during sample
transfer.

3.3.2 Characterization tools

Apart from pressure gauges, further tools for in-situ characterization are pro-
vided. A quadrupol mass spectrometer QMA 120 with QME 112 and control
unit QMG 112 from Balzers for the study of the residual gas composition is
attached. Tt is not possible to monitor decomposition of molecules or charge
transfer processes in the gas phase, since only atomic masses up to 200 u can be
detected. Furthermore, there is a VG Scientific rear-view LEED optics RVL
640 with 747A power supply. For rate monitoring a QMB with a separate
shutter is available, which is positioned in such a way that it is visible from
each effusion cell port.

3.4 Sputtering & contact preparation chamber

Since only one free port of the transfer tube is remaining, sputtering chamber
and contact preparation chamber are build back-to-back, with the contact
preparation chamber situated closer to the transfer tube. This implies that the
sample manipulator of the contact preparation chamber has to be retractable
to allow access to the sputtering chamber. This is realized by a linear travel
of 25 cm length together with a straight couple that hosts the manipulator
in the retracted position. Both chambers can be operated separately due to
independent pumping systems and a gate valve between them.

3.4.1 Contact preparation chamber

The contact preparation chamber hosts a stencil mask system for device prepa-
ration and a wobble stick for the manipulation of the masks. Device prepara-
tion is carried out by consecutive evaporation steps employing different stencil
masks to define the respective sample structures. The masks can therefore be
mounted onto the sample carrier and transported with the sample into any of
the other chambers. A sample carrier with mounted mask is shown in Fig. 3.3.
This system of portable masks was favored over fixed masks in the individual
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shadow mask
with four-fold template

sample carrier

Figure 3.3: Sample carrier with mounted stencil mask
The mask is fixated with two metal springs on the carrier. The mask holds four small
templates of the desired structure. Accordingly, always four devices are prepared on
a 10 x 10 mm? substrate.

chambers for its flexibility. Masks can easily be exchanged, modified or re-
paired after transport to the load-lock. A total of seven masks can be stored
in the contact preparation chamber in a retainer. A list of the existing mask
types is given in Appendix A.2. Two ports for effusion cells equipped with
cooling shrouds are provided, one of which is equipped with a single filament
cell for gold. The evaporation of gold is automated and is most conveniently
operated over night. For details on time/thickness, refer to the thesis of Flo-
rian Roth [45]. Optimum position of the sample manipulator with respect to
the gold effusion cell is 300° on the integrated scale.

The sample manipulator consists of a simple sample holder without cooling,
heating or temperature control, since the gold is only used as contact material.
The manipulator shaft is reinforced by a triangular arrangement of springs, to
stabilize it over the total length of about 50 cm. Due to the limited space no
sample shutter is available.
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3.4.2 Sputtering chamber

The sputtering chamber is based on a CF-100 six-way cross. It is equipped
with two sputter cathodes, one home-build cathode [46] and one stilleto series
magnetron sputtering source from AJA International. The home-build cathode
is used for aluminum sputtering, the other cathode for sputtering of SrTiOs;.
Both cathodes are operated with a Hiittinger PFG 600 RF generator.

Additionally, a plasma oxidation stage was build to prepare an oxide layer
on sputtered aluminum films for tunneling measurements (Fig. 3.4). An alu-
minum cylinder of 10 mm diameter is connected to a DC voltage source. An
outer half-cylinder is added to compose an equipotential surface with the sam-
ple. Applying a voltage of about 500 V at an oxygen pressure of 0.4 mbar a
plasma discharge can be ignited.

DC generator

>y inner aluminum
v cylinder
)

outer half-cylinder

Figure 3.4: Plasma stage - photograph and sketch
The central aluminum cylinder is connected to an electrical feedthrough and isolated
from the flange. The outer half-cylinder and the sample are electrically grounded
through the chamber body and approximate a cylindrical equipotential surface. Ap-
plying a voltage of about 500 V at an oxygen pressure of 0.4 mbar a plasma discharge
can be ignited.

The sputtering sample manipulator is capable of temperatures of up to
900 °C and is therefore water-cooled. To enable operation in oxygen atmo-
sphere all hot metal parts of the manipulator consist of Inconel?. The resistive
heating wire is Kanthal®, which develops a protective aluminum oxide surface

Znickel-based alloy, registered trademark of Special Metals Corporation
3iron /chromium alloy, http://www.kanthal.com /
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layer during the first operation in oxygen atmosphere. Details on the manip-
ulator can be found in [45].

The chamber has a gas-inlet system with two ports, equipped with oxygen
and argon. The gas inlet is a two step design with gas flow controllers from
Alicat Scientific regulating the flow from the gas bottles into a small volume
outside the main vacuum chamber. This intermediate volume is connected to
the main chamber via an UHV needle valve. This design has several advan-
tages: The UHV valves allow for a perfect isolation of gas-inlet and chamber,
but do not have reproducible opening states. The flowmeters allow for a re-
producible gas flow with active regulation and allow for defined gas mixtures,
but can not handle the total pressure difference, from 1.5 bar at the inlet to
10~* mbar at the outlet. With this double design all advantages can be com-
bined, eliminating the individual shortcomings.
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3.5 Small MBE chamber

The first thin film preparation experiments were performed in a small two-
chamber system, constructed from standard parts. The system consisted of
a small load-lock and a main chamber. The main chamber was equipped
with two effusion cells, pressure gauge and a sample manipulator. The sample
carrier had a heating included, which could reach temperatures of up to 360 °C
with 1.5 A (cp. Fig. 3.5). The chamber has been disassembled to reuse the
components for the main MBE system and the test chamber.

Figure 3.5: Side view and bottom view of the sample carrier
The heating block consists of a tungsten filament encased with ceramic tubes and
embedded into a massive copper block. The heating block is directly attached to one
copper segment and the sample area. The other two copper segments are electrically
isolated from the heating block and provide the electrical connection for the heating
if mounted on the sample manipulator.
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3.6 Test chamber

This chamber is now a stand-alone mini MBE system, which was originally
designed for leak testing of new components before integration into the MBE
system. It has one effusion cell port, which is mounted to a linear travel and
a sample holder, which houses microscope slides, and is also mounted on a
second linear travel (Fig. 3.6). The chamber features a viewport mounted
directly above the sample holder and therefore, using microscope slides, one
can directly observe the deposition process. Furthermore, a series of samples
can be prepared by shifting the microscope slide relative to the effusion cell
with the linear travel. The sample-cell distance can be adjusted with the
second linear travel, allowing for the study of evaporation characteristics in
different distances.

X - translation
<>

microscope slide
= - -
e Id

I z - translation

effusion cell

Figure 3.6: Schematic drawing of the test chamber
The microscope slide can be moved laterally and the effusion cell distance d is ad-
justed vertically, so that a series of experiments can be conducted onto one micro-
scope slide.
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Effusion cells

4.1 Cell types and construction

Effusion cells are standard components in MBE for the evaporation of materi-
als. An effusion cell usually consist of

e a crucible holding the source material to be evaporated,
e a heating mechanism - often realized by a heating coil (cp. Fig. 4.1) and
e radiation shields, concentrating the heat onto the crucible.

Since the field of organic electronics is gaining interest, commercially available
effusion cells have been adapted for organic materials. Special requirements
have to be fulfilled for organics, such as low temperatures - starting from
about 120 °C up to about 500 — 600 °C, small volumes (for small amounts of
material) or good temperature homogeneity. Four basic types of effusion cells
were developed, addressing different problems.

4.1.1 Ceramic tube cell

This first cell type was developed with special focus on temperature homo-
geneity. A tungsten wire is used as a resistive heater. The wire is wound onto
a ceramic tube, which is supposed to provide thermalization.

The crucible is a standard Al,O3 crucible of 8 mm diameter and 100 mm
length. It is held by a metal cage, positioned at the center of the ceramic tube
without contact to the walls, and therefore heated via radiation. Two metal
cylinders are mounted surrounding the ceramic tube as radiation shields and
are screwed to a base plate, simultaneously fixing the assembly. The parts can
be seen on the photograph in Fig. 4.2.

33
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Figure 4.1: Sketch of the simplest form of an effusion cell

The tungsten heating wire was formed to a coil, winding the wire onto a
rod using a turning lathe. The coil was then transferred to the ceramic tube.
The forming rod had a diameter of 13.5 mm and the windings were wound
closely-packed onto the rod. The parameters for forming the coil are not very
crucial, since the ceramic tube stabilizes the coil. The fit on the tube was tight
and the individual windings could be arranged accurately with about 2.5 mm
distance in between and a total of about 50 windings.

A type-K thermocouple was spot-welded to the bottom of the metal cage
for temperature measurement. With a current limitation to 4 A a maximum
temperature of 900 °C was reached. For operation in this temperature range
it is strongly recommended to use a cooling shroud.

The integration of the ceramic tube has the direct disadvantage that the
cell has very slow response times, especially in the temperature range of 50 °C-
150 °C. The problem can be compensated upon heating by the use of a PID
controller, but not upon cooling down.

4.1.2 Free-filament cell

To reduce response time a free-standing filament cell was developed. The
principle setup is the same as for the ceramic tube cell, but the massive tube is
exchanged with three thin ceramic rods in a triangular arrangement. A more
rigid tungsten wire of thickness 0.38 mm was used, since the filament now has
to support itself. A schematic view of an assembled cell is shown in Fig. 4.3.

The coil was formed on a rod of 13.5 mm diameter with the windings
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Figure 4.2: Components of the ceramic tube cell

On the very left the CF 40 flange, on which the cell is mounted, is shown. It has a
four-fold electrical feedthrough (2x current and 2x thermocouple). On the attached
CF 16 flange the rotary feedthrough for a cell shutter is mounted. The shutter
itself is not depicted. On the vacuum side of the CF 40, three spacer and a base
plate are already mounted. On top of this the ceramic tube is fixed by applying the
inner radiation shield and finally by screwing the assembly together with the outer
radiation shield. The heating coil, which has to be fit onto the ceramic tube, is not
shown. Finally, the metal cage and the crucible are inserted trough a hole in the top
of the outer radiation shield. The crucible is easily exchangeable.

closely-packed, resulting in an inner diameter of 20 mm and a distance of
3 — 4 mm between the windings.

The three thin ceramic tubes (outer diameter 2.5 mm, inner diameter
1.3 mm) fix the inner diameter of the heating coil. Otherwise the filament
is supported by one ceramic, which guides the upper open end of the coil back
down to the electrical feedthrough.

This cell shows significantly faster response times, but is much more difficult
to assemble. A further disadvantage is that the top most windings of the
heating coil are usually separated further than the rest due to the weight of
the coils. This enhances one known problem of effusion cells, namely the
inhomogeneous temperature distribution in the cell. The cell hosts a standard
crucible of 8 mm diameter and 100 mm length.

One free-filament cell with cooling shroud was operated up to 1235 °C with
a current limitation of 7 A. At this temperature the melting of the stainless
steel metal cage resulted in the destruction of the filament. For continuous op-
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Figure 4.3: Schematic view of a free-filament cell

In the center is the crucible (yellow), held by a metal cage.
Then there is the tungsten coil, held by 3 ceramics, which
are not depicted here. The whole cell body is closed by
two radiation shields. The thermocouple for temperature
control is inserted through the central bore of the base plate
and attached to the lowest point of the metal cage, right at
the bottom of the crucible.

—

eration, temperatures above 1000 — 1100 °C are therefore not recommended,
unless the hot metal parts are manufactured from a high-melting point mate-
rial, e.g. Tantalum.

4.1.3 Graphite cell

As an alternative to the filament cells, different graphite cells were developed.
The basic idea is that a graphite crucible simultaneously acts as the resistive
heater.

Therefore a crucible was manufactured from a graphite rod'. Electrical
contacts have to be connected to the top and bottom of the crucible. The
bottom contact is realized with a thread which allows for screwing the crucible
into a metal base plate. The top contact is fastened with a metal clamp.

To achieve temperatures up to 400 — 500 °C with a current below 15 A a
relatively thin wall thickness is necessary, because of the rather low resistivity
p =17-1072 Qcm of graphite. Three designs with different outer diameter d,
and inner diameter d; were studied.

1. d, = 15 mm, d; = 10 mm: With 7 A a temperature of 190 °C was
reached.

2. d, = 6mm, d; = 5mm: With 7 A a temperature 300 °C was reached,
but the crucible was too fragile for permanent operation.

3. dy, =12 mm, d; = 10 mm, with d; = 11 mm at the top of the cell: With
7 A a temperature of 200 °C was reached, but the thinner part of the
crucible was too fragile and broke off.

Thttp://www.tryba-stockum.de, graphite quality TS 400-31
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The final design is a variation of No. 3, using a constant inner diameter of
d; = 10 mm from bottom to top. This is still a rather fragile crucible and
one has to be very careful to avoid strain, especially when attaching the top
contact. While testing the cell with copper-phthalocyanine (CuPc¢), material

Figure 4.4: Photograph of a graphite cell

metal clamp ;ﬁ;{iif:.‘“ze" radiation  The graphite cell body is shown with the attached

shield . . . .
metal clamp. The electrical connection is a massive
copper wire coated with silver. Tt is on this picture
only loosely connected and is usually fixed between
the two nuts on the left side of the metal clamp. A
radiation shield is mounted, with openings for the
metal clamp. CuPc crystallites are growing at the
top of the crucible and reduce the diameter of the
cell. Without additional heating at the top of the
cell, the cell closes after a few deposition processes.

electrical
connection

recrystallized at the upper edge of the cell and caused the cell orifice to close
(cp. Fig. 4.4). This is a known problem for many materials stemming from
the fact that the open end of the cell is usually colder than the very bottom
of the crucible. For this effusion cell type this is presumably caused by the
metal clamp at the top of the cell. The clamp has a certain width and the
current flows directly through the clamp instead of flowing through the top of
the cell. The attempt to compensate this problem with an region of smaller
cross section at the top failed due to mechanical instability.

A solution for the problem is an extra tungsten wire, which is attached as
an additional heater for the cell top. It is electrically connected in series with
the graphite body. This way the recrystallization at the top of the cell was
drastically reduced.

4.1.4 Mini cell

This effusion cell was designed by Prof. Dr. Michael Huth for small amounts
of source material. It is especially suited for the study of new materials, for
which sublimation point and temperature stability are unknown. The combi-
nation of a small crucible and a massive body provides very good temperature
homogeneity.

The cell hosts a crucible of 13 mm diameter and 13 mm length. The cell
body is massive aluminum with one bore for the crucible, one bore for a ther-
mocouple and a milled-into structure to host a thermo coax cable. Aluminum
was chosen for good heat conduction. The assembly is fixed with an aluminum
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casing, which also acts as a radiation shield. Additionally an exchangeable lid
covers the top of the cell and allows for different orifices.

Experimentally it turned out that the temperatures for mini cell and free-
filament cell are usually not directly comparable. It was found, that the same
materials sublimed at nominally 50 °C higher temperatures in the mini cell as
in a free-filament or the ceramic tube cell. Different free-filament cells and the
ceramic tube cell were found to be comparable in this respect. This demon-
strates that sublimation temperatures measured with effusion cells should al-
ways be examined carefully, since the measured temperature strongly depends
on the precise position of the thermocouple and other factors such as the cru-
cible size and material and the filling level.

4.2 Temperature measurements

To compare the homogeneity of the different cells and to obtain information
for the Monte Carlo simulation presented in the next chapter height-dependent
temperature measurements (7-measurements) were performed.

Experiment 1

An aluminum oxide crucible was equipped with three type-K thermocouples
in different positions inside the crucible. Each thermocouple was attached to
a metal ring, which fitted the crucible diameter. They were positioned at the
bottom of the crucible, the top of the crucible and the middle position in-
between. The crucible was inserted into a free-filament cell. Data for different
temperatures are shown in Fig. 4.5. The reference temperature measured with
the thermocouple attached to the metal cage (cp. section 4.1.1) is not included,
because the thermocouple was damaged and not working properly during the
experiment. The temperatures measured at middle and bottom position differ
less than 5% and the relative difference is rather stable. In contrast, the tem-
perature difference between top and bottom of the cell increases significantly
with temperature. At the highest temperatures studied the relative difference
reaches around 20%.

Experiment 2

To refine the measurement and obtain a temperature profile instead of single
data points the experimental setup was modified. The effusion cell under
investigation was mounted onto a linear travel and a type-K thermocouple
was inserted into the crucible. During the experiment the crucible was empty
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Figure 4.5: T-measurement of a free-filament cell with AlsOg crucible
The temperature at three different positions in the crucible (top, middle, bottom)
was measured. Depicted is the temperature of the middle/top position relative to
the temperature at the bottom of the cell. The temperature gradient between top
and bottom increases with increasing cell temperature. For the highest temperature
investigated Ty = 631 °C the temperature at the top of the cell reaches only about
80 % of the bottom temperature, where the sublimation takes place.

and the thermocouple was pressed to the inner wall of the crucible with a
metal spring. With the linear travel the depth of the thermocouple inside
the crucible could be varied and the temperature was measured at different
positions inside the cell.

One problem of this setup is that the thermocouple also acts as a heat
conductor. Therefore the measured data should be regarded as a lower limit
for the real temperature. The same holds true, if the thermocouple looses close
contact to the wall during the measurement.

Free-filament cell with graphite crucible A graphite crucible with the
dimensions of a standard aluminum oxide crucible with length 100 mm, outer
diameter 10 mm and inner diameter 8 mm was manufactured. Additionally
the top of the crucible was thinned to an outer diameter of 9 mm for a length
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of about 10 mm. This prevents contact between the crucible and the radiation
shields at the top of the effusion cell. The question was, whether this reduces
heat conduction at the top of the cell and therefore improves the temperature
homogeneity.

The experiments show that the use of the graphite crucible further increases
the temperature gradient from bottom to top compared to the standard alu-
minum oxide crucible (cp. Fig. 4.6). For the three bottom temperatures 270 °C,
350 °C and 535 °C the temperature profile is very similar and the temperature
at the very top of the crucible is about 60 % to 70 % of the temperature at
the bottom. This is worse than the gradient for the aluminum oxide crucible,
especially at low temperatures. Whether this behavior stems from the new
design, purely from the material properties or a combination of both was not
investigated further.
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Figure 4.6: T-measurement of a free-filament cell with graphite crucible
The temperature profiles for the graphite crucible at three different temperatures are
shown. d = 0 mm corresponds to the top of the crucible.

Ceramic tube cell with aluminum oxide crucible For the ceramic tube
cell with aluminum oxide crucible four temperature profiles were measured
(cp. Fig. 4.7). Here the reference temperature is the temperature measured
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Figure 4.7: T-measurement of the ceramic tube cell with AloO3 crucible
The position d = 0 mm corresponds to the top of the cell, d = 80 mm corresponds
to the deepest point reachable with the experimental setup. Ty is the reference
temperature measured with the build-in thermocouple of the cell.

by the build-in thermocouple of the cell. The cell was operated at constant
temperature controlled by an Eurotherm PID controller. Two tendencies can
be seen:

1. The higher Ti., the better the agreement of Tier and Ty—go mm-
2. The higher T}, the stronger the gradient between Ty—go yum and Ty—g mm-

Free-filament cell and ceramic tube cell both show rather strong temper-
ature gradients along the crucible and the expected thermalization of the ce-
ramic tube could be disproved by the experiments. To obtain a homogeneous
temperature the loss at the open end of the cell has to be compensated by a
stronger heating at the top of the effusion cell.
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Chapter 5

Evaporation Characteristics

5.1 Introduction

In MBE and OMBD a variety of different evaporation cells are used. The
two most common types are so-called effusion cells and Knudsen cells. Both
usually host a cylindrical crucible with large aspect ratio. The Knudsen cell
differs from the effusion cell by having a lid with a small orifice to close the
crucible. Since the term effusion cell is often used synonymously for both
Knudsen and effusion cells, in the following open cell is used for a simple
cylindrical crucible and Knudsen cell for a crucible with a lid with a small
orifice. A sketch of both types can be seen in Fig. 5.1. The decision to use one
or the other type of cell is mostly based on personal experience and preference
rather than physical considerations.

To overcome this practice, a Monte Carlo program for the simulation of
evaporation characteristics of different cell types was developed. On basis of
the simulation results, the design of a cell shall be determined according to
the desired evaporation characteristics and, accordingly, the deposition profile
at the sample. To achieve this goal an understanding of the relevant pro-
cesses is necessary, which include evaporation, migration and collisions. After
basic functional tests of the program, several cell geometries were studied to
optimize the geometry for materials with low evaporation rates, which are
thermally already close to decomposition. To validate the results experiments
were performed, accordingly.

Finally, the program is not limited to the field of molecular beam epitaxy,
but can be extended to any field dealing with evaporative particle beams and
a constraining geometry. A second field of application, electron beam induced
deposition, is presented in Appendix B.

43
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Figure 5.1: Sketch of an open cell and a Knudsen cell
The open cell is a cylindrical crucible with the source material at the bottom of
the cylinder. The Knudsen cell is identical with an additional lid at the top of the
cylinder, which has a small orifice.

5.2 Theory

Martin Knudsen was one of the pioneers, regarding the theory of the flow of
gas through tubes. He has derived the cosine law for the reflection of atoms
from tube walls [47, 48|, the evaporation from atoms from a metal source [49]
and has introduced the geometry, which is today known as the Knudsen cell
[48].

The Knudsen number K = % characterizes different flow regimes, where A
is the mean free path of the gas particles in the cell and L is a characteristic
length scale. In the case of open cells/Knudsen cells the characteristic length
is usually either diameter or length of the cell.

e K >> 1. molecular flow regime. Intermolecular collision can be ne-
glected and only particle-wall collisions have to be taken into account.
Open cells are assumed to operate in this regime.

e K << 1: viscious flow regime. A is small compared to L and hence the
particle density inside the cell is so high that the gas flow approaches the
conditions in a liquid.

e K = 1: transition flow regime. This regime marks the transition between
molecular flow and viscious flow and is least well understood.

For an ideal Knudsen cell, defined by an infinitely small orifice with negligi-
ble thickness, the evaporation characteristic can be determined analytically.
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Under the assumption of thermal equilibrium inside the cell the cosine law
is obtained. Particles in the enclosed volume obey the Maxwell-Boltzmann
velocity distribution

R0 =2 (o) e (G 6.1
TN T k) PP\ kT ) '

where v is the velocity of the particles, m the mass, kg Boltzmann’s constant
and T the temperature. The number of particles effusing into a solid angle df)
in the time interval dt is

cos(¥)-v-dt-dA
V

a0
Fv?dv - — 2
()dv- 7, (5.2)

d*N = N -

where Ny is the total number of particles in a cell of volume V and dA is
the size of the orifice. The number of particles received on an area dS in the
distance r from the source is, with dS = r2d(Q,

cos(¥)-v-dt-dA
V

ds

Amr2’

d*N = N, - F(v)dv (5.3)

One can therefore define the flux per unit area and unit time at distance r and

angle v
cos ()

2 Y

r (Ta 19) = F0

(5.4)

wr
with I'g the flux at ¢ = 0. This is known as the cosine law, or Knudsen law,
and is analogous to Lambert’s law in optics.

Knudsen has shown that this evaporation characteristic leads to a homoge-
neously covered sphere, where the orifice lies on the surface of the sphere, and
has used this relationship to verify the validity of the cosine law experimentally
[50]. This is derived in the following paragraph. Refer to Fig. 5.2 for geometry
and nomenclature.

Geometrically one obtains that the flux through a point on the surface of
a sphere of radius R at distance s (¥) = [ cos (0) from the orifice in terms of
is

1
72 cos? (9)

['(s(9),9) =T (lcos(¥),V) = - cos (V) =T (5.5)

w2 cos (V)

Defining a unit area dAy orthogonal to s(1) one has to take into account that
the projection dAg of this area onto the sphere varies in size with ¢ as

dA

yyvi cos (V) . (5.6)
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plane P

sphere S

Figure 5.2: Cross section of a Knudsen cell
A Knudsen cell with orifice dA is shown. A flat plane is situated in the distance
[ from the orifice. Additionally, a sphere with the diameter 2R = [ is depicted.
Particles from the volume dA-v-dt inside the Knudsen cell can leave through the
orifice into the solid angle defined by . Particles hit the plane at a distance x from
the center of the plane, which is directly above the orifice of the cell.

Combining equation (5.5) with (5.6) one obtains that the flux on the surface
of the sphere
dA 1
S .
dAg 72 cos ()
is constant according to Knudsen’s theory and experiments.

For practical issues an interesting geometry is a plane P in the distance

[ = ztan (¥) from the orifice. A point on the plane at distance x from the
center of the plane has the distance L = # from the source. Therefore the

Ls(s,0) =T (s,9) - - cos (¥) (5.7)

cos(V
flux on the plane at the distance L and angle ¥ is given by

I'(L,9)=T(L,0)-cos(¥)=T ((D:w,()) cos (¥) =T (1,0) - cos® (V)

(5.8)
this flux hits the area dA, on the plane where
dAg
i, cos (V) (5.9)
and therefore the flux on the plane is
A
I'p(L,9) =T (L,7) 4y (L, ) cos () = T (1,0) cos (1) . (5.10)

dAp
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This cos*-distribution serves as a reference for the simulations. The flux dis-
tribution is here equivalent to a particle density and in the experiments with
the film thickness at a given point.

5.3 Monte Carlo Program

5.3.1 Introduction

The aim of the program is to simulate evaporation characteristics of open
cells, Knudsen cells and new cell types. It is intended to simulate different cell
geometries instead of performing time consuming and expensive experiments
to evaluate the evaporation characteristics.

5.3.2 Monte Carlo method

A Monte Carlo simulation is a simulation of a stochastic process using a se-
quence of random numbers [51]. The random numbers are usually generated
by a pseudo-random number generator. Conventionally, random numbers in
the interval [0, 1[ are generated and the quality of the pseudo-random number
generator can be determined by

e the uniformity of the generated numbers over the interval and
e non-correlation between consecutive numbers.

Non-uniform random numbers, e.g. following a Gaussian distribution, can usu-
ally be derived from a uniform random number generator using a mathematical
transformation.

All simulation results in Monte Carlo rely heavily on the quality of the
random number generator. In this work the Mersenne twister algorithm was
used. It is known for a very long period and high order of equidistribution [52]
and is therefore highly approved.

It should be mentioned that the simulation works with dimensionless vari-
ables, but it is assumed that all lengths can directly be converted to mm, which
is a reasonable order of magnitude for the comparison to experiments.

5.3.3 Geometry

Concerning the experimental setup, the focus lies on fully cylindric geometries,
where the ¢-dependence could in principle be omitted. Nevertheless, the sim-
ulation contains the full cylinder geometry, which allows for checking, whether
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Figure 5.3: Cylinder grid
The cylindrical walls of a crucible are represented in a two dimensional array, where
the respective geometric position is stored, as well as the additional attributes cov-
erage N, area A and temperature 7.

the cylinder symmetry is conserved during the simulation. Additionally, this
enables us to simulate substrates tilted relative to the symmetry axis of the
cell and opens the possibility to include non-cylindric elements in the future.

5.3.4 Program structure

The main processes relevant for the problem are evaporation of particles from
the source material, their migration and collisions. The simulation is two di-
mensional in the sense that only the crucible surface is modeled, but not the
volume. The crucible is represented by a 2D surface grid, an example for the
cylinder wall is shown in Fig. 5.3. One should note, that the geometry and
the models of the physical processes are separated, so that each can be altered
independently, which leaves potential for improvement and further develop-
ment of the program. This property has already been exploited for the test of
different collision models.

5.3.5 Basic elements

The program is written object oriented. The main objects are

e regions: The crucible geometry is described by a number of regions and
the symmetry axis is defined as the z-axis. A region consists of a grid of
surface elements each of which is characterized by size A, temperature
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T and coverage N. The coverage is an integer number counting the
number of particles on the surface element. The region type enables to
distinguish between different geometries. At the moment incorporated
types are

— start: This is a circular, flat disc, describing the ground of the
crucible, containing the source material. The relevant geometric
parameter is the radius. It is an infinite source of particles, with
constant coverage. The surface normal is pointing along the z-
direction.

— bottom: A circular, flat disc or ring, geometrically similar to a
start region, but without being an infinite source and characterized
by an outer radius and inner radius. The surface normal is pointing
along the z-direction.

— side: A cylinder wall, characterized by radius and length. Here the
axis of the cylinder is parallel to the z-direction.

— top: Equivalent to bottom, with the difference that the surface
normal is pointing along the —z-direction. This region represents
the lid.

e particles: A particle is characterized by a position vector p, which de-
termines the actual position of the particle, and a direction vector cf,
which describes the direction of movement, equivalent to a velocity vec-
tor. The position of a particle is usually located on a surface element
and the direction is first determined with respect to the surface normal
of this surface element. Coordinates are then transformed to a global
coordinate system. In this global system the intersection of the particle
direction with the crucible geometry is calculated. Furthermore the par-
ticle carries information about the number of scattering processes it has
suffered and the position/probability of a subsequent scattering process.

e planes: A flat square plane, representing the substrate. The surface
normal may be pointing along the z-direction or is tilted with respect to 2z
with an angle a. The plane is divided into equal quadratic area elements
and the center of the plane, (z = 0,y = 0), is fixed to the intersection
point with the symmetry axis of the crucible. The coverage of the plane
is stored as a two dimensional histogram, and independently as an one
dimensional radius-dependent histogram. Both data sets are calculated
separately, so that the binning of one data set does not influence the
other.
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The regions composing the whole crucible are organized in a linked list of
pointers, which is an appropriate description for using an iterative way of
calculating the intersection of a particle direction with the different regions.
The advantage is that the program is capable to deal with a variable number
of regions, allowing for complex crucible geometries.

To implement new region types the coordinate transformation from and to
the global coordinate system and rules for the calculation of the intersection
of a straight line with the respective surface have to be defined.

5.3.6 Program flow

In the beginning the geometry is initialized. Then the program iterates the
following steps:

1. A surface element is randomly chosen and - if occupied - a particle may
move through evaporation or migration.

2. A second random number determines whether evaporation or migration
occurs. By simulating the chosen process a final surface element is iden-
tified, which may be part of the crucible or part of the receiving substrate
area. An evaporation process may hereby be accompanied by a number
of scattering events, which is treated in detail in section 5.3.9.

3. The particle is removed from the start element and added to the final
surface element.

4. A new surface element is chosen (cp. Fig. 5.4).

Step number 4 distinguishes this single-step model from the works of [53, 54,
55, 56|, where one particle is observed until it leaves the cell, which might
include multiple evaporation and wall absorption processes; this model is in the
following called trajectory model. For homogeneous temperatures and constant
evaporation/migration energies the two models are equal and differ only in the
chronology of the calculation steps.

As soon as temperature gradients are considered along the cell, the two
approaches are more distinguishable. In the single step model the temperature
of a chosen area element directly determines the evaporation probability for
the occupying particles through a Boltzmann factor. Accumulation of parti-
cles on cold surface elements occurs therefore naturally. That this effect can
not be neglected has also been demonstrated in section 4.1.3, where recrys-
tallization at the top of an effusion cell was shown. In the single-step model
the crucible wall strives to a stable coverage and provides a stability criterion
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Figure 5.4: Program structure

A surface element is randomly chosen. If it is occupied, the probabilities for evapora-
tion, Pyep, and migration, P4, are calculated with respect to area A, temperature
T and coverage N of the surface element. A random number r; determines which
process occurs. For migration the particle is moved to one of the neighboring surface
elements. For evaporation the direction is randomly chosen (according to the cosine
law) and the intersection with the crucible geometry is determined. Optionally, col-
lisions may occur during the evaporation process. Finally, a particle is moved to the
target surface element.
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for the simulation. In contrast to this, in the trajectory model generally all
particles leave the cell, so there is no coverage of the crucible. Temperature
effects are sometimes included by a sticking factor [57|, oppressing evaporation
from certain surface elements.

5.3.7 Evaporation

—Eyay
The evaporation probability is determined by a Boltzmann factor e EpT , where

the directional dependence is determined by the cosine law. This is achieved
by choosing random numbers r; and r with ¢ = 27 -r; and ¢ according to
f(¥) = sin(20). The direction vector is then

B sin (¢) cos (¢)
d= | sin(¥)sin(¢)
cos (1)

and the piercing point of the particle’s trajectory is determined by calculating
the intersection of the straight line ¢ = p'+ m -d with the geometry of the
crucible/plane. The particle is then removed from the starting surface element
and added to the final surface element determined by the intersection.

5.3.8 Migration

B,
The probability for migration is also determined by a Boltzmann factor e T
A particle is allowed to move to any of the neighboring surface elements with
equal probability. Neighboring surface elements are currently defined as surface
elements sharing an edge with the start element. The particle can migrate from
one region to the next, taking into account the correct boundary conditions
between the regions. A different possibility is to define a certain migration
radius and allow for movement inside this circle. On the substrate - repre-
sented by planes - migration is not considered. Physically, migration on the
substrate influences the thin film growth, but the focus here is on the evapora-
tion characteristic of the effusion cells and not on growth on the substrate. A
homogeneous evaporation rate over the area of the substrate promotes uniform
growth on the substrate independent of the physical processes happening on
the substrate.

5.3.9 Collisions

Although the approximation of molecular flow is suitable for the simulation of
open cells, one should keep in mind that the cosine evaporation characteristic of
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a Knudsen cell stems from the fact that there is thermalization and accordingly
collisions in the enclosed volume of the cell. The expectation is hence that the
simulation of a Knudsen cell is only correct if one explicitly includes collisions.
Additionally, collisions allow for exploring the capability of the program to
simulate not only the molecular flow regime, but also possibly the transition
regime. There are several problems connected with collisions. First of all,
physically a particle scatters with a second particle. Secondly, these collisions
occur in the volume of the cell. In the program only one particle is observed
at a time and it was originally not intended that this particle stops/stays in
the volume of the cell, therefore the geometry is limited to the surface area of
the crucible. The problems were solved in the following way: since a collision
occurs only in the volume, and not on the surface, collisions can be coupled
to the evaporation process. An effective model has to be found, providing a
collision point or collision length, determining the position, where a particle
scatters during the evaporation process. The scattering has to be iterated,
until the particle hits either the crucible walls or leaves the cell. This means
an evaporation process may now be accompanied by multiple scattering events.
Two collision models were implemented and are treated in detail in section 5.5.

5.3.10 Simulation Output

Various data sets are generated within one simulation. The most relevant data
files are shortly explained for a better understanding of the graphs shown in
the following. All files are simple ASCII data.

configuration file All relevant data about the start and end parameters of
the simulation is stored, such as geometry of the cell, number of iteration
steps, number of evaporated /migrated /scattered particles, temperature
and energies, as well as the seed for the random number generator. The
data stored here is sufficient to rerun the simulation with the exact same
parameters.

plane grid data The coverage of a plane is stored as a two dimensional his-
togram. This means the central position of every area element on the
plane is stored together with the respective number of particles, provid-
ing an (x,y, N) data set. This data is used to show a three dimensional
thickness distribution on the plane.

plane radius data The radius data contains data sets of the form (r, N(r)),
where r = /2?2 + y?, with (x,y) coordinates of the hitting point of a
particle on the plane. This is calculated independently from the grid
data. Every particle is sorted into a histogram according to r, with the
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bins corresponding to rings on the plane. The number of particles is cor-
rected by the area of the respective ring, to obtain a radius-dependent
coverage. This approach provides a better overall statistics compared
to a cross section of the plane, because all particles are accounted for,
but because of the division through the area, the relative error for small
values of r is large. If the simulated problem is not cylinder symmet-
ric, e.g. by simulating a tilted substrate, this data corresponds to the
thickness distribution when a sample rotation is employed.

region grid data The coverage of the different regions of the cell is stored.
This is useful to observe migration or the influence of temperature. As
default the first side region is stored in this way. This cylindrical region
can then be displayed as a plane, where the x coordinate of the plane
codes the height z and the y coordinate codes the angular position.

5.3.11 Simulation Results

Point source

As a first test of the correct implementation of the cosine law a cell with a
single point as evaporation source was simulated - in the following abbreviated
as point source. An isotropic emitter was implemented for comparison. To
visualize the results the radius-dependent coverage of the substrate plane is
shown in Fig. 5.5, where the x-axis depicts the distance from the center of the
plane and the y-axis shows the relative particle coverage or, equivalently, the
relative film thickness. The source-substrate distance is [ = 6 mm, which is an
arbitrary choice at this point, but is a suitable distance for the comparison to
the experiments later. Both simulations show the expected behavior, cos* for
the point source and cos® for the isotropic source, respectively.

Open cell

The next step was to simulate an open cell. The assumption is that an open
cell operates in the molecular flow regime and particle collisions can therefore
be neglected. An important measure for an open cell is the aspect ratio L/d
of length and diameter of the crucible. A sketch of the crucible geometry is
shown in Fig. 5.6. It has been shown by, e.g., Stickney et al. [58| that open
cells exhibit a focusing of the molecular beam, which is more pronounced for
larger aspect ratios. This behavior is nicely reproduced by the simulation as
shown in Fig. 5.7. The effect of collisions on the simulation of an open cell is
treated in section 5.5.
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Figure 5.5: Point source vs. isotropic source
The plane radius data, meaning rel. thickness versus distance r from the center of
the plane, is shown for the simulation of an isotropic source and a point source. For

comparison the theoretical expected cos® and cos? distributions are also depicted.
The simulation shows perfect agreement with theory.

Knudsen cell

The advantages of a Knudsen cell are two-fold. If the sample is located in
great distance from the source, one obtains a rather homogeneous growth over
a relatively large area. The distance has to be so large that the flat sample
is a good approximation of the homogeneously covered sphere (cp. section
5.2). The disadvantage directly connected to this is that a large portion of the
evaporated material is lost to the environment instead of contributing to the
thin film growth on the sample.

The second advantage is that for materials close to decomposition, the
Knudsen cell geometry seems to be more appropriate. We have observed higher
evaporation rates with Knudsen cells compared to open cells. Whether this
stems from the higher vapor pressure inside the cell or is a result of a better
temperature homogeneity in the cell is not clear up to now. For the simulation
the problem is that the cosine law relies on the thermal equilibrium in the
cell, which means that collisions have to be taken into account. To identify
the requirements for a suitable collision treatment two 3D simulations where
performed:
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a) b)

Figure 5.6: Cross sections of the studied crucible geometries

a) open cell, b) Knudsen cell, ¢) 2-stage cell

All cell types are based on a cylindrical body with an inner diameter d and an overall
length L. For a Knudsen and a 2-stage cell a lid with an orifice (hole) of diameter
h is present. For the two-stage cell the total length is divided into two segments of
length L1 and L2, which differ in diameter. The diameter d1 corresponds to d for
open and Knudsen cell. The lid thickness is assumed to be 0.

a)

In a cylindrical cell of Knudsen geometry (parameters L = 8 mm, d =
8 mm, A = 1 mm) particles are generated homogeneously distributed
over the whole volume. According to an isotropic distribution a direction
vector is assigned to each particle and it is evaluated, whether the particle
can leave the cell through the orifice. Particles leaving the orifice are
added to the substrate plane as usually, the other particles are discarded.

Now, the role of the Maxwell-Boltzmann velocity distribution is investi-
gated. Additional to the (normalized) isotropic direction vector, the par-
ticles obtain an absolute velocity v, according to the Maxwell-Boltzmann
distribution. For all particles leaving through the orifice the length of
the path [ is determined and compared to the velocity. Defining an ar-
bitrary time ¢, only particles with v-t > [ leave the cell, the others are
discarded. This favors particles closer to the orifice and particles with
higher velocities.

The resulting distributions on the substrate are shown in Figure 5.8. The
second simulation is in excellent agreement with the cos*-law expected for a
Knudsen cell. This proves that the cosine law is not only governed by geometry,



5.3. MONTE CARLO PROGRAM 57

Open cell, d = 8mm, plane distance 5mm

1
® 08}
(]
cC
5 0.6}
= L= 5mm ——
% 04} L=10mm ——
v L=25mm ——

0.2 1 L =5mm ——
0 L= 75mm _—
0 2 4 6 8 10 12
distance r [mm]
Open cell, d = 8mm, plane distance 15mm

1
® 08¢
(]
g
S 0.6 |
= L= 5mm ——
S 04 L=10mm ——
v L=25mm ——

0.2 1 | =50mm ——
0 L=75mm —— ‘
0 p 4 6 8 10 12
distance r [mm]
Open cell, d = 8mm, plane distance 50mm

1))
w0
(]
C
X
9
2
E

0 2 4 6 8 10 12
distance r [mm]

Figure 5.7: Simulation of an open cell
An open cell with diameter d = 8 mm and lengths from L = 5 mm to L = 75 mm
was simulated. From top to bottom the results at a plane distance of [ = 5 mm,
! =15 mm and | = 50 mm are shown. The longer the cell length, the stronger the
focusing effect is visible. The effect is more distinct in a greater distance from the
source. Since experimental distances range up to 250 mm, the open cell has clear
advantages with respect to efficient source material usage.
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but also by explicit use of the Maxwell-Boltzmann velocity distribution. In-
versely one can conclude that a collision model has to ensure two basic aspects
to be reasonable: First, the collisions have to distribute the particle positions
over the whole volume of the cell and, second, a distance-dependent probabil-
ity for leaving the cell has to be provided. Here particle position means the
last collision point, before the particle leaves the cell through the orifice.

1 ‘ ‘ a) isotrobic
b) isotropic + MB ———
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Figure 5.8: 3D simulation of the cosine law for a Knudsen cell
A Knudsen cell with L = 8 mm, d = 8 mm, A = 1 mm is simulated, with particles
starting homogeneously distributed in the volume of the cell. Particles leaving the
cell through the orifice are collected on a plane in 6 mm distance, the other particles
are discarded. The graph shows the radial thickness distribution on the plane with
respect to the point directly above the center orifice.

a) The pure geometric effect on the distribution is demonstrated.

b) Here additionally a velocity is assigned to each particle, according to the
Maxwell-Boltzmann distribution, and only particles with sufficiently high ve-
locity compared to their distance to the orifice are allowed to escape.

As a reference the theoretical result for the cosine law (cos?) is displayed. b) is in
excellent agreement with the theoretical distribution.
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2-Stage cell

To combine the advantages of open cell and Knudsen cell a new cell design was
studied, which is in the following referred to as 2-stage cell. The idea is to have
a closed Knudsen-like crucible as a first stage of the cell, followed by a second
stage, resembling an open cell. In the lower part one has the advantage of the
higher vapor pressure and temperature homogeneity, whereas the upper part
provides the collimation known from an open cell and hereby improves the
yield of source material. A sketch of the geometry with the division into the
respective regions is shown on the left hand side of in Fig. 5.9. Additionally,
a simplified geometric model for the simulation is shown on the right hand
side, where only the upper part of the 2-stage cell is simulated and the lower
Knudsen-part of the cell is replaced by a start area in the size of the Knudsen
orifice. The simplified model has two advantages. On the one hand simulation
time is reduced, due to the smaller surface/volume to be simulated and, on
the other hand, the simulation is independent of the collision model, since
collisions can be neglected in the upper part of the cell.

A similar “crucible in crucible” geometry has been proposed by [59] to
improve the uniformity of the deposition.

O

side 2

hole
<
bottom
¥
A start

top

side 1

Figure 5.9: Geometric model of a 2-stage cell
The left sketch shows the complete model, with a full Knudsen cell as a lower part,
consisting of start area, side I and top, followed by a second wall segment side 2 and
a bottom area, which connects the two parts. On the right side there is a simplified
model, where Knudsen behavior of the lower part is assumed. It is therefore replaced
by a start area in the size of the hole of the original Knudsen part of the cell.
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Comparison of the three different cell types

A simulation of each of the three cell types was performed to compare the
evaporation characteristics and test the new 2-stage geometry. A comparison of
the geometries is shown in Fig. 5.6. To reflect the experimental circumstances
the total length of all cells is L = 75 mm, assuming a 100 mm standard crucible
with typical filling level of source material, which can be modified with different
apertures. The diameter of all cells is d = 8 mm. Two 2-stage cells of different
length ratios L;/L, were simulated, because the length of Ly should play an
important role for the characteristics. Two plane distances, [ = 6 mm and
[ = 15 mm, are presented. A color map of the two planes is shown for each
cell type in Fig. 5.10, where the color codes the film thickness at a given point
of the plane.

The Knudsen cell results in a thickness distribution with a central peak
and a strong gradient toward the areas of the plane further away from the
center. This gradient is less pronounced for the plane at larger distance of
the cell. The open cell exhibits a rather sharply delimited central area of
relatively homogeneous thickness compared to the Knudsen cell. This area is
approximately of the size of the crucible diameter at close distance and widens
with increasing distance of the plane. The results of the long 2-stage cell
with L; = 15 mm and L, = 60 mm are comparable to the open cell. For the
shorter 2-stage cell with L; = 45 mm and L, = 30 mm one sees a behavior
with characteristics from Knudsen and open cell. At 6 mm distance one can
see the delimited central area stemming from the side 2 region, but the inner
part is not as homogeneous, rather resembling the distribution of the Knudsen
cell. For the larger distance a stronger widening can be seen, compared to
the open cell and the long 2-stage, which results purely from the reduced
length L. It can be summarized that one finds the expected behavior for
the 2-stage cell: The introduction of the side 2 region improves the focusing
of the cell compared to a Knudsen cell and analogous to an open cell, the
focusing increases with the length L,. It should be mentioned that the very
different total coverage of the planes results from the different simulation times
necessary. Simulation time increases with the size of the simulated cell surface
and depends also inversely on the size of the relevant orifice.
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Figure 5.10: Comparison of the different cell types

From top to bottom the simulation for a Knudsen cell, an open cell, a long 2-stage
and a short 2-stage cell are shown. On the left side a plane in 6 mm distance from
the source is depicted, on the right side the distance is 15 mm. Knudsen and 2-
stage cells are simulated in the simplified model. The parameters, according to
Fig. 5.6 Knudsen cell h = 1 mm, open cell d = 8 mm, L = 75 mm; long 2-stage
h = 1mm, Ly = 30 mm, do = 8 mm and short 2-stage h = 1 mm, Lo = 15 mm,
do = 8 mm. The total coverage of the planes varies strongly, which reflects the strong
dependence of the simulation time on the simulated surface and the size of the source
area. Therefore the long 2-stage cell has the worst statistics.
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5.4 Experiments

To verify the results of the simulation a series of experiments with different
crucible geometries (cp. Fig. 5.6) was performed.

The samples were prepared in the test chamber (cp. chapter 3). Pentacene
was evaporated from an Al,Os-crucible equipped with different stainless steel
apertures onto glass microscope slides. The thickness of the prepared thin
films was measured via optical absorption. The glass slide was mounted on a
translation stage with 10 um resolution and illuminated with a laser with a
wavelength of A = 635 nm. The laser beam was further collimated with an
aperture to reduce the illuminated area to about 0.8 mm?. In line with laser
and glass slide a silicon diode was mounted and the photo current was mea-
sured. The microscope slide was moved step by step to measure the absorption
position-dependently and obtain a thickness profile of the thin film according
to Beer’s law

I(d) = Ipexp (—a - d) (5.11)

where d is the thickness of the thin film, « is the absorption coefficient, I(d)
the measured photo current and I the current at d = 0. This is by definition
the current measured, when a clean glass slide is illuminated. The experiment
was carried out in a box to minimize the background illumination.

Fig. (5.11) to (5.14) show the simulation and the relative thickness as de-
termined with the absorption measurement for the three cell types. For the
2-stage cell two different cells with length Ly = 30 mm and L, = 15 mm were
investigated. The red curves show the measured thickness distribution, the
black curves show the respective simulation. With a red bar it is indicated,
where the deposition is limited due to the edge of the sample holder. Beyond
the red bar the glass was shaded by the sample holder and no deposition could
occur. Arrows are used to indicate distinct features that can be observed in
simulation and experiment.

The simulations show good agreement with the experiments, reproducing
the indicated features of the respective thickness distributions. The best agree-
ment is achieved for the Knudsen cell, which shows a perfect cos*-behavior
(Fig. 5.11). For the open cell the simulation shows a change of slope at
x =4 mm. This can also be observed in the measurement. One can also
see that the measurement deviates from the simulation mainly at the center
(x = 0), where the highest coverage is reached. Here problems with saturation
can occur. For the short 2-stage cell the center of the measured distribution is
very flat, also suggesting a problem with saturation. For both, short and long
2-stage cell, the changes of slope in the thickness distribution can be matched
to the simulation. The overall agreement between simulation and experiment
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Figure 5.11: Knudsen cell, plane distance 6 mm
The simulation of a Knudsen cell is compared to a measured distribution. Geometric
parameters of the cell are d = 8 mm, L = 75 mm and h = 1 mm. For comparison
the cos*-distribution is depicted and is in excellent agreement with simulation and
experiment.
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Figure 5.12: Open cell, plane distance 6 mm
The simulation of an open cell is compared to a measured distribution. Geometric
parameters of the cell are d = 8 mm and L = 75 mm. Simulation and measurement
show good agreement, except for the central part around x = 0. The prepared
sample was of minor quality in this region. This is attributed to insufficient cleaning
of the microscope slide used as a substrate.
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Figure 5.13: Short 2-stage cell, plane distance 6 mm

The simulation of a 2-stage cell is compared to a measured distribution. Geomet-
ric parameters of the cell are d; = do = 8 mm, L; = 60 mm, Ly = 15 mm and
h = 1 mm. Characteristic features of the two distributions coincide (see red and
black arrows), but the overall agreement of the two curves is not satisfying. This is
attributed to a too high thickness of the prepared sample in the central area. There-
fore the measured distribution is rather flat in the central part and a relative scaling
of the two curves was difficult.
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Figure 5.14: Long 2-stage cell, plane distance 6 mm
The simulation of a second 2-stage cell with larger Lo is compared to a measured
distribution. Geometric parameters of the cell are dy = dy = 8 mm, L; = 45 mm,
Ly = 30 mm and h = 1 mm. Again, characteristic features of the distributions
match, but the overall agreement is unsatisfying. The deviation might partly be
caused by an additional deposition onto the prepared area, due to a second deposition
experiment on the same microscope slide.
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is not as good as for open cell and Knudsen cell.

In general, the results are not satisfactory from an experimental point of
view. First of all it proved difficult to clean the glass microscope slides properly,
which led to defects or inhomogeneities of the prepared thin films, sometimes
visible with the naked eye. Secondly, the roughness of the prepared samples
influences the absorption measurement due to diffuse scattering of the laser
light. As a third point, reflexion at the front or back of the glass substrate
might influence the thickness measurement. For further studies one should
therefore search for a different method to measure the thickness. First tests
with an alpha-stepper showed promising results, but only a model with 10 mm
measuring distance was available, which was not sufficient to thoroughly study
the prepared samples.

5.5 Collisions

As mentioned before, collisions are necessary to simulate a real Knudsen cell.
The simulations shown until now all used the simplified model, omitting the
collisions. To demonstrate the deficiency of the program without collisions, a
simulation of a full Knudsen cell is shown in Fig. 5.15. The diameter of the cell
and the size of the orifice were fixed to d = 8 mm and h = 1 mm, respectively,
and the length of the cell was varied from L =5 mm to L = 50 mm. One can
see that the agreement with the cos!-dependence decreases with increasing
length of the cell. This can be understood with the help of the sketch on the
right side. The area on the plane in direct sight from the base of the crucible
through the crucible becomes smaller and smaller with increasing length of the
cell. This area marks roughly the region, where the cos’-behavior is expected
to hold, because of a simple pinhole camera effect. This pure geometric effect
has also been verified with a cold wall simulation!, meaning the crucible walls
were kept at 0 K to single out the contribution of direct evaporation from the
source area. Table 5.1 shows the calculated radius z(L) of the area on the
plane as a function of the length of the cell.

Lmm[]| 5 | 10 | 20 | 30 | 50
x [mm]| |45 [ 225 | 1.12 [ 0.75 | 0.45

Table 5.1: Direct beam cut-off

For a cell of length L the geometric cut-off of the direct beam on a plane of distance
5 mm is calculated.

IThe results of this simulation are not shown here.
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Figure 5.15: Simulation of a Knudsen cell without collisions

A Knudsen cell with d = 8 mm, orifice h = 1 mm and variable length L =
5,10,20, 30,50 mm was simulated. The data shown refers to a plane distance of
5 mm. The ideal cos* law is also depicted and the simulated distribution deviates
from this behavior with increasing length of the cell. The reason for this is shown
in the right sketch. With increasing length of the cell a smaller area of the plane
is reached from particles evaporating from the source at the base of the crucible.
This portion contributes to a significant part to the distribution, which can also be
verified by simulating a cold wall crucible.

The simulation demonstrates the expected behavior, namely, that a pure
molecular flow simulation cannot provide a correct result for the Knudsen
geometry, and serves as a comparison for the simulations with collisions.

Two collision models have been investigated which are named mean free
path model and Maxwell Boltzmann model after the basic idea the respective
model is based on. In the following sections the models are shortly introduced
and a comparison of the results is given.

5.5.1 Mean free path model

The basic idea of this first model is to define a mean free path A\, which can in
principle be derived from the pressure inside the Knudsen cell. Collisions occur
with a probability of P(z.) = e~?</*. For every evaporated particle a collision
length z. is determined by z. = —X - In(r), where r is a random number. When
the path length [ to the next piercing point with wall or orifice is shorter than
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x. no collision occurs. If [ > x. a collision takes place at §=p+ z.- cf, where
p is the particles position vector and d the particles direction vector. The
particle position is then set to § and a new direction vector d is drawn from
an isotropic distribution. Now a new collision length is determined and the
process is iterated until the particle hits the crucible wall or leaves the cell.
To avoid infinite run time a certain cut-off for the number of allowed collisions
must be inserted.

To monitor the collision process additional output files have been created.

lambda-ideal file Here all assigned collision lengths x. are stored in a his-
togram and the mean free path can be calculated as a comparison to the
inserted value.

lambda-real file Since the collision is only executed if the total path length
of the evaporation step is [ > x. the actual used x. values may differ
significantly from the ideal distribution, depending on A and the cell
geometry. In this file only the x.’s for actually executed collisions are
stored and an effective mean free path can be derived.

scatter number file To get an idea about the influence of the cut-off value
for the number of collisions the number of executed collisions for each
particle is stored in a histogram.

The mean free path model is analogous to the description of Kirsch and Ger-
icke [60, 61]. They studied cylindrical and conical open cells experimentally
and with a Monte Carlo simulation based on the trajectory model. They ob-
serve a broadening of the thickness distribution with decreasing \/increasing
pressure and obtain very good qualitative agreement of experiment and sim-
ulation. With our simulation we can reproduce these results for an open cell
(cp. Fig. 5.16).

Nevertheless, the ultimate test for the collision model is the simulation of
a Knudsen cell and the question whether the cosine law is reproduced. A
Knudsen cell with d = 8 mm, L = 30 mm and an orifice of h = 1 mm was
simulated using different mean free paths A. The results are shown in Figure
5.17. A = 0 mm corresponds to a simulation without collisions. Two cases
have to be distinguished 1) A > h and 2) A\ < h. For 1) the distribution with
collisions should approach the cosine law if a correct collision model is used.
For 2) one aspect of the definition of a Knudsen cell is no longer fulfilled,
namely, that no collisions occur inside the orifice and therefore a different
behavior is expected. This is exactly what is seen in Fig. 5.17. The simulations
with collisions at A = 1...3 mm approximate the cos*-distribution of an ideal
Knudsen cell in contrast to the simulation with A = 0.5 mm. One should
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Figure 5.16: Open cell with collisions

On the left hand side the simulation of an open cell with collisions based on the
respective mean free paths A is shown. A = 0 corresponds to a simulation with-
out collisions. As expected, the distribution on the plane broadens if collisions are
taken into account. This effect is more pronounced if A is small, meaning that more
collisions occur.

On the right hand side the simulation results of Kirsch et al. [61] are shown. They
have found excellent agreement between their simulation - featuring the same collision
model used here - and experiment.

note that - counter intuitively - A = 3 mm shows the best agreement with the
cosine law. One expects smaller mean free paths to show better agreement,
as long as no collisions occur inside the orifice. A second observation is that
the simulation with A\ = 0.5 mm provides a narrower distribution than the
simulation without collisions. As a first assumption one would always expect a
broadening of the thickness distribution with collision in contrast to a collision-
free simulation.

In conclusion, collisions were implemented correctly using the mean free
path model, as the comparison to the results of Kirsch and Gericke shows.
Regarding the simulation of a Knudsen cell, improvements compared to sim-
ulations without collisions were made, but the overall behavior and especially
the dependence on the mean free path length remains unclear. To investigate
these open issues a second collision model was implemented.
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Figure 5.17: Knudsen cell with collisions

The simulations of a Knudsen cell with collisions are shown for different mean free
paths A. Dimension of the cell are d = 8 mm, L = 30 mm and h = 1 mm. For
reference a cell without collisions (A = 0 mm) and the cosine law are shown. The
simulations with A = 1...3 mm show good agreement with the cosine law in the
central area and deviations at larger r. For A = 0.5 mm collisions inside the orifice
may occur conflicting with the definition of a Knudsen cell. Therefore deviations
from the cosine law are expected.

5.5.2 Maxwell Boltzmann model

The starting point for this second model is the fact that, as shown in sec-
tion 5.3.11, particles at a given distance from the orifice can only escape if
their velocity v exceeds a certain minimum value. This can also be interpreted
as a scattering event, where the particle changes direction after [ = v-t in
analogy to 5.3.11. Practically, the exponential probability distribution in sec-
tion 5.5.1 is exchanged with a Maxwell-Boltzmann-like velocity distribution

Plv)=c-o-v?- e# with o and c as free parameters. A velocity is assigned
to each particle according to P(v), which corresponds to a collision length
Tmp = U - t, where the time ¢ is chosen to t = 1 s for simplicity. This length is
then compared to the calculated intersection.

To compare the results of this collision model and the mean free path model
the same Knudsen cell was simulated. To see the influence of the mean free
path of the particles and related to this, the number of collisions they suffer
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/\scale /\ideal [mm] )\real [mm]
3 6 4.7
2 4 3.9
1 2 1.8
0.5 1 1

Table 5.2: Comparision of the different \’s

The table shows the relation of the different \’s used in the simulation. Agcale is the
scaling factor inserted in the simulation. Ajgeal, the mean free path calculated from
the lambda-ideal file, is twice as large as Agcale- Areal, finally, is the true mean free
path that is calculated from the collision that have actually been executed. e is
in general equal or smaller than Ajgea, depending on the crucible geometry.

until escape, the following method was employed: The time ¢ was chosen to
t = 1 s as in the previous section and a dimensionless mean free path A\ was
used as a scaling factor for the velocity in the Maxwell-Boltzmann distribution.
The parameters o and ¢ were initially adjusted, so that a similar range of mean
free paths was covered. The scaling with Ag.ae results in a shorter mean free
path and larger number of collisions for small Ag.. and vice versa for large
Ascale, i analogy to the definition of a mean free path. The results are shown in
Figure 5.18. Since Agale) is only a dimensionless scaling factor and not directly
the mean free path, the mean free path was determined after the simulation
from the lambda-real and lambda-ideal files (cp. Table 5.2).

The simulation shows that the thickness distribution is close to the ideal
cosine law for all mean free paths larger than the orifice of the cell. The result
does not seem to be as sensitive to the exact value of \ as for the mean free
path model, were larger differences between the simulations of different \’s can
be seen. On the other hand there are more free parameters available here
(A, 0,¢), which have been arbitrarily chosen to provide reasonable mean free
paths. The influence of the individual parameters has not been studied.

5.5.3 Conclusion

Two collision models were tested for the simulation of a Knudsen cell. Both
collision models show an improvement of the thickness distribution towards
a cos? distribution compared to a collision-free model. Also, for both models
a change of behavior can be seen if the mean free path is in the order of
the orifice of the Knudsen cell, as is theoretically expected. For both models
only a small set of parameters has been tested, which does not allow for a
definite judgment of the capabilities of the models at this point. At first
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Figure 5.18: Knudsen cell with collisions - 2
The simulations of a Knudsen cell, identical to the one simulated in 5.17 are shown.
Dimension of the cell are d = 8 mm, L = 30 mm and h = 1 mm. For reference a
cell without collisions (A = 0 mm) and the cosine law are shown. This simulation is
now based on the Mazwell-Boltzmann model. In contrast to 5.17, there is a better
convergence of the simulation to the cosine law. Similar to the simulation with the
mean free path model, when X is of the size of the orifice, the model breaks down.

glance the Maxwell-Boltzmann model shows a faster convergence to the cos*-
distribution, but it has a rather constructed physical basis. In contrast, the
mean free path model has a straight forward physical interpretation and an
experimental verification [60, 61], but the results for the Knudsen cell are
not easily understood. From a theoretical point of view more simulations
have to be performed to explore a larger parameter space with both collision
models to come to a final conclusion. From an experimental point of view it is
recommended to use the simplified cell model rather than simulating collisions
- whenever possible - for the simple reason of saving computation time. To be
able to simulate the intermediate region between molecular flow and viscous
flow the implementation of a functioning collision model is of course mandatory
and will therefore be beneficial in any case.
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Chapter 6

Preparation

In this chapter the preparation of single crystals via solution growth and thin
films via evaporation is presented. Although the experimental focus was clearly
on thin film preparation, the solution growth experiments were important to
obtain source materials for evaporation.

6.1 Single crystal growth

One batch of ET was synthesized by the group of Prof. Dr. Winkler!, a second
batch of ET and a batch of TCNQ were purchased from Alfa Aesar. Cu(NCS)a,
ETyCu(NCS)y and (ET)(TCNQ) are not commercially available and therefore
single crystals were grown with different methods of solution growth.

6.1.1 Cu(NCS),

Cu(NCS), [62] was prepared following the protocol of Miiller and Ueba [4].
NaSCN was used, instead of KSCN, for the reaction with CuSO, - 5H50.

2NaSCN + CuSOy - 5H,0 — Cu(NCS)s + NapSO,4 + 5H,0

A dark brown powder was produced and washed with cold water and diethyl
ether. Afterwards the product was first dried over HySO,4 and then stored in a
pumped desiccator over PoOs. The powder was studied with X-ray diffrac-
tion, with which the successful preparation of Cu(NCS)y could be proved
(cp. Fig. 6.1).

!Fachbereich Geowissenschaften, Abt. Kristallographie, Universitit Frankfurt am Main
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Figure 6.1: Powder spectrum of Cu(NCS)s
Shown is the powder spectrum of Cu(NCS), as prepared in section 6.1.1 measured
with X-ray diffraction. (*) indicates peaks of Cu(NCS), as reported by Hunter et
al. [27]. Detailed powder data of the compound was not available.

6.1.2 ET,Cu(NCS),

For the preparation of the CT salt EToCu(NCS), the two methods described
in [4], the reflux method and the ultrasonic bath method, were applied.

Ultrasonic bath method

ET and Cu(NCS); were added in a stoichiometric 2:1 ratio of 52 mg ET
(0.135 mmol) and 12 mg Cu(NCS), (0.067 mmol) to 30 ml tetrahydrofurane
(THF). The beaker with the mixture was put into an ultrasonic bath. Im-
mediately, a dark brown powder formed at the bottom of the beaker. After
35 min of sonication the powder was filtrated through a suction filter. The very
fine brown powder clogged the filter paper prohibiting a filtration. Therefore
the remaining crystals in solution were left in the beaker to crystallize. The
powder extracted through filtration - I - and the powder after crystallization
in the beaker - II - both showed no conclusive X-ray data. Although the rapid
color change after switching on the ultrasonic bath suggests the formation of
the charge transfer salt, this could not be supported by the X-ray analysis.
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Figure 6.2: Powder spectrum of ET9oCu(NCS)s
The reference data is taken from [30]. The measured data was shifted 0.3° in 26.
The powder data is similar to the reference data, when shifted, but the origin of this
shift is unclear. It cannot be explained by an error in the height adjustment of the
sample in the diffractometer. Furthermore the measurement, including the shift, was
reproduced after a completely new alignment of the sample in the goniometer.

Reflux method

109 mg (0.283 mmol) of ET and 26 mg (0.145 mmol) Cu(NCS), were sus-
pended in about 50-80 ml of THF in a round flask. The solution was heated to
reflux temperature and kept there for about one hour, with occasional shaking
of the round flask to dissolve E'T which crystallized at the edge of the fluid
level. After filtration 55 mg (0.058 mmol) of dark, brown/black powder could
be recovered, which corresponds to a yield of 40 %. The X-ray diffraction
pattern of the powder is shown in Figure 6.2. The measured spectrum has
been shifted 0.3° to coincide with the reference data. After the shift, a good
agreement is given. A misalignment of the sample can be excluded, because
the sample was measured again after a new alignment with the same result.
This can not be easily explained, therefore an independent verification of the
successful synthesis of EToCu(NCS), would be necessary. Since evaporation
experiments with the powder were not successful, this was not further pursued.
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Figure 6.3: (ET)(TCNQ) crystal, grown in DCE
This crystal was the largest crystal obtained by solution growth. The length of the
crystal is about 14 mm.

6.1.3 (ET)(TCNQ)

Solution growth of (ET)(TCNQ) was performed by Prof. Dr. Michael Huth.
Three different solvents were used to grow crystals, namely Dichlormethane
(DCM), Dichlorethane (DCE) and THEF. ET and TCNQ were dissolved into
a beaker containing the respective solvent and were moderately heated under
stirring on a heating plate. As soon as the crystallites were totally suspended,
the two beakers were poured together and left in the extractor hood or a
slightly pumped desiccator for slow evaporation. As a result of the lower
solubility of ET, the reaction was carried out with an excess of TCNQ. The
evaporation of the solvent took from several hours for THF to 2-3 weeks for
the other solvents. After evaporation black crystallites of (ET)(TCNQ) could
be recovered. They were mixed with yellow crystallites of TCNQ), as a result
of the non-stoichiometric weighted sample. It was not possible to separate the
(ET)(TCNQ) fully from the pure TCNQ), therefore TCNQ is a known impurity
in the (ET)(TCNQ) source material.

Size and geometry of the (ET)(TCNQ) crystals varied strongly upon sol-
vent and evaporation speed from small platelets to long needles. One of the
largest crystals is shown in Fig. 6.3.

Different crystal phases were identified, depending on the solvent used for
the solution growth. The respective powder spectra are shown in Fig. 6.4.

e THEF: a mixture of monoclinic phase and (#'-phase
e DCE: #'-phase

e DCM: monoclinic phase

The (”-phase was not observed.

The ultrasonic bath method was also tested for (ET)(TCNQ), in the hope
to speed up the reaction. It was observed that the ET dissolves more easily
under the agitation of the ultrasonic bath. The experiment was performed
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Figure 6.4: Powder spectra of (ET)(TCNQ)
From top to bottom the powder spectra of (ET)(TCNQ) grown in THF, DCE and
DCM are shown. For the growth in THF a mixture of monoclinic phase and 3’-phase
was found, for DCE only ('-phase was observed and for DCM only the monoclinic
phase.
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with 50 mg (0.13 mmol) ET and 29 mg (0.14 mmol) TCNQ suspended in a
beaker with 30 ml THF. The solution was kept for 30 min in the ultrasonic
bath. No reaction could be observed. Afterwards the beaker was kept under
the extractor hood to evaporate the solvent, yielding black CT crystals as in
the solution growth experiments without use of the ultrasonic bath.

6.2 Thin films

For the preparation of devices such as tunnel junctions or field effect transistors
the availability of thin films is a prerequisite. With the method of organic
molecular beam deposition it was attempted to prepare crystalline thin films
of the various organic materials presented in chapter 2. Since the literature on
evaporation /sublimation of these materials is in many cases not extensive, the
first step was usually to determine the sublimation temperature of the material
by a controlled ramp-up of the effusion cell temperature until a deposition
could be detected. In this process the substrate temperature was usually kept
at room temperature (25 °C to 30 °C) to minimize re-evaporation from the
substrate.

When sublimation and deposition were successful, the growth of the mate-
rial was studied in detail in dependence on sublimation temperature, substrate
temperature and substrate material.

For practical reasons, glass microscope slides were used as standard sub-
strates in the test chamber and Al,O3 substrates were used in the other cham-
bers. Al,O3 was chosen, because it is a chemically inert substrate, which has
been studied intensively for the growth of metallic as well as organic thin
films. It can be used at substrate temperatures much higher than the typi-
cal sublimation temperatures of organics, which usually do not exceed 500 °C.
Additionally, it is suited for low temperature studies in a cryostat.

For several materials a first sublimation experiment was carried out with a
free filament cell and in a second experiment the mini cell was used. Thereby,
it was ruled out that the temperature gradient in the free filament cell was the
cause of the unsuccessful evaporation experiments.

6.2.1 Cu(NCS),

Sublimation experiments carried out by Hunter [27] and Ptaszynski [28] in
air show a decomposition of Cu(NCS), in the presence of water. In reverse,
Cu(NCS)s could be sublimable under ultra-high vacuum conditions, if the
source material is sufficiently water-free.



6.2. THIN FILMS 79

300 Cu(NCS), - original
Cu(NCS%2 - yellow ——
250 Cu(NCS), - T=430°C 7
= 200
< |
2 150
7]
5 Ak o
§ 100 Mw ksl e MW‘ A ,-‘“Jl‘ "
50 A |
0 J LQJL,MJ QWJ Mo j\. AN

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
20 [°]

Figure 6.5: X-ray diffraction of Cu(NCS),
The first curve shows the powder pattern of the original Cu(NCS)2 before heating.
The second curve shows the pattern obtained from the yellow precipitate and the
third curves shows the pattern of the material after being heated to 430 °C. The
curves have been shifted vertically for clarity.

The sublimation of the prepared source material was studied in the test
chamber using two types of cells, a free filament cell and a mini cell. The
first experiment was carried out with a free filament cell. Although the source
material had been dried directly after preparation (cp. section 6.1.1), it was
attempted to dry the material in the vacuum chamber before the actual subli-
mation. For this purpose the cell was kept at 60 °C over a period of 72 h. The
temperature was then increased in 10 °C-steps. Starting at 80 °C the brown
Cu(NCS)s powder turned yellow. The temperature was further increased up
to 120 °C to exceed the evaporation temperature of water. The color change
indicates a reduction from Cu(II) to Cu(I), where the yellow color points to the
B-phase of Cu(I)NCS. The chamber was opened and the crucible was taken
out to study the source material. The yellow precipitate was superficial and
could be removed mechanically. The removed material was studied with X-ray
diffraction. The result in comparison to the original Cu(NCS), can be seen
in Fig. 6.5. Several peaks of Cu(NCS), have vanished or decreased in relative
height and new peaks have appeared. This confirms that the yellow precipitate
is a different crystal phase. Whether or not it is #-phase of Cu(I)NCS cannot
be concluded unambiguously.
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Assuming that this partial decomposition still stemmed from residual water
in the source material, the sublimation experiment was repeated. Again, start-
ing at 80 °C, the material turned yellow. To exclude that the source material
had been newly contaminated with water during the mechanical removal after
the first experiment, the crucible was kept under vacuum in the second experi-
ment, leaving the yellow precipitate as an impurity in the source material. The
temperature was successively increased to 430 °C with only minimal deposi-
tion, which can be attributed to impurities. Starting from 290 °C, the source
material darkened in color. The experiment was stopped after reaching 430 °C
and the source material was taken out. It had changed color to brown again
and had baked together to a hard cluster. Under X-ray diffraction the mate-
rial showed further degradation (cp. Fig. 6.5). The sublimation experiments
were therefore concluded as unsuccessful. At a later stage a new attempt was
carried out using the mini cell. The source material was for this experiment
mixed with quartz sand to prevent agglutination of the source material. The
same degradation behavior could be observed.

Consequently, since Cu(NCS), could not be evaporated, the method of
co-evaporation of ET and Cu(NCS), could not be applied.

6.2.2 ET

Sublimation of ET has already been reported by Nollau et al. [24], Miura et
al. [22] and Molas et al. [23]. One remarkable point concerning the available
publications is that the reported sublimation temperatures vary from 200 °C
as reported by Molas to 80 °C as observed by Miura, who claims that decom-
position occurs already at 130 °C. According to this contradicting information
the sublimation point of ET was practically unknown at the start of the evap-
oration experiments. Various evaporation series have been conducted under
different conditions. Only a short summary will be given here.

Small MBE-system The first experiments were carried out in the small
MBE-system, where the sample-cell distance was about 12 cm. In the first
evaporation test with the ET provided by Prof. Dr. Winkler the tempera-
ture was gradually increased from 70 °C to 170 °C. The cell was finally kept
at 150 °C over night, where a sudden pressure increase to p > 107° mbar
occurred. The recovered source material had turned black, suggesting decom-
position of the material.

In a second series of experiments with fresh source material, samples were
prepared with cell temperatures from 80 °C to 130 °C on Al;O3 a-plane sub-
strates. Deposition times were typically between 1 h and 2 h. The substrates
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were mostly optically clean after the deposition process, with sporadic tiny
black crystallites on particular samples. Neither X-ray diffraction nor X-ray
reflectometry showed any signs of deposition.

The source material was then exchanged to ET purchased from Alfa Aesar.
A series of experiments was conducted with temperatures from 80 °C to 165 °C
on Al,O3 a-plane substrates with deposition times of 1 h to 3 h. The results
were similar to the previous series, again sporadic black crystallites were found
and X-ray measurements provided no results. After this series the source
material had also turned black 2.

The next step was a modification of the effusion cell. The cell was now
equipped with a stainless steel lid with an orifice of 1 mm diameter, which will
in the following be called Knudsen lid. The deposition temperature was varied
from 120 °C to 150 °C. Again no deposition was detected on the substrate.
After 7 days at 120 °C with closed cell shutter, the shutter displayed a distinct
orange spot. The source material was still orange and therefore assumed to be
intact.

OMBD The next experiments were conducted in the OMBD chamber using
a cell with a 2 mm Knudsen lid. Sample-cell distance was 25 cm. The quartz
microbalance was used to monitor the deposition process, but no rate could
be detected. The cell temperature was varied from 60 °C to 130 °C.

Again deposition could only be demonstrated on the cell shutter, not on
the substrates. The source material had again darkened in color, even though
the temperature had only been increased up to 130 °C.

Test chamber A series of experiments was conducted in the test chamber.
The sample-cell distance here was much smaller compared to the previous
experiments, varying from 3 mm to about 15 mm. It was intended to find an
optimum crucible geometry for evaporation (cp. Chapter 5). The advantage
of the test chamber is that the deposition process can be directly observed
through a window, when microscope slides are used as substrates.

It was found that ET can in principle be evaporated with all geometries
(open cell, Knudsen cell and 2-stage cell), but a closed cell (Knudsen or 2-
stage) seems to result in higher evaporation rates. This conclusion is based on
the optical thickness of the prepared samples and could not be quantified at
that time. A second very important result was, that ET desorbs in vacuum.

2The X-ray measurements were performed on a Siemens D 500. Unfortunatly, the diffrac-
tometer has two background peaks at 26 = 8.5° and 16.9 degree, which might obliterate the
ET Oll-reflections. The two peaks have been observed in pure substrate and pentacene
measurements and were therefore identified as background.
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A prepared sample was left in the chamber over night and the deposition had
mostly vanished on the next morning.

Summary From these experiments the following conclusions can be drawn:
1. The evaporation rate of ET is extremely low.
2. ET desorbs from the substrates in vacuum.
3. Sublimation occurs close to the point of decomposition.

Point (3) prohibits further increase of cell temperature to increase evaporation
rates, so the rate can only be compensated by short sample-cell distances and
long deposition times. Points (1) and (2) together explain, why no deposition
was detected on the substrates prepared in the small MBE and the OMBD
chamber - the desorption canceled the small amount of evaporated material
arriving at the substrate for these long sample-cell distances. The deposition on
the shutter suggests that ET is stabilized once a critical density or sizable seed
is accomplished, which was reached on the shutter, but not on the substrate.

The darkened ET was studied with XRD several times to verify, whether
decomposition had occurred. When the “black” ET was prepared for powder
diffraction with a mortar it was found that the darkening was superficial and
that the crystallites were still orange inside. The X-ray diffraction pattern was
identical to the pattern of “fresh” ET.

MALDI measurements To verify or disprove the suspicion of decomposi-
tion of the ET molecules under sublimation, MALDI measurements have been
carried out. As a reference, ET as purchased was investigated. A peak at
384 — 385 u was observed, which is consistent with the molecular weight of
384.7 g/mol. The spectrum is shown in Fig. 6.6.

For the thin film samples a second signal was found at 296 u besides the
peak at 384 — 385 u. An example of a spectrum of evaporated ET is shown in
Fig. 6.7. This corresponds to a mass difference of 88 u, which can be explained
by a separation of two carbon and two sulfur atoms from the ET molecule. A
possible breaking point is indicated by the arrows in Fig. 6.8. The open bonds
would have to saturate with hydrogen to provide the result of 296 u.

The attempt to verify these results in a second series of experiments was
unsuccessful in the sense that both peaks could repeatedly be detected in
samples containing evaporated ET, but the peak at 296 u could also be found
in measurements of samples not containing E'T. Most probably this was caused
by a contamination of the matrix or the used solvents, but it can hence not be
excluded, that the signal in the ET measurements is also caused by impurities
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Figure 6.6: MALDI spectrum of ET as purchased
For the sample with ET, as purchased, only a peak at 384 —385u is ob-
served. The matrix used in this experiment was DHB (2,5-Dihydroxibenzoic acid).
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Figure 6.7: MALDI spectrum of evaporated ET
Two experiments with evaporated ET are shown. ET was evaporated onto a glass
substrate and then scratched from the surface with a scalpel. Two different matrices
were used, DHB and ANP (Aminonitropyridine). For both one can see the peak at

384 — 385 u, as well as a peak at peak at 296 u. This strengthens the suspicion of
decomposition of ET.
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Figure 6.8: Suggested decomposition of ET

or a background signal. In this second series, a sample with E'T as purchased
was not included.

OMBD with different crucibles To exclude that a reaction with the cru-
cible material causes the problems of ET evaporation, three different crucibles
were tested: Al,Os, graphite and quartz glass.

A series of 15 experiments using a graphite crucible was performed. An
overview over the prepared samples is shown in Appendix C, Table C.1. The
samples exhibited no peaks under X-ray diffraction. On optical micrographs
(cp. Fig. 6.9) small crystallites were visible. The crystallites exhibited very
different shapes and colors under the optical microscope, both, on only one
sample, but also comparing different samples.

After the completion of this series a quartz glass crucible was used and
fresh source material was mixed with sand. Two samples were prepared with
deposition times around 5 h. Again, X-ray diffraction provided no peaks.

From a later perspective one can assume that evaporation times and also
the measurement time for the X-ray diffraction were too short to give conclusive
results.

Test chamber with mini cell Samples were prepared in the test chamber
using the mini cell. The source material was mixed with quartz sand. A thick
orange layer was deposited onto a microscope slide. With the optical micro-
scope orange crystallites are visible as shown in Fig. 6.10. XRD of the sample
showed various peaks of ET, similar to the powder pattern (cp. Fig. 6.11).
This means that the crystallites do not have a preferred orientation on the
glass substrate.

Conclusion

The evaporation of ET proved to be difficult. The evaporation rates were in
general low, resulting in typical deposition times of several hours. The samples
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Figure 6.9: Optical micrograph of two ET samples
Two samples are shown to demonstrate the typical morphology of ET samples. Small
crystallites of different forms such as cubes or elongated needles are observed. Fur-
thermore, for the sample from the 31.01.07 it seems as if two types of crystallites are
present.

Figure 6.10: Optical micrograph of ET on glass
The deposit is very thick and orange crystallites are observed growing on top of each
other. Despite the thickness of the film, it seems as if a closed layer is not reached,
yet.
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Figure 6.11: X-ray diffraction of ET on glass
The black curve shows the measured X-ray data (background subtracted for clarity).
The red curve is the literature data of ET after Kobayashi et al. [25]. The two are
in good agreement, proving that the orange crystallites are ET. The crystals are
randomly distributed without a preferred orientation.

were without exception microcrystalline and no closed layer of ET could be
prepared.

With XRD generally no peaks could be identified, suggesting that the crys-
tallites are oriented randomly on the surface. One exception is the sample
prepared in the test chamber using the mini cell. Here, several peaks could be
identified showing good agreement to the powder data of ET (cp. Fig. 6.11),
which proves the random orientation of the crystallites on the substrate.

The color change of the source material to black and the suspected decom-
position could not unequivocally be explained nor confirmed.

It has already been pointed out by Knoll et al. [22] that the presence of
ET-fragments prohibits the growth of an ordered ET thin film as prepared in
[23]. Therefore one can conclude that either impurities in the source material
or the suspected decomposition of the material prevent growth of an ordered
thin film. This conclusion is strengthened by the successful deposition of ET
from (ET)(TCNQ) single crystals presented later in this chapter.
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6.2.3 TCNQ

First evaporation experiments with TCNQ were carried out in the test cham-
ber. Between 80 °C and 105 °C evaporation of impurities was observed. At
115 °C evaporation of TCNQ set in. The experiments were continued in the
OMBD chamber. There, the evaporation could be monitored with the quartz
microbalance. The rate and thickness are hereby only relative values, since
the QMB was not calibrated to the organic molecules, but the settings were
optimized to maximum sensitivity to obtain a high resolution. An overview
over the prepared samples can be found in Appendix C, Table C.2.

It should be noted that the evaporation rate of TCNQ is not stable. It
increases if the temperature is increased, but at a fixed temperature the rate
decreases from sample to sample. Between the 22.01.07 and the 05.04.07 the
OMBD chamber was opened and the TCNQ cell was removed. It was found
that the TCNQ had baked together in the crucible forming a hard crust on
top of the source material. The source material was thereafter exchanged and
the fresh TCNQ was mixed with quartz sand to avoid this agglutination.

The samples displayed yellow color, as is expected for TCNQ. With X-ray
diffraction and reflectometry no results were obtained.

6.2.4 (ET)(TCNQ)
Three different methods were employed to prepare (ET)(TCNQ) thin films:

e co-evaporation of ET and TCNQ),
e evaporation from (ET)(TCNQ) single crystals and
e co-evaporation from (ET)(TCNQ) single crystals and TCNQ.

The reasons for the study of the tree different methods and the results are
summarized briefly.

Co-evaporation

As a first step co-evaporation of ET and TCNQ was done in the OMBD cham-
ber. The respective source material was mixed with quartz sand to prevent
agglutination of the material in the crucible. ET was evaporated from a quartz
glass crucible and TCNQ from an Al,O3 crucible.

To maximize the deposition rate for ET at the sample position a free fil-
ament cell was modified. The cell was extended to achieve short sample-cell
distance of about 2 cm and mounted on a movable bellows for exact position-
ing. Because of the inner diameter of the bellows, the outer diameter of the
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No. | Date | T [°C] | T, [°C] | Ts [°'C] | t [s] | d [kA] sub
A00 | 15.01.07 | 120 115 RT [ 10800 | 1.31 | ALOsr
A0 [01.03.07| 150 115 RT | >3800 - Al,O3 1
Al [12.04.07] 135 120 30 24550 - AlLO3 1
A2 [13.04.07| 135 120 80 27000 | 2.54 | Al,O3 *
A3 [16.04.07 | 135 120 100 | 27000 | 604 | Al,Os a/r
A4 [17.04.07 | 135 120 60 27000 | 1.53 | Al,O3 a/r
A5 [18.04.07 | 135 120 30 91650 | 4.36 | AlOsza
A6 [23.04.07] 135 120 - 27000 | 4.73 | ALOsr

Table 6.1: Co-evaporation of ET and TCNQ
Tet is the temperature of the ET-cell, T the temperature of the TCNQ-cell and
Ts the substrate temperature. t signifies the deposition time and d is the relative
thickness of TCNQ as displayed by the QMB. a and r stand for the respective cut
of the substrate. (*) orientation unknown.

cell had to be reduced. This was achieved by reducing the design to only one
radiation shield.

The evaporation process was monitored with the quartz microbalance as
well as the pressure gauge. One should note that the quartz microbalance can
only receive flux from the TCNQ-cell, because of the close positioning of the
ET cell to the sample. An overview over the prepared samples is given in
Table 6.1. As already observed for TCNQ), the relative thickness as displayed
by the QMB varies strongly, even under nominally equal conditions of cell
temperature and deposition time. Reasons for this could be

e impurities, which usually lead to higher deposition rate for the first cou-
ple of samples,

e inhomogeneous temperature of the effusion cell, resulting in different
rates depending on the filling level or

e agglutination of the source material, which decreases the deposition rate
with time.

Agglutination should be prevented by mixing quartz sand into the source ma-
terial, although it has not been studied which amount of sand is necessary.

There is no clear trend for the change in deposition rate, meaning that
several aspects must play a role. Since TCNQ is more volatile than ET and
more easily sublimable, it was aimed to offer “sufficient” TCNQ in the following
experiments. This was practically ensured by offering an excess of TCNQ. In
analogy to the solution growth experiments it was assumed that the growth of
the CT salt is possible with an excess of TCNQ.
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Figure 6.12: X-ray diffraction of sample A5
One can see the peaks at 20 = 15.5° (ET (110)) and 20 = 31.3° (ET (220)). Fur-
thermore a broad peak at around 20 = 13.7° is visible.

The samples were investigated with X-ray diffraction, with the following
results:

e Sample Al has a broad peak at 20 = 14.8°. This peak will recur for
several other samples.

e Sample A2, A3 and A4 exhibit no features in X-ray diffraction.

e Sample A5 has a peak at 20 = 15.5° with a FWHM of 0.36° and higher
order reflection at 31.3° (cp. Fig. 6.12 ). Candidates for these peaks
are (110) and (220) of ET with literature values of 20 = 15.55° and
20 = 31.4°. Further possibilities are (011) and (022) of the #'-phase, or
(301) and (602) of the monoclinic phase. Position and relative intensity
of the peaks suggest ET with a (l[0) orientation, but since these peaks
were only observed for one sample no definite conclusion is possible.

Additionally, a broad peak, centered at 20 = 13.7° is visible.

e Sample A6 shows a peak at 20 = 8.46° and 20 = 16.9° (cp. Fig. 6.13).
This points to ET in a (0ll) orientation. In a later experiment a well-
ordered growth of ET in (0/l) orientation was found (cp. section 6.2.4).
Again, a broad peak is observed, here centered at about 20 = 13°.
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Figure 6.13: X-ray diffraction of sample A6
The first and second order of ET (0ll) and a broad peak at 26 = 13° are observed.

In conclusion no clear evidence for charge transfer on the substrate under co-
evaporation of ET and TCNQ was found. Mostly, no phase could be detected
with X-ray diffraction, one sample showed a deposition of ET and for a second
sample, Sample A5, the phase could not unambiguously be identified. As a
general problem neither the evaporation of ET nor the evaporation of TCNQ
is stable and reproducible. This makes it hard to identify adequate growth
conditions.

Evaporation from single crystals

To overcome the problems of the ET-sublimation, evaporation from single crys-
tals of the pre-formed CT-salt is an alternative. For the TTF-TCNQ-charge
transfer complex sublimation from single crystals has already been reported
[63, 64]. This serves as a proof of principle. Since ET is a larger molecule
than TTE one expects a higher sublimation temperature for (ET)(TCNQ)
compared to TTF-TCNQ.

Test chamber

First experiments were carried out in the test chamber using the mini cell.
Single crystals of (ET)(TCNQ) were powdered, mixed with quartz sand and
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Figure 6.14: Optical micrograph of Sample 1 of (ET)(TCNQ)
In the foreground yellow crystallites are visible. In the background a meander struc-
ture of dark crystallites can be seen. Together with the results of XRD (cp. Fig. 6.15)
one can conclude that the yellow crystallites correspond to TCNQ.

filled into a glass crucible. Monoclinic phase and (’-phase were mixed together
to achieve a reasonable amount of source material. The amount of (ET)-
(TCNQ) was 27 mg. Three samples were prepared on microscope slides.

Sample 1 The cell was heated from room temperature to 170 °C over the
course of five days. Between 160 °C and 170 °C deposition of a yellow film was
observed. This is the residual TCNQ. The optical micrograph (cp. Fig. 6.14)
shows yellow crystallites, together with black crystallites and XRD shows peaks
of TCNQ (Fig. 6.15).

Sample 2 The second sample was deposited at 170 °C-210 °C, over the
course of 24h. The optical micrograph (cp. Fig. 6.16) shows black, shiny crys-
tallites. It appears as if two types of crystallites are visible (long needles and
small meander-like structures), which seem to differ in geometry and in color.
The different color might be an effect of focus or illumination of the micro-
scope, or due to the surface morphology of the crystal. The results of X-ray
diffraction can be seen in Fig. 6.17. The measured data was shifted +0.2° to
coincide with the powder data of ET. The origin of the shift remains unclear.
It cannot be caused by a height error during mounting of the sample, because
this results in a shift depending on the angle, not a constant shift. A strained
lattice of the crystallites can also be excluded, because this should effect dif-
ferent lattice orientations in a different way. A possible explanation is an error
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Figure 6.15: X-ray diffraction of Sample 1 of (ET)(TCNQ)
Several peaks of the measurement of Sample 1 coincide with the powder spectrum of
TCNQ. This can be interpreted as a large number of TCNQ crystallites of different
orientation with respect to the substrate.

in the adjustment of the X-ray diffractometer, probably a misalignment of the
w circle. Since the data matches the powder data of ET very nicely after the
shift, it is believed that the shift is caused by a misalignment rather than being
a property of the sample.

Sample 3 A third sample was prepared with deposition at 210 °C for 9 h.
The optical micrograph as well as the result of X-ray diffraction are similar to
the findings for Sample 2. Sample 3 therefore serves as a confirmation of the
results.

At this time it was falsely believed that Sample 2 and Sample 3 show peaks
of (ET)(TCNQ). Therefore the experiments in the test chamber were “success-
fully” concluded. This misjudgment was based on incomplete information on
the powder diffraction data for the different phases of (ET)(TCNQ).
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Figure 6.16: Optical micrograph of Sample 2 of (ET)(TCNQ)
Two types of crystallites can be distinguished, black crystallites growing in a meander
structure and shiny, elongated needles. It is not clear, whether these two types cor-
respond to different orientations, different crystal structures or chemically different
crystallites. The morphology of Sample 3 was comparable.
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Figure 6.17: X-ray diffraction of Sample 2
The measured diffraction pattern of Sample 2 coincides nicely with the reference
data of ET from Kobayashi [25].
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OMBD - pure single crystals

After this first test the experiments were continued in the OMBD chamber.
The modified free filament cell was used to provide short sample-cell distances.
In analogy to the previous experiment, the single crystals (monoclinic phase
and ('-phase) were powdered, mixed with quartz sand and filled into a glass
crucible. The total amount of (ET)(TCNQ) was 68 mg.

13 samples were prepared, including 4 samples during ramp up of the cell
temperature from room temperature to 125 °C. These four samples served
as monitoring samples, helping to determine the evaporation temperature in
the OMBD chamber. As mentioned in chapter 4 a significant difference in
evaporation temperature has been found for the mini cell in comparison to a
free filament cell. This explains why the deposition temperature in the OMBD
is 85 °C lower in the subsequent experiments.

The remaining 9 samples were prepared at 125 °C with evaporation times
of 7-14 hours. For an overview over all prepared samples compare Appendix
C, Table C.3. The substrates used were Al,O3 “random”, where “random”
corresponds to r-plane with a miscut of more than 0.3°.

All samples have microcrystalline morphology with various different fea-
tures, such as cubic crystallites, hammer-structures, needles and circles. An
overview of the various geometries is given in Fig. 6.18.

A first breakthrough was sample B5, prepared on 20.06.07. The X-ray
diffraction shows two peaks, which can be identified as the first and second or-
der of (101) of (ET)(TCNQ), monoclinic phase (cp. Fig. 6.19). As an additional
feature one should note the broad peak at approximately 260 = 14.8°. This peak
has been found in the co-evaporation measurements of ET and TCNQ. The
origin is up to now unknown.

The measurement had a large background, suggesting that a large part of
the sample is amorphous, and it was subtracted for clarity. This sample was
prepared on a piece of a microscope slide, identical to those used in the test
chamber. Therefore one can conclude that this type of substrate allows for
growth of (ET)(TCNQ) and the growth of ET rather than (ET)(TCNQ) on
the substrates prepared in the test chamber (cp. previous paragraph) has to
be explained otherwise.

For two more samples, B8 and B11, X-ray diffraction provided results and
ET (0ll) was identified. It should be noted that these two samples were pre-
pared at elevated substrate temperatures, namely 100 °C and 140 °C, respec-
tively.

For all other samples, no peaks were observed, so the phase of the crystal-
lites could not be determined (cp. Table C.3).
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Figure 6.19: X-ray diffraction of sample 20.06.07
The first and second order of the monoclinic phase of (ET)(TCNQ) (I0l) is observed.
Additionally, there are two broad peaks at around 26 = 15° and 26 = 24°. The peak
at 15° might again be attributed to the sublimation of ET as seen in numerous other
samples.

OMBD - single crystals + TCNQ

The sublimation temperature found for (ET)(TCNQ) was the same as for
pure ET. This suggests that the CT salt is decomposed to ET and TCNQ
during sublimation. Since the sublimation temperature for pure TCNQ is lower
than that of E'T, this might lead to a deficiency of TCNQ during preparation.
Therefore the influence of additional TCNQ evaporation was studied.

Additionally, now usually two samples were prepared simultaneously on
different substrates, Al,O3 and a Si substrate with a 300 nm SiO,-layer on
top. This will in the following be simply called SiO,. These samples could
then be used to determine the sulfur to nitrogen ratio with EDX. The method
cannot be applied to samples prepared on Al,O3 substrates, since the substrate
will charge due to the electron beam hitting the surface and will in turn deflect
the beam.

For some samples pre-patterned SiO, substrates were used, meaning that
aluminum pads had been prepared with sputtering and lithography on the
substrate. For details of the preparation of the pre-patterned substrates, refer
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Figure 6.20: X-ray diffraction of Sample 18.10.07
The first and second order of the monoclinic phase of (ET)(TCNQ) (I0l) is observed.
Additionally, there is a broad peak at around 26 = 15.4°. This peak is a recurring
feature of sublimation experiments including ET.

to [65, 66]. If a crystallite grows from one pad to another an electrical mea-
surement could be carried out after preparation. An overview of the prepared
samples is given in Appendix C, Table C.4.

For samples prepared on either AlyO3 a-plane or SiOs substrates (ET)-
(TCNQ) monoclinic phase could be observed in the (l_Ol) orientation. Sample
C6 shall be pointed out, because here X-ray diffraction showed the monoclinic
phase and simultaneously the EDX measurement confirmed a 2:1 ratio of sulfur
to nitrogen. The diffraction pattern is shown in Fig. 6.20. Apart from the first
and second order of the (I0l) orientation, again a broad peak at around 15.4°
is present.

Sample C9, prepared 06.11.07, was a surprise. An optical micrograph
of the sample is shown in Fig. 6.21. Optically, the sample looks similar to
the previously prepared ones, but it showed sharp peaks in X-ray diffraction
(cp. Fig. 6.22), which could be identified as ET (0ll). The peaks are visible up
to fourth order. The rocking curves have a FWHM of 0.03° for (011), 0.04° for
(022) and 0.05° for (033). Additionally, an EDX measurement was performed
and only sulfur could be detected. The sample had been prepared at a sub-
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Figure 6.21: Optical micrograph of the sample from 06.11.07
Compared to the morphology of other (ET)(TCNQ) samples as shown in Fig. 6.18
no significant difference is observed.

strate temperature of 100 °C. From these results the following conclusions can
be drawn:

e Either ET or (ET)(TCNQ) can be prepared from
(ET)(TCNQ) crystals and

e furthermore, ET can be prepared as highly ordered crystallites.

This strengthens the assumption from the pure ET experiments that impurities
and ET fragments prevent the growth of an ordered thin film.

Conclusions

Independent of the additional evaporation of TCNQ from a second effusion cell
(ET)(TCNQ) and ET could be deposited from single crystals of (ET)(TCNQ)
on various substrates in the OMBD chamber. The morphology is always black,
shiny microcrystallites and does not allow for the distinction between ET and
(ET)(TCNQ) just from optical microscopy. The crucial parameter for the
formation of the two observed phases seems to be substrate temperature. On
substrates kept at 30 °C (ET)(TCNQ) monoclinic phase is observed in a (101)
orientation. The best results were obtained on Al,O3 a-plane, but also on
Al,O3 random and SiO, the phase could be observed.
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Figure 6.22: X-ray diffraction of sample 06.11.07
The X-ray diffraction shows sharp peaks of ET in the (0ll) orientation. The peaks
can be observed up to the fourth order and were visible after one scan in contrast to

the previous samples, where numerous summation of repeated scans were necessary
to reveal the peaks of (ET)(TCNQ). This shows that this is a highly ordered sample.

Above 100 °C ET in the (0ll) orientation was found. This hypothesis is
supported by the EDX data, which showed S and N for samples prepared at
30 °C and only S for samples prepared at higher temperatures, namely 60 °C,
100 °C and 140 °C.

One questions is, why no (ET)(TCNQ) was detected on the samples pre-
pared by evaporation from (ET)(TCNQ) single crystals in the test chamber.
An explanation would be an elevated substrate temperature, possibly caused
by the effusion cell. With this assumption the data is consistent with the data
obtained from deposition in the OMBD chamber. At the moment the sub-
strate temperature can not be measured in the test chamber and is therefore
unknown. Further influences could be the deposition rate and the cleanliness
of the substrates, since the large microscope slides are much harder to clean
in contrast to the 10 x 10 mm?-samples used in the OMBD chamber. Addi-
tionally, there is no bake-out function available for the substrates in the test
chamber. For deposition in the OMBD chamber, samples are always baked
out at 180 °C-400 °C, depending on the substrate material.
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Further questions are the nature of the broad peak which has been observed
in numerous samples. The central position shifts between 20 = 13° — 15.5°
and also the width varies. This makes it difficult to determine, whether these
peaks have really the same cause.

Summing up, the experiments with E'T alone have shown that evaporation
occurs close to the point of decomposition and that the resulting fragments
or impurities prevent ordered thin film growth. The same is probably true for
the formation of the CT salt (ET)(TCNQ) and could explain the difficulties
to prepare the CT salt under co-evaporation of ET and TCNQ. Nevertheless,
the data obtained by co-evaporation is currently not sufficient to draw a final
conclusion whether a formation of (ET)(TCNQ) is possible or not with this
method.

Evaporating from crystals of the preformed charge transfer salt, either ET
or (ET)(TCNQ) growth was observed. Since the substrate temperature was
typically lower than the evaporation temperature, this suggests, that the CT
salt is broken up under evaporation, leaving the ET molecule intact, and that
it is newly formed on the substrate, depending on the substrate temperature.

Source material obtained from the reflux crystal growth experiment was mixed
with quartz sand and put into a glass crucible. The sublimation experiments
were carried out in the test chamber using the mini cell. The temperature
of the cell was successively increased. Starting at 160 °C a deposition on the
microscope slide was observed. The process was continued at 170 °C until a
sufficiently thick deposition had occurred. This experiment could be repeated
two times with a decreasing deposition rate. In the third experiment the
temperature was successively increased to 200 °C, nevertheless the deposition
had stopped. The crucible was thereafter checked and a fourth experiment
was performed with temperatures up to 240 °C. No further deposition was
observed.

From XRD (cp. Fig. 6.24) and optical microscopy it is concluded that
ET was deposited from the ET,Cu(NCS), crystals. The morphology of the
samples (cp. Fig. 6.23) is very similar to the morphology observed for the
(ET)(TCNQ) evaporation in the test chamber (cp. Fig. 6.16). Furthermore,
all observed peaks in XRD fit the reference of ET and the characteristic hump
at about 20 = 15° is visible.



6.2. THIN FILMS 101

Figure 6.23: Optical micrograph of EToCu(NCS), - Sample 1
The morphology of the sample consists mostly of shiny, elongated crystallites. This
reminds of the (ET)(TCNQ) samples prepared on microscope slides in the test cham-
ber, where similar crystallites were found alternating with a black meander structure
(cp. Fig. 6.16).

100 T T T T :
ref ET-CUNCS ———
refET ——
ET-CuNCS - sample 1 ——
80 E

Intensity [a.u.]

Figure 6.24: X-ray diffraction of ET3Cu(NCS)s - Sample 1
In black the diffraction pattern of Sample 1 is shown. As comparison the reference
data of ET is displayed in green, and the reference data of ET9Cu(NCS)s in red. The
measurement agrees well with the powder data of ET. In general the result is very
similar as for the (ET)(TCNQ) samples prepared in the test chamber (cp. Fig. 6.17).
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Chapter 7

Electronic Properties

To study the electronic properties of the various materials two types of mea-
surements were performed: R(T) measurements and tunnel measurements.

7.1 R(T) measurements

7.1.1 (ET)(TCNQ) single crystals

A 2-probe resistance measurement on single crystals of the (ET)(TCNQ) f'-
phase was performed. A crystal was glued on an Al,Os-substrate, which had
been structured with 50 nm thick gold pads. As conductive glue silver paint
was used. An optical micrograph of the crystal glued to the substrate is shown
in Figure 7.1. Copper leads were attached to the gold pads to measure the
resistance. The substrate was mounted on a Peltier element, to vary the tem-
perature. The range between 300 K and 350 K could be measured with this
setup. The reported metal-insulator transition at 330 K [37] for (ET)(TCNQ)
['-phase could be observed as a maximum in conductance/minimum in resis-
tivity in the /(7") measurement at constant voltage U = 1 mV. The experiment
was performed in air and a degradation of the crystal could be observed. Sev-
eral cycles of heating and cooling have been measured, and the resistivity of
the crystal increased with every heating cycle. To demonstrate this behavior
a full cycle is shown in Fig. 7.2. One can see that the measured current and
accordingly the conductance o = é has decreased significantly after the first
heating.

7.1.2 (ET)(TCNQ) thin films

Since the prepared thin films of (ET)(TCNQ) were generally microcrystalline,
it was attempted to measure the resistivity of these crystallites by using either

103
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Figure 7.1: Optical micrograph of (ET)(TCNQ) crystal
An AlsOgs-substrate was prepared with 50 nm gold pads. One crystal was glued over
two pads with silver paint. The substrate appears dark, the gold pads appear white
due to reflectance. On the gold pad in the lower right corner of the picture, the silver
paint can be seen as a black-and white-dotted droplet.

pre-patterned substrates or by evaporating metallic contacts over the prepared
thin film.

Additional gold evaporation

The evaporation of metallic gold contacts using the stencil masks over an al-
ready prepared sample was tested with sample C1 (cp. Appendix C). A
change of the micro-crystallites was observed (cp. Fig. 7.3). This might
stem from the relatively high evaporation temperature of gold compared to
the evaporation temperature of the organics. It is therefore expected that
sample holder and substrate are heated significantly during the gold evapo-
ration. For this reason it is suspected that the crystals of (ET)(TCNQ) may
get damaged during the application of the gold pads. Nevertheless, 4 crys-
tals were identified which crossed the gap between the two gold pads and
an [V-curve of the sample was measured. Since the width of the crystals
was about (0.5 — 0.7) wm, the cross section of the crystals was estimated to
A=4-(5-1077 m)2 =107 m? = 1078 cm?. With a current of 6-107° A at
10 V the resistance is R = 1.7-10'° . The gap width is about 17 um and this
corresponds to a resistivity of p = RTA = 9.8-10° Qcm. This result is in good
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Figure 7.2: I(T) measurement
A constant voltage of 1 mV was applied to the crystal (cp. Fig. 7.1). The crystal
was heated with the Peltier element from 300 K to 355 K and cooled back to 300 K.
The course of time is indicated by the arrows. One can see a maximum in I(7) at
330 K, which corresponds to a minimum in the resistivity.

agreement with the resistivity of the monoclinic phase, where p = 10° Qcm
has been reported. Nevertheless, it has to be taken into account that the size
of the crystallites could only be estimated very roughly, resulting in a large
error of the resistivity value.

Pre-patterned substrates

SiO5 substrates with aluminum contact pads were used as pre-patterned sub-
strates for the evaporation. The aluminum had been sputtered onto the sub-
strate and patterned by photolithography. For details on the preparation of
these substrates compare [66]. With this method several problems occurred.
First of all, the surface of the SiOy substrate was altered during the pho-
tolithography process. Regions, which differed in color, could be identified
with the optical microscope and this inhomogeneity was also reflected in the
growth of (ET)(TCNQ) and ET on the surface. This is visible in the left
picture of Fig. 7.4, where a variation in density and size of the crystallites on
the SiO, surface is apparent. Secondly, it turned out that the (ET)(TCNQ)
crystallites avoid the gap between the aluminum pads. This effect is caused
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Figure 7.3: Optical micrographs of sample C1
The pictures show the (ET)(TCNQ) sample C1 after an additional deposition of gold
pads onto the sample. On the left hand side, the two pads are nearly completely
visible, whereas on the right hand side only a part of the gap is shown with higher
resolution. A crystal reaching over the gap is observed. Additionally one can see a
darker color around crystals that lie under the gold pads. This is interpreted as a
reaction of the crystal with the gold.

by a different mobility of the molecules on the SiO, surface compared to the
aluminum surface. An indication for this is also the observance of very dif-
ferent density and size of crystals on the two different surfaces. This effect
can also be observed in the left picture of Fig. 7.4. On the right hand side of
Fig. 7.4 a detailed view of the contact area, designated for the crystal growth,
is shown. The distance between two adjacent aluminum pads is 5 pm. Al-
though a clustering of the crystallites at the step edge of the aluminum is seen
and despite the fact, that crystals with a length of 5 um were easily observed
on non-structured substrates, we did not succeed to grow a crystal over the
gap of the pads and measure the conductivity.

7.2 Tunnel Measurements

Tunneling spectroscopy is a technique used to study superconductors. It was
first proposed 1960 by Giaever [10, 11]. Information about the order param-
eter can be obtained and the density of states can directly be measured. Al-
though most powerful for superconductors, tunneling spectroscopy has also
been applied to semiconductors. It has been shown, that the band structure
of semiconductors can be studied, but most work has been done for highly
degenerated semiconductors and semimetals [67, 68, 69].



7.2. TUNNEL MEASUREMENTS 107

aluminumpad

Si / SiO substrate

Figure 7.4: Optical micrographs of sample C10
The pictures show the (ET)(TCNQ) sample C10 on the Si/SiOs substrate. The
aluminum pads appear in light color, the surface of the Si/SiOgy substrate appears
dark. On the left hand side the inhomogeneous growth on the substrate and the
aluminum pads can be seen. On the right hand side a detailed view of the designated
contact area is seen. The crystallites cluster at the edges of the aluminum pads, but
do not grow over the gap between adjacent pads.

7.2.1 Measurement principle

Two electrodes A and B are separated by a thin insulating barrier, the so-
called tunneling barrier. In the case of a superconductor-insulator-normal
metal junction (SIN) it has been shown, that dI/dV is directly proportional to
the density of states of the superconducting electrode. This is often visualized
in the semiconductor picture, shown in Fig. 7.5.

7.2.2 Planar tunnel junction

In the conventional cross junction geometry the two electrodes A and B are
prepared as thin film stripes, where the second electrode is prepared orthogo-
nal to the first one, so that they form a cross. A typical preparation sequence
is shown in Fig. 7.6. The insulating barrier has to be prepared before applying
the second electrode, which is often done by oxidizing the first (metal) elec-
trode to form a natural oxide. This allows for an approximate four terminal
measurement, if the resistance of the tunnel contact is much larger, than the
resistance of the electrodes.

Organic semiconductors have a high resistivity (10® Qcm) which prohibits
to use the conventional planar tunnel contact structure, because the organic
electrode adds a large resistance in series to the tunnel junction. To overcome
the problem of the poorly conducting semiconductor electrode an additional
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Figure 7.5: SIN junction in the semiconductor picture
On the left hand side a normal metal-insulator-superconductor junction is depicted
with the energy as y-axis and the density of states (DOS) as x-axis. The right hand
side shows the situation if an external voltage U is applied. Electrons may tunnel
from occupied states of the superconductor to free states of the metal. The number
of electrons - and therefore the current - is directly proportional to the DOS of the
superconductor.

metal layer is introduced as shown in Fig. 7.7. This reduces the total resistance
of the device and ensures that the main voltage drop occurs over the tunnel
barrier. As a drawback this also means, that one introduces an additional
metal-semiconductor interface to the device. This may in most cases lead to a
Schottky contact in series to the tunnel contact.

7.2.3 Measurement setup

The principle measurement setup is shown in Fig. 7.8. A current-adding circuit
is connected to two terminals of the tunnel contact. At the two remaining
terminals the voltage drop over the contact is measured.

A Lock-In amplifier provides a small AC-current I sin (wt) which is added
to the DC current [,. This modulated current is then applied to the tunnel
junction. The AC voltage drop over the junction is detected with the Lock-
In and the DC voltage with a nanovoltmeter. The measured AC voltage is

directly proportional to %—II] according to

U(ly+Isin(wt)) =U (Iy)+ 37 IOIsm (wt)—l—ﬁ Fil . I#sin” (wt) +... (7.1)

By sweeping the applied DC current I a so-called tunnel spectrum (dI/dU
over U) is measured.
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Figure 7.6: Planar cross junction geometry
The typical preparation steps for a cross junction are preparation of a metallic stripe,
then oxidation to form the tunnel barrier and finally the preparation of the cross
contact.
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Figure 7.7: Modified junction geometry for semiconductors
On the left hand side a 3D model of the new geometry is shown, on the right hand
side the horizontal stacking of the different layers in the contact area is shown.

7.2.4 Device preparation

Several tunnel junctions were prepared with different electrode materials. An
overview is given in Table 7.1. A picture of a complete device is shown in
Fig. 7.9. One sample consist always of four tunnel contacts prepared simul-
taneously on one substrate. All devices were prepared on Al,O3 substrates.
The principal preparation steps were very similar for all samples. First an
aluminum stripe was sputtered through a stencil mask and then oxidized. The
details on the aluminum/aluminum oxide preparation can be found in Ap-
pendix D. The sputtering causes blurry edges of the aluminum stripe due to
the following facts:

e the distance sample/target is small (ca. 2 cm),

e the target diameter is comparatively large 2 inch and
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Figure 7.8: Tunneling measurement setup
AC and DC output of the Lock-In (Vy, Vy.) are coupled over two resistors to form a
current adding circuit. This is connected to two terminals of the tunnel contact and
at the other two terminals the resulting voltages Uy, and U, are measured separately
with a nanovoltmeter and the Lock-In.

e the sputtered atoms collide with gas atoms and impinge therefore with
random directions onto the sample.

For T1-T4 a metallic counter electrode was prepared after oxidation. For T5-
T7 CuPc was evaporated through a stencil mask in the OMBD chamber and
finally, a metallic counter electrode was deposited. In general the following
conclusions can be drawn:

e Indium was not suitable as a counter electrode, since it oxidized too fast.

e Reactive sputtering (in an Argon/Oxygen atmosphere) of AlO, did not
provide a decent tunnel barrier.
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No. Structure Comment Tunnel experiment

T1 Al-AlO,-In Indium oxidized unsuccessful

T2 Al-A10,-Nb prepared with sample see Fig. 7.10
rotation

T3 Al-AlO,-Nb prepared by reactive unsuccessful
sputtering

T4 Al-AlO,-Nb sample broke unsuccessful

T5 | Al-AIO,-CuPc-Au | - -

T6 | Al-AlO,-CuPc-Nb | - see Fig. 7.11

T7 | AFAIO,-CuPc-Au | - unsuccessful

Table 7.1: Overview over the prepared tunnel contacts

7.2.5 Results

The measurements were carried out in a He* cryostat. The setup of the sample
insert can be found elsewhere [70|. The Al-AlO,-Nb-contact (T2) served as a
test sample to study the measurement setup with a conventional SIN structure
before measuring a junction with a new layer structure and new materials. The
superconducting gap of the Niobium electrode was measured, which shows
a successful device preparation and a functional measurement setup. The
result of the measurement is shown in Fig. 7.10. The spectrum is smeared
out, since the sample was prepared using a rotating sample holder. The Nb
electrode had a gradual thickness distribution leading to a successive inset of
superconductivity for the different regions.

As second successful experiment sample T6, an Al-AlO,-CuPc-Nb struc-
ture, was measured. The tunnel spectrum is shown in Fig. 7.11. The mea-
surement shows a parabolic background conductivity, which is in agreement
with the Simmons model [71|. Around zero bias voltage an additional feature
is visible, namely, at around 60 mV an additional conduction channel opens
up. The slight asymmetry of the feature is attributed to a Schottky contact of
the CuPc to the Niobium. Energetically, a phononic excitation is suspected.
The corresponding wave number is approximately 480 cm~!. To identify the
respective excitation the IR spectrum of the molecule was examined!' and a
broad peak at around 450 cm ™! can be seen. The nature of this excitation can
not easily be determined, because it lies already within the fingerprint region
of the molecule. This means that it is generally not possible to assign the
signal to a single functional group, since the fingerprint region mainly contains
bands from interacting vibrational modes. Stretching modes of C-H, C-N, N-H

Lep. spectral database: http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi
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Figure 7.9: Optical micrograph of Al-AlO,-CuPc-Au tunnel junction (T5)
The picture has been merged from several smaller photographs showing only a part
of the structure. The structure has been prepared in the following order: First
the horizontal aluminum bar was prepared by sputtering, causing the rather blurry
edges. It was then oxidized. Afterwards the CuPc rectangle was prepared by ther-
mal evaporation and at last the vertical gold stripe was also prepared by thermal

evaporation. The active area (region where the stripes cross) is 0.5 x 0.5 mm?.

or C=C can be ruled out, since the corresponding wave numbers lie between
1500 — 3500 cm™~!. Since CuPc was only chosen for this experiment because of
its robustness, but not because of its electronic properties, this was not studied
further.

This first experiment with the new layer structure serves as a proof of
concept. It shows on the one hand that the device structure is functional, but
more importantly, that features in the tunnel spectrum can be expected for
organic materials.

However, the interpretation of such measurements demand detailed exam-
ination of the electronic structure of the organic thin film and the device as
such.
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Figure 7.10: Tunnel spectrum of an Al-AlOx-Nb contact
The spectrum was measured with a modulation frequency of f = 117 Hz, resistors of
R.. = Ryg. = 1 MSQ an modulation amplitude of 0.3 V at a temperature of 1.7 K. The
spectrum is somewhat smeared out, because the Nb electrode had a inhomogeneous
thickness.
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Figure 7.11: Tunnel spectrum of an Al-AlOx-CuPc-Nb contact
The spectrum is an average of 5 measurements. The spectrum was measured with a
modulation frequency of f = 117 Hz, resistors of R, = Rg. = 1 M) an modulation
amplitude of 5 V at a temperature of 2 K. The Nb gap, with a width of approx. 1 mV,
can here in contrast to Fig. 7.10 not be resolved.
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Chapter 8

Summary and Outlook

During this thesis an organic molecular beam deposition system was designed
and successfully integrated in the existing MBE setup. The setup was fur-
thermore extended with a load-lock, a chamber for contact preparation and a
sputter chamber. The whole system offers the possibility to prepare thin films
with electron beam evaporation, sputtering and thermal evaporation with ef-
fusion cells. From a material point of view organics, metals and dielectrics are
available.

A stencil mask system has been developed to enable in-situ device prepa-
ration. Structures down to 20 wm have already been prepared and structures
down to a size of 12.5 um are available.

This setup is instrumental basis for the preparation of organic thin films,
and furthermore, for thin film devices such as tunnel contacts or field effect
transistors.

With a preliminary setup, the final MBE system and a test chamber the
preparation conditions for a variety of organic molecules and charge transfer
complexes have been explored, where the preparation of Cu(NCS), and ET,-
Cu(NCS), has not been successful. A focus was set on ET, TCNQ and the CT
salt which is formed by the two, (ET)(TCNQ). For (ET)(TCNQ) conditions
for the growth of the monoclinic phase have been found.

The main characterization methods for the organic thin films were optical
microscopy and X-ray diffraction. The optical microscopy showed that the
samples usually exhibit micro-crystalline structure with various different fea-
tures. It was therefore impossible to categorize the samples from this point of
view. Due to the micro-crystallinity and the resulting high surface roughness,
X-ray reflectometry could not be applied successfully. With X-ray diffraction
several phases could be identified, but first after the typical measurement times
had been extended to several hours for a single sample!

For the organic materials one crucial task for the future is to improve
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growth towards a closed layer. The purity of the source material has been
identified as an important parameter for the film quality and it is therefore
recommended to employ methods for purification of the source material prior
to evaporation.

Since several of the studied materials were not suited for sublimation, a
search for interesting organic materials with better sublimation and growth
behavior should accompany further experiments. The test chamber can serve
as a tool for screening new materials with respect to their evaporation param-
eters.

First tunnel contacts using organics have been prepared to establish the
device preparation process including the stencil masks and to verify the mea-
surement setup for device characterization.

Parallel to the growth experiments a simulation program has been devel-
oped and tested to predict evaporation characteristics and find optimum cell
geometries. The program hereby includes all main processes known to influ-
ence the evaporation characteristics, namely, evaporation from source material
and crucible walls, migration on the crucible walls, collisions between molecules
in the gas phase and the effect of temperature gradients within the crucible.
Several types of crucibles have been simulated with the aim to identify an
optimized geometry for the evaporation of organics, which evaporate close to
the point of decomposition with relatively low evaporation rates.

As an experimental verification different simulated effusion cells were re-
alized and their evaporation characteristics were studied. Here, the problems
were mainly found on the experimental part, where the thickness measurement
of the prepared samples proved to be difficult. So far, the simulation program
has provided results in good agreement with the experimental work presented
here, as well as with experimental and theoretical work of other groups.

For the simulation program, only a small set of parameters has been studied
so far. This leaves room for many questions to be tackled. Up to now mainly
single processes (only evaporation, only migration) have been studied or a
combination of two. The competition of all possible processes within one
simulation is still to be examined.

With the application of the simulation to EBID geometries it has already
been shown that the program is quite universal. Both the simulated geometries
as well as the models for the implemented processes can be advanced and
possibly also specialized to specific applications. Hereby, it can be studied
up to which point approximations and simplifications are valid, and where
advancements really influence the simulation results. An important task here is
to simultaneously develop new experiments to verify or disprove the simulation
results.



Appendix A

UHYV components

A.1 OMBD chamber

No. | size function position/comment
6 | CF63 | effusion cells 500 mm from the sample plane
1 | CF40 | QMB visible from all effusion cell ports
1 | CF16 | QMB shutter -
1 | CF150 | sample manipulator | -
1 | CF16 | sample shutter top
1 | CF40 | cooling mechanism -
1 CF40 | pressure gauge -
1 CF16 | pressure gauge -
1 | CF40 | RHEED cathode tilted 3°
1 | CF150 | RHEED screen opposing the RHEED cathode
1 | CF100 | mass spectrometer -
2 | CF40 | reflectometry tilted 45°, opposing each other
1 | CF150 | LEED optics tilted 20° to sample plane
1 | CF100 | CMA* tilted 45° to sample plane
1 | CF40 | pyrometer bottom, along sample normal
1 | CF200 | pumping system -
1 | CF100 | transfer connection -
6 |- view /spare ports

Table A.1: List of all ports of the OMBD chamber
The designated function and resulting positions and/or tilt angles are given. The
tilt angle is measured relative to the sample plane. * cylindrical mirror analyzer
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A.2 Stencil masks

a) b) c) d) e)
20 pm 25 pm 1 mm

ww g'¢

f) g9) h)

(:) . 0.5 mm

< 4 mm >
: -1 mm ‘Lmm
; Y ; NS
< 4 mm >

Figure A.1: Sketch of the currently available stencil mask types
Each structure is arranged four-fold on one stencil mask, so that four devices are
prepared simultaneously on a 10 x 10 mm? substrate.
a) Gate contact and active area for field effect transistors,
b) drain and source contact for field effect transistors,
c) electrode A for tunnel contacts (narrow),
d) electrode B for tunnel contacts (narrow),
e) contact areas for tunnel contacts (to be used in combination with ¢) and d)),
f) dielectric for field effect transistors,
g) electrode A for tunnel contacts (large),
h) electrode B for tunnel contacts (large)



Appendix B

Additional simulations

Here additional simulations are presented, which demonstrate the versatility
of the simulation program and comment on aspects that have not been covered
exhaustively in chapter 5. The results presented here are of preliminary nature
and need further investigation.

B.1 Migration and temperature gradient

Migration was studied in a simulation with no evaporation, but different tem-
perature gradients. An open cell was simulated. The bottom of the cell acts
as an infinite source as usual and the open end of the cell is treated as a
sink of particles. This behavior stems from the fact that particles reaching
the uppermost area element will be subtracted and “leave” the simulation, if
an additional upwards movement takes place. With one source of particles,
one sink of particles and a homogeneous temperature distribution one expects
a linear gradient of particles along the cell. This is nicely confirmed by the
simulation as shown in the left part of Figure B.1. The number of particles
decreases linearly with height and is constant in ¢.

As a next step a temperature gradient was included either increasing or de-
creasing linearly with height. The results are shown in the right part of Figure
B.1. The lower temperature was hereby identical to the constant temperature
in the first simulation. If Ti,, > Thottom, the top area was depleted by particles,
which can move more easily due to the higher temperature. On the contrary,
if Tiop < Thottom @ Pile-up of particles was produced, since more particles are
delivered by the “hot” source, but cannot be transported fast enough towards
the sink.
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Figure B.1: Wall coverage of an open cell after migration

An open cell of r = 3 mm and L = 18 mm was simulated. On the left hand side a
3D view of the wall coverage for a cell with homogeneous temperature is shown. On
the right hand side a comparison of a cell with homogeneous temperature, positive
gradient, Tiop > Thottom and negative gradient, Tiop < Thottom 18 shown. Since the
gradient was applied along the height of the simulated cell, no angular dependency
is present. Therefore the 3D data is presented as a projection onto the plane of
coverage and height.

B.2 Temperature gradients

Temperature gradients have also been included in simulations with evapora-
tion, but only a very weak dependence has been observed. Very helpful is the
extreme case of 0 K for the walls, which can be used to separate the direct
contribution of the source from the contribution of the cell walls. With this
method the geometrical cut-off of the thickness distribution on the plane due
to the crucible geometry can directly be observed.

It has up to now not been included that the geometry of the crucible is
influenced, if a significant coverage is reached, namely that the cell eventually
closes due to recrystallization of material at cold spots of the cell.

B.3 Tilted substrate

The program is capable of simulating tilted substrates, which is important
for MBE, since the effusion cells are usually mounted tilted to the sample
for the simple reason to give room for several effusion cells in a symmetric
arrangement with respect to the sample. The problem of the asymmetric
evaporation characteristics due to the tilt is sometimes counteracted with a
sample rotation.
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Figure B.2: Sketch of typical EBID geometry
A substrate is shown with a capillary approaching from the left and bombardment
with the electron beam from above. The unaccessible area for the electron beam is
indicated by the shadow of the capillary on the substrate. Additionally the projection
of the capillary onto the substrate is indicated by the dotted circle.

A second area of application is electron beam induced deposition (EBID)
which is carried out in a scanning electron microscope (SEM). A capillary with
effusing gas is brought close to a substrate and deposition occurs through bom-
bardment with the electron beam, which dissociates the gas at the substrate.
Experimental work on this topic can be found in [65, 66].

Here a tilted arrangement is absolutely necessary, because the electron gun
is by default mounted top down and the capillary has to be inserted diagonally
from the side. A sample rotation is usually not implemented and therefore it
is even more important to investigate the characteristics of the capillary with
respect to a tilted substrate. A typical EBID geometry is shown in Fig. B.2.

Straight capillary To represents a simple straight capillary an open cell of
r =2mm and L = 20 mm was simulated. The typical size of the capillary is
a factor of 10 smaller, but the results can be scaled. The plane distance was
chosen to 6 mm. The results are shown in Fig. B.4. The capillary approaches
the substrate from the negative x-direction and for clarity the projection of the
capillary is included, to mark the area that is not accessible with the electron
beam. In an optimum arrangement the electron beam can access the area of
highest coverage. This is best achieved with a tilt angle o of 40°-60° in the
simulation. In an experimental setup this is indeed a typical tilt angle of the
capillary.
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Figure B.3: Sketch of EBID geometry with beveled capillary
A substrate is shown with a capillary approaching from the left and bombardment
with the electron beam from above. The unaccessible area for the electron beam is
indicated by the shadow of the capillary on the substrate. Additionally the projection
of the capillary onto the substrate is indicated by the dotted circle.

Utke et al. has also performed a Monte Carlo simulation for EBID for a tilt
angle of 50° for a capillary of r = 300 pm and a plane distance of 614 um [72].
To compare to his results a second simulation with » = 3 mm and otherwise
identical parameters as before was carried out. The results are shown in Figure
B.5. In contrast to the previous simulation the area of maximum coverage is
now always nearly in the center of the projection of the capillary and therefore
shaded from the electron beam. The result for 50° is very similar to Utke’s
result.

This shows that the ratio between diameter of the capillary and distance
from the sample plays an important role for the thickness distribution on the
sample.

Beveled capillary To uncover the area of maximum coverage to the electron
beam a capillary with beveled top can be imagined. With the long edge point-
ing toward the substrate the accessible area could be increased (cp. Fig. B.3.
To prove this hypothesis an according simulation was performed. The results
are shown in Fig. B.6. As expected the area with highest coverage is indeed
accessible, but another aspect has to be considered: For efficient material us-
age and deposition the absolute coverage is of importance. For a constant
evaporation temperature and therefore constant flux of particles a maximum
amount of particles at the position of the electron beam is desirable.
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Therefore the simulations in Fig. B.5 and Fig. B.6 have been performed
with identical parameters except for the geometry of the capillary. Thus the
absolute coverage on area elements accessible to the electron beam can directly
be compared. As a result, the absolute coverage for the simple capillary is
higher than for the beveled model.

In conclusion, implementing the tilted substrate the simulations can be ex-
tended to a new field of application, namely EBID. Here, a maximum coverage
rather than a homogeneous distribution might be of interest, because of the
small scale on which the electron beam accesses the sample area compared
to the typical size of the capillary. For this field also a experimental verifica-
tion of the results is desirable to prove the predictive power of the simulation
program.
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Figure B.4: Thickness distribution for tilted substrates
An open cell with r = 2 mm and L = 20 mm was simulated. The thickness distri-
bution is shown on tilted substrates from 0° to 70° with a plane distance of 6 mm.
The capillary is assumed to approach from the left of each graph and the ellipse
indicates the projection of the capillary onto the substrate. The right edge of the
ellipse therefore limits the area, which is accessible with the electron beam.
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Figure B.5: Thickness distribution for tilted substrates
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To compare to the results of Utke et al. an open cell with r = 3 mm and L = 20 mm
was simulated. The thickness distribution is shown on tilted substrates from 0° to
70° with a plane distance of 6 mm. The capillary is assumed to approach from the
left of each graph and the ellipse indicates the projection of the capillary onto the
substrate. The right edge of the ellipse therefore limits the area, which is accessible

with the electron beam.
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Figure B.6: Thickness distribution for a beveled capillary
In analogy to Fig. B.5 an open cell with r = 3 mm and L = 20 mm was simulated.
The capillary has a beveled edge of 45°. The thickness distribution is shown on tilted
substrates from 0° to 70° with a plane distance of 6 mm. The capillary is assumed
to approach from the left of each graph and the ellipse indicates the projection of
the capillary onto the substrate. The long edge of the capillary is pointing towards
the substrate as depicted in Fig. B.3.
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Sample Overview

No. | Date | T [°C] | Taw [°C] | t[s] | t [h] | substrate
ET1 | 12.01.07 120 RT 11830 | 3.3 | Al,O3 random
ET2 | 16.01.07 125 60.2 11450 | 3.2 | Al,O3 random
ET3 | 23.01.07 127 RT 10110 | 2.8 | Al,O3 random
ET4 | 26.01.07 130 RT 10800 | 3 | Al,O3 random
ET5 | 29.01.07 133 RT 11760 | 3.3 | Al,O3 random
ET6 | 31.01.07 133 RT 29100 | 8.1 glass
ET7 | 01.02.07 136 RT 10800 | 3.0 | Al,O3 random
ET8 | 17.02.07 136 -14.7 9060 | 2.5 | Al;Os3 random
ETY9 | 23.02.07 142 RT 8350 2.3 | Al,O3 a-plane
ET10 | 26.02.07 148 RT 7200 2.0 SrTiO3 (001)
ET11 | 26.02.07 154 RT 3800 1.1 SrTiO3 (001)
ET12 | 27.02.07 148 RT 7200 2 Al;O3 random
ET13 | 02.03.07 150 RT 4300 | 1.2 ok
ET14 | 06.03.07 158 RT 8800 | 2.4 Al O3 *
ET15 | 21.03.07 140 RT 65200 | 18.1 glass
ET16 | 04.04.07 | 120-125 30 17150 | 4.8 | AlO; a-plane
ET17 | 11.04.07 135 30 18280 | 5.1 | Al,O3 random

Table C.1: ET evaporation from graphite and quartz crucibles

Tet denotes the temperature of the ET cell and Ty, the substrate temperature.
t is the deposition time in seconds or hours. RT signifies room temperature and
corresponds to 30 — 35 °C due to the radiation heating from the cell. Samples ET1-
ET15 were prepared from a graphite crucible, ET16 and ET17 from a glass crucible.
** AlsO3 random substrate onto which Au had been deposited prior to the experi-
ment

* orientation unknown
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Date | Tiq [°C] |t [h] | d [A]| substrate
20.12.06 105 3 32 Al;Os-random
21.12.06 110 3 105 | Al,Os-random
19.01.07 115 4.33 | 2400 | Al;Os-random
22.01.07 115 0.75 210 | Al;Os-random
05.04.07 115 2 290 | Al,O3 a-plane
10.04.07 120 12 1936 | Al,O3z-random
06.06.07 | 120-125 9.8 | 1050 Al,O5 *
11.06.07 125 3.45 | 260 glass
12.06.07 | 120-130 | 7.25 | 803 glass

Table C.2: Overview of the prepared samples of TCNQ
Tteng and Ty, denote the temperature of the TCNQ cell and the substrate, re-
spectively. t signifies the deposition time and d the thickness as displayed with the
QMB. Between 22.01.07 and 05.04.07 the source material was exchanged and the
new material was mixed with quartz sand. * orientation unknown

No. | Date | Tet—teng [°C] | Ts [°C] | t[s] | t [h] | p [mbar] | XRD
B1 | 06.06.07 0-105 30 - 0 max-1E-6 /
B2 | 15.06.07 110-115 30 - 0 5.00E-8 -
B3 | 18.06.07 120 30 21800 | 6.06 | 3.30E-8 -
B4 | 19.06.07 125 30 21600 6 5.00E-8 -
B5 | 20.06.07 125 30 28000 | 7.78 | 4.80E-8 | mono
B6 | 25.06.07 125 60 25300 | 7.03 | 2.70E-8 -
B7 | 27.06.07 125 80 25300 | 7.03 | 2.30E-8 -
B8 | 28.06.07 125 100 31150 | 8.65 2.10E-8 ET
B9 | 02.07.07 125 120 51700 | 14.36 | 1.50E-8 -
B10 | 03.07.07 125 RT? 50700 | 14.08 | 1.50E-8 /
B11 | 09.07.07 125 140 26800 | 7.44 | 1.00E-08 ET
B12 | 10.07.07 125 160 33900 | 9.42 | 1.10E-08 -
B13 | 11.07.07 125 140 33600 | 9.33 | 9.00E-09 /

Table C.3: Evaporation of (ET)(TCNQ)

The table shows the (ET)(TCNQ) samples, prepared by sublimation from
single crystals. Te;—tenq is the cell temperature, T the substrate temperature, t
the deposition time and p the pressure during deposition. The key for the result

of the x-ray measurement (XRD) is the following: / — no x-ray measurement
performed, - = no peaks, mono = (ET)(TCNQ) monoclinic phase, ET = ET
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Appendix D

Sputter parameters

D.1  Aluminum sputtering

For the sputtering of aluminum the turbo pump was slowed to 55% rotation
speed, the UHV valve was opened 9 revolutions.

Oxygen flow parameters (Alicat Scientific mass flow controller):

e Mass flow — 5 scem
e Volume flow = 55-60
e Temperature = 25 — 26 °C

e Pressure — 0.85 PSIA

Sputter parameters (Hiittinger PFG 600 RF generator):
o CL =54

o CT =720
e DC =600V
e P=50W

Before sputtering, the aluminum target must be cleaned. Due to plasma oxi-
dation or Sr'TiOj3 sputtering in the chamber, usually an insulating surface layer
is formed on the aluminum target. To remove this layer often a higher sputter
power is necessary. It is recommended to load a dummy sample to the chamber
and clean the target before preparing an aluminum film.
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D.2 Plasma oxidation

If the aluminum has been sputtered through a mask, it is recommended to
unmount the mask before oxidation. This serves two purposes:

1. The mask will be protected from oxidation and corrosion.

2. The plasma reaches the thin film surface more easily and undisturbed by
the metallic mask.

Oxygen flow parameters (Alicat Scientific mass flow controller):

e Mass flow = 15 scem
e Volume flow — 53
e Temperature = 25 — 26 °C

o Pressure = 4.2 — 4.4 PSIA

Plasma parameters:
o U =470-500V
o /] =10mA

Duration:

e {—2—3 min

Pressure:

e p = 0.380 mbar
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